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Introduction 

The behaviour of elementary particles is studied with large accelerators around the world. In 
Geneva such an accelerator has been built for head-on collisions of electrons and positrons: 
The Large Electron Positron collider (LEP). The accelerator has been designed to reach 
centre of mass energies up to 200 GeV, but initially LEP was operated at centre of mass 
energies around the Z resonance (91 GeV). The first Z boson has been observed on August 
the 12"', 1989 and the so called "Z run" ended in July 1995. In 1995 a major upgrade of 
the LEP machine has been completed to reach higher energies, exceeding the W boson pair 
production threshold. 

During the Z run LEP was an outstanding facility to study the tau lepton in detail. At the 
Z resonance the e+e" —> T+T" cross section is relatively large, so a huge amount of tau pairs 
is produced. The tau lepton is an interesting particle for a detailed study, since it has many 
different decay modes. It is nearly twice as heavy as the proton. Through the charged weak 
current the tau lepton decays into an electron (17%) or a muon (17%) and into a wide variety 
of hadronic final states (64%). 

In this thesis a measurement of the tau lepton lifetime with the L3 detector is pre-
sented.This analysis exploits the tracking capabilities of the inner tracking system, consisting 
of a Time Expansion Chamber (TEC) and a Silicon Microvertex Detector (SMD). The SMD 
has been added to the L3 inner tracking system in 1993. 

To optimise the track reconstruction capability, the information of both detectors must be 
combined in a sophisticated manner. The position of the tracking detectors with respect to 
each other is determined by the use of well-defined trajectories originating from events with 
a well defined signature. In the alignment procedure also internal discrepancies of the SMD 
are taken into account. 

The tau lifetime measurement presented in this thesis is based on data collected during 
1994 and 1995. The results are combined with the measurements from previous years, thus 
incorporating the entire event sample from L3 suitable for a tau lifetime measurement. 
The outline of this thesis is as follows. 

In chapter 1 the theoretical framework describing tau pair production and especially tau 
decay is discussed. For the tau decay to an electron or a muon, the decay rate is calculated 
explicitly. Furthermore, the ratio of leptonic and hadronic tau decay is expressed in terms of 
the running QCD coupling constant as. Finally, the sensitivity of the leptonic tau decay rate 
to a possible massive tau neutrino is calculated. 

In chapter 2 a description of the LEP storage ring is given. It is followed by a brief 
discussion of the L3 detector. Subsequently, the inner tracking system is described in detail. 
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Chapter 3 deals with the software alignment of the SMD and the calibration of the TEC. 
The positions of the separate silicon detectors that make up the SMD are reconstructed in 
software with high precision. The two tracking detectors are aligned with respect to each 
other, and finally the TEC is calibrated. 

In chapter 4 the performance of the inner tracking system is evaluated, using these align
ment and calibration constants. The detector resolution is studied, since its understanding is 
essential for a reliable lifetime analysis. 

In chapter 5 the measurement of the tau lepton lifetime is presented. After a brief dis
cussion of the tau pair event selection three methods to determine the lifetime are presented: 
An impact parameter method for the 1-prong tau decays ', a decay length method for the 
3-prong decays, and finally a double decay length method for the events in which both taus 
decay to a 3-prong. 

In the conclusive chapter 6 a combined result for the L3 lifetime analyses on the Z data 
is given. The combination of the tau lifetime and the leptonic branching fractions of the tau 
is used to test lepton universality in charged weak currents and to give an upper limit on the 
tau neutrino mass. The lifetime is also used to measure the running QCD coupling constant. 

Throughout this thesis H = c - 1 is used in all calculations, unless specifically stated 
otherwise. 

1 An n-prong tau decay indicates a decay with n charged particles in the final state. 
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Chapter 1 

Theory 

In this chapter the theoretical framework for the description of T pair production and the 
subsequent decay of the T'S is given. First an overview of the currently known particles 
and interactions is presented. Then the T pair production mechanism is briefly discussed. 
Subsequently the leptonic decay rate of the r is calculated in detail. The calculations are in
terpreted in terms of a check on lepton universality in charged weak currents and an estimate 
of the T neutrino mass. The combination of the leptonic and the hadronic decay modes is 
used to find a dependence on the running QCD coupling constant. 

1.1 Introduction 

With the current knowledge of physics, matter can ultimately be decomposed in the quarks 
and leptons shown in table 1.1. These quarks and leptons, all spin 1/2 particles, are divided 
into three groups, or families, that have similar properties, but increasing masses. Only the 
neutrinos have very little or zero mass. 

1 2 3 q/e 
QUARKS u c t +2/3 

d s b -1/3 
LEPTONS e ß T -1 

Ve vß vT 0 

Table 1.1: Overview of the fundamental fermions. 

A quantum mechanical description of the electromagnetic (mediated by the photon) and 
weak interactions among fundamental fermions has been given in the sixties by Glashow, 
Weinberg and Salam [1-3]. The prediction of the existence of the mediators of the weak 
force, the W7* and the Z bosons, followed by their discovery in 1983 at the UA1 [4,5] and 
UA2 [6] experiments at CERN is convincing evidence for the theory. In the seventies a 
theory emerged to describe the strong interactions. The model describing the electroweak 
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and strong interactions is known as the Standard Model. Gravity is not included in this 
model. 

The tau lepton was discovered in e+e"collisions at the SPEAR colliding beam facility at 
SLAC in 1975 [7]. At centre of mass energies of 4 GeV and higher an excess of events with 
the signature 

e+ + e~ —> e* +Ju
T + missing energy (1.1) 

was found. This excess could be well explained by the production of a new heavy lepton 
and its anti-particle counterpart, and their subsequent decays. The missing energy is then 
explained by the emission of neutrinos which escape detection in the decay of the new lepton. 
The mass of this new lepton, now known as the T lepton, was inferred to lie somewhere 
between 1.6 and 2.0 GeV. 

1.2 Tau pair production at LEP 

Tau pairs are produced at LEP through e+e" annihilation or two photon processes. The num
ber of tau pairs produced is proportional to the cross section, ae+e-^r+^, and the integrated 
e+e~ collision intensity, or integrated luminosity (L), in the following way: 

Ne+e-->r<-r- = L a^^^-^-r (L2) 

For a total centre of mass energy, ^/s, close to the mass of the Z, mz, the annihilation cross-
section for e+e~ —» T+T~ is strongly enhanced. Figure 1.1 shows the tau pair production 
cross section as a function of ^/s measured with the L3 detector at the LEP collider. The 
peak cross-section of 1.5 nb is reached for y/s ~ mz and the decrease of the cross section 
for y/s away from mz is clearly visible. The solid line is the theoretical prediction for the 
cross section as calculated with the program ZFITTER [8]. The theory prediction and the 
measurement are in excellent agreement. 

1.3 Tau leptonic decay 

In this thesis the tau decay is studied, rather than tau production. Especially the decay of a 
tau lepton to an electron or a muon, together referred to as the tau leptonic decay modes, is 
understood in great detail, because the final state is relatively simple. Therefore this section 
is dedicated to the calculation of the decay rate, T, for the process: 

r(Pi) -» Ve(p2)vT(p3)£(p4) (1.3) 

where the t can be an electron or a muon, vt indicates the corresponding anti-neutrino and 
Pi.2,3,4 are the 4-momenta of the tau, ve, vT and I, respectively. Both decay rates can be 
simultaneously calculated since the structure of the calculations is identical and only the 
coupling constants and masses of final state particles are different. 
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Figure 1.1: Cross section for the process e+e 
energy around the Z po)e. 

T+T as a function of the centre of mass 

The differential decay rate, dT, is given by [9]: 

dY = 
< \M\2 > 

n^V,(2?r)454(p1 
i=2 

Pi - Pi - PA) (1.4) 

In equation 1.4 mx is the tau lepton mass and < \M\2 > is the squared matrix element, with 
M representing the quantum mechanical amplitude for the leptonic tau decay. The Lorentz 
invariant phase space element is expressed in terms of the 4-momenta of the final state par
ticles, and energy and momentum conservation is guaranteed by the 4-dimensional delta 
function. 

The lowest order Feynman diagram contributing to the process, by far the most important 
one, is shown in figure 1.2. It shows a tau lepton decaying into a W and vT, and subsequently, 
the off-shell W decaying into a vv, £ pair. In terms of the Dirac spinors (u's and v's) for the 
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VT(p3) H,e(p4) 

Figure 1.2: Lowest order Feynman diagram contributing to the leptonic tau decay. 

initial and final state fermions, the coupling constants of the W to the T, gWr, and to the £, 
gwe, the matrix element, using the Feynman rules as e.g. given in [9] is written as: 

M [ ü ( 3 ) ^ y " ( l - 75)u(l)] g/iV q^v/Ml, 
[0(4) 

ls/2 
Yv{\ - y>(2) ] (1.5) 

where q stands for the 4-momentum carried by the W and yß are the 4 x 4 Dirac matrices. 
Since no spin analyses are performed in this thesis, the squared matrix element is averaged 
over initial spins and summed over the final spins; the result is denoted by < \9vt|2 >. Explicit 
calculation leads to 

< |5Wf > 
2 2 

Sw-zSwi 
{q2 Ml? 

2 Oi -pi)(p-i 
1 mlmj „2^,2 

Pi)iP2-PA)-
M2

W 
iPi -p-h) 

(1.6) 
To compute the total decay rate, we must integrate over the momenta of the final state 

particles. In first approximation the masses of the final state particles are assumed to be 
zero. Also the momentum transfer q2 is supposed to be small compared to M\. With these 
approximations equation 1.6 becomes, in the rest frame of the T: 

<W\2>=8-^mTE2(ml-2mTE2) 
MA

W 

(1.7) 

A further benefit of these approximations is that the phase space integrals can be calcu
lated analytically. The result is the well-known formula for the decay rate in terms of the 
coupling constants, gWr and gwe, and the T and W masses: 

r0(T -^ evevT) 
2 2 

8wz8we mL 

K 96(4ny 
(1. 

In the following sections we consider the effect of a massive final state lepton on the 
decay rate. In addition, a first order calculation at non-zero q2 is presented and an estimate 
is given for the effect of neglecting the second and third terms of the matrix element. Finally 
radiative corrections to the decay rate are evaluated. We shall attempt to give, where possible, 
an analytical formula for these corrections. 
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1.3.1 mi correction. 

Incorporating the effect of the mass of the final state lepton in the calculation leads to a 
correction to the decay rate, due to the change of the phase space boundaries. Especially 
for the T —> ßVßvT channel the correction is considerable, because a minimum energy of 
105 MeV is needed to create the muon. The open contour in figure 1.3 shows the available 

> 
u 
O 
W> 0.Î 

0.6 

0.4 

0.2 

Ee>Jl [GeV] 

Figure 1.3: The allowed energies for the final state electrons (dashed contour) and muons 
(shaded contour) as a function of the energy of either one of the final state neutrinos. 

phase space for either one of the final state neutrinos, as a function of the possible values for 
the electron energy. Also shown is the phase space for a decay with a muon in the final state. 
Clearly visible is the cut-off in muon energies at low muon energies. 

The effect of the mass of the final state lepton on the decay rate can be calculated an
alytically, by changing the boundaries of the phase space integrals in equation 1.4. In this 
calculation only the first term of the squared matrix element is considered. The result ex
pressed in terms of x = ( ^ ) becomes [10]: 

T(T -> fV(VT) = r0(T -> £vfVT)(l - 8x + 8x3 - x4 - llx2 log*). (1.9) 

7 



1.3. Tau leptonic decay Theory 

A correction factor T/r0 of 0.9726 is needed for taus (mT = 1.77705^o8o27GeV [11]) decay
ing into muons (m^ = 0.105658389 ± 0.000000034 GeV [11]). For the T -> evevT channel 
one finds a correction factor of one, up to seven digits precision. 

1.3.2 q2 and higher order Mw corrections 

A second correction to the width is calculated for the effect of non-zero values of q2. The q2 

dependence enters the formula for the width through the W propagator in the matrix element. 
The amplitude 1.6 can be written to lowest order in q2 as: 

< | ^ | 2 > = <|f^|2> ( 1 - 2 - ^ ) (1.10) 

Again the phase space integrals are carried out analytically. The result of the calculation can 

be expressed in r 0 ( r —> £v(vT) and y = 
Mw 

[10]: 

r(T -> ?vevT) = r0(T -> £vevT) . • § , (1.11) 

The correction factor found from this non-zero q2 calculation is 1.00029 ± 0.00001, with mx 

as before and MM, = 80.41 ±0.10 GeV [11]. 
A third correction arises from the fact that for all calculations only the first term of the 

squared matrix element (equation 1.6) is used. A Monte Carlo integration to estimate the 
effect of neglecting the second and third terms, which are suppressed by a factor M$ and 
M^4 respectively, leads to a correction of 0.03 ± 0.01 %. 

Both corrections discussed in this section can be neglected without significant loss in 
precision. 

1.3.3 Radiative correction 

Electroweak radiative corrections to the leptonic tau decay rate have been calculated by Sir-
Ymetal. [10,12]: 

r(T -> evevT) = r0(T -> eve vT) a{mr) 25 2 

1 + ^ T ( T -n ) (1.12) 

In this equation a(mT) is the running electromagnetic coupling constant evaluated at mT. The 
running of the coupling constant is caused by screening of the bare electric charge, due to 
the polarisability of the vacuum. 

Explicit calculation of the vacuum polarisation diagrams leads to the following differen
tial equation for the running of a as a function of the energy scale, \x (see for example [13]): 

u 9 

M — cc(jj.) = b0a{jj.)A+ higher orders 

37T 
Y.NcfQ)e{ß-mf) 

(1.13) 

(1.14) 
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The factor ÖQ is obtained from a sum over all the elementary fermions, with a mass less than 
the energy scale p. (guaranteed by the Heavyside step function 6{jJ. - mf)). Its magnitude is 
determined by the charge of the fermions, Qj, and a colour factor, Ncf. The colour factor is 
one for leptons, and three for quarks. 

For the calculation of cc([i) at the tau mass scale, the electron, muon and the u,d,s, and c 
quarks are included. The masses of the electron and muon are well-known, and taking their 
effect into account is straightforward. Quarks have not been observed as free particles, there
fore their masses are not well determined. It has been argued by Sirlin and Marciano [14] 
that a sensible choice for the three light quark masses is mQ = mu = md = ms = 0.1 GeV 
and for the c quark mass mc = 1.25 GeV. 

The expression for a is calculated explicitly, in terms of all the fermions with a mass less 
than mr: 

- ^ log — + 3 log - ^ + 4 log — + — log — (1.15) 
a(mT) ceo 6n 3n \ me mQ m^ 3 mc 

In this equation Oo is the fine structure constant for electromagnetism. Its value is extremely 
well determined to be 1/137.035989 with an uncertainty of 0.045 ppm [11]. At the tau mass 
scale a is calculated with the masses for the quarks as described above and the result is: 

a(ji = mx) = Y ^ (1.16) 

The uncertainty in the tau decay rate due to the presumption for the quark masses is estimated 
from a variation of mQ in the range from 50 - 150 MeV. The value for a(mr) varies from 
1/133.1 to 1/133.6. The corresponding relative change in the calculated tau decay rate is less 
than 0.002%, and can thus be ignored. 

The running of aEM for an energy scale from 0 - 2 GeV is shown in figure 1.4. Disconti
nuities of the slope occur when ß exceeds the mass of the light quarks, the muon, the c quark 
and the tau lepton, respectively. 

1.4 Lepton Universality in charged weak currents 

The total decay rate, Y,„t, of a particle directly defines its lifetime. Thus the calculations of 
the previous section are used to express the tau lepton lifetime, TT, in terms of the calculated 
decay rate. However, the T lepton can also decay in hadronic final states as will be discussed 
in section 1.5. Therefore the experimentally measured fraction of T leptons decaying in 
either a muon or an electron, Br(r —> £vevT), is needed to obtain rtol. The relation between 
the lifetime, Br(r —» £vevT) and the calculated leptonic decay rates is thus: 

s 1 = Br(T -» eveVr) 
Tt rtor(T) r(T^evevT) 

For the leptonic decay of the muon, ß —> evevM(y), the calculations as in section 1.3 
are repeated with replacement of the initial state tau lepton by the muon, while the final state 
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500 1000 1500 2000 2500 

\i [MeV] 

Figure 1.4: Running of aEM as a function of the energy scale ß. Clearly visible are the 
discontinuities of the slope when the energy scale exceeds the the light quark, muon, c quark 
and tau lepton thresholds. 

lepton in the calculation is an electron. Because the branching fraction for this decay channel 
is = 100 % [11], the total decay rate, rtot(ß), is directly obtained: 

rtot(j") 
SwßSwe 

K 96 (47T) 
0.996 (1.18) 

In equation 1.18 the factor 0.996 is the overall correction factor, calculated in the same way 
as for the tau leptonic decay. The changes in the decay rate due to the final state electron 
mass and the non-zero q2 are negligible, since {mjm^)2 and (mnIMw)2 are small. Only the 
radiative correction, now evaluated at a.(mß), contributes. 

Comparison of the total decay rate for the muon with the total decay rate of the tau lepton 
yields an accurate comparison of the coupling constants of the charged weak current to the 
different lepton species. Dividing the expression for the total muon decay rate, equation 1.18, 
by the expression for the total decay rate of the tau, equation 1.8, gives: 

gWT 

gWe 
— Br(T -> pv^vjKx (1.19) 

10 
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2 
'Wz f^E) ^Br (T^ev e v T )»c 2 (1.20) 

gWfi J W t / I, 

where the first expression is obtained from T(T —> ßVßvT)/rtot(ß) and the second one from 
T(T —» evevT)/rt0t(M)- The factors K\ and /c2 contain the corrections to the decay rates for 
the T Iepton and for the muon, as found from the calculations in section 1.3. The values 
for JCi and K2 are 1.028 and 1.000, respectively. For the measurement of these two ratios, 
one needs the experimental measurements of both the mass, the lifetime and the leptonic 
branching fractions for the muon and the electron. In case of the muon these three parameters 
have been measured with very high precision, so the uncertainty comes mainly from the tau 
Iepton parameters. A comparison of gWfl with gWe can be found from the ratio of the two tau 
leptonic decay modes. Dividing F(T —> evevT) by T(T —> jJ.vßvT) yields: 

gwu\ Br(T->uvuvT) 
fc3 (1.21) gWeJ Br(T^ev evT ) 

The correction factor KT3 only contains the effect of the final state muon mass, while the 
other corrections drop out. Its value is 1.028. In addition to this theoretical factor, only the 
measured values of the leptonic branching fractions are needed. 

The charged weak interaction as it is described in the Standard Model does not make any 
distinction between the different Iepton species. Therefore one expects to find that the ratios 
of the coupling constants as presented in equations 1.19, 1.20, and 1.21 are equal to one. 
This constitutes a check of Iepton universality in the charged weak currents. The results are 
discussed in chapter 6. 

For the Iepton universality checks in the way presented here, the Mw dependence in the 
muon and tau decay rates drops out. This is an interesting feature, since the expressions for 
the decay rate contain a factor Mu?, while the experimental uncertainty on the current world 
average value is 0.12 % [11]. 

1.5 Tau hadronic decay and as determination 

One of the most interesting properties of the T is that it is the only Iepton with hadronic decay 
modes. A schematic example of such a hadronic tau decay is shown in figure 1.5. The tau 
emits a W, which decays into an üd or üs quark pair. The hadronic decay rate is calculated 
in the same way as the leptonic rate. However, the coupling strength of the W boson to the 
quarks is governed by the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements V„y and 
V„d '. The final state with the two quarks is far more complicated than for the leptonic tau 
decays, since the quarks are not observed directly, but only the hadrons produced. The gene
sis of the hadrons can be basically described in two steps. The first one describes the quarks 
and gluons at energy scales where the strong coupling constant, a„ is relatively small, such 
that the QCD calculations can be performed in perturbation theory. The second step accounts 

'The eigenstates of mass and weak interactions of quarks are not the same. Their relation is described by 
the CKM matrix [15,16] 

11 
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hadrons 

hadronisation 

W 

Figure 1.5: A hadronic tau decay. The tau decays through theemission of a W. The W decays 
into a M or üs quark pair. The quark interactions, mediated by the gluons, are represented 
by the curly lines. 

for the condensation of the quarks and gluons into hadrons. This happens essentially at low 
energy scales, where as is large, and perturbative QCD calculations no longer hold. The 
effect however, on the total hadronic decay rate is small, since it only influences the final 
step of hadron genesis. 

A suitable way to describe the a, dependence in the hadronic tau decays is by looking 
at the ratio of the hadronic and leptonic tau decay rates, RT. It is written theoretically as 
follows [17]: 

Rr = 
Br(T —> hadrons) 
Br(T -^ evevT) 

3 SEW ( 1 + OPQCD + O~NPQCD) (1.22) 

SEW describes short range electroweak interactions among the final state quarks. This term 
arises because, in contrast to the leptonic decay modes, both final state particles carry electric 
charge. Its value, SEW = 1.0192, follows from a calculation by Sirlin [18]. The factor 3 is 
a QCD colour factor, and the explicit QCD dependence of RT is described by a perturbative 
term, 8PQCD, and a non-perturbative term, 8NPQCD-

The perturbative term has been calculated up to third order in as by Gorishny et al. [19]: 

SpQCD = asln + 5.2023(as/n)2 + 26.266(as/n)3 (± 130(a.,/7r)4) (1.23) 
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The last term between the brackets describes the error due to higher orders in as. The factor 
130 has been estimated by Braaten et al. [20]. 

In order to make a statement about as, one has to be convinced that the non-perturbative 
QCD term in equation 1.22 is small compared to 8PQCD. For RT an estimate for the non-
perturbative term is given by Neubert [21]: 

SNPQCD = -0.014 ± 0.005 (1.24) 

The experimental determination of RT is based on the observation: 

Br(T -> hadrons) + Br(r -> evevT) + Br(r —» [àV^ VT) = 1 (1.25) 

Using this information a direct measurement of the hadronic branching fraction of the tau is 
avoided. Instead the hadronic rate is expressed in terms of the leptonic branching fractions: 

R 1 - Br(T -^ evevT) - Br(r -^ ßvßvT) 
B r ( T ^ evevT) 

= ^ 7 î - ^ — r - l - C , , (1.26) 
Br(r —> evevT) 

where Cß is the phase space correction for the tau decay into a muon as calculated with 
equation 1.9. 

The branching fraction Br(r —» evevT) is expressed in terms of the mass and lifetime of 
the muon and tau lepton using the expressions for the decay rates. Writing equation 1.20 and 
assuming lepton universality yields: 

Br(T -» evevT) = ( — ) ^ K 2 " ' (1.27) 
ma / T, /' 

with K2 comparing electroweak radiative corrections at the scales mx and mM. Its value is 1 
up to five decimals. 

With equations 1.28 and 1.27, RT is expressed in terms of the masses mß and mr and the 
lifetimes T̂  and TT as follows: 

R r = ("hi] JiL-i-c (1.28) 
\mxJ TT 

The measurement of RT, and thus as at the tau mass scale, is presented in section 6.3. 

1.6 The mass of the tau neutrino 

After recent indications for non-zero neutrino masses in atmospheric neutrino analyses at 
the Super-Kamiokande experiment [22,23] it is interesting to look at the sensitivity of the 
tau leptonic decay rate to the tau neutrino mass, mVr. So far the tau neutrino mass was set 
to zero for all calculations, but without changing the structure of the theory, T(T —> £vevT) 
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can be recalculated for different hypotheses for mVr. These calculations have been done 
for mv, in the range from 0 to 130 MeV. The decay rate is then written in terms of the 
rate at zero neutrino mass, T(mVT = 0) and a correction factor, t;e(mVr), that describes the 
dependence of the rate on the tau neutrino mass. Figure 1.6 shows this correction factor 
as a function of the presumed mVt, for both leptonic decay modes of the tau lepton. In 
both cases the decay rate decreases for increasing values of the tau neutrino mass, which is 
understandable since a certain amount of energy is needed to create the tau neutrino, resulting 
in a smaller phase space for the final state. As a check on the numerical integrations, the 
results have been compared with a Monte Carlo for the rate and the agreement is excellent (< 
0.03%). In chapter 6 a limit on mVt is obtained from both the leptonic tau decay modes, by a 

0.94 
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 

Mass of vT [GeV] 

Figure 1.6: Calculated value of^t as a function ofmVt. The solid and dashed lines represent 
the T decaying into an electron and a muon, respectively. 

comparison of the experimentally determined tau lifetime and leptonic branching fractions, 
to the calculated value of r 0 ( r —> £v>vT) as follows: 

Br(T->^vTM 

where ^_1 represents the inverse function of < .̂ 
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Chapter 2 

Experimental Environment 

This chapter deals with the experimental environment for the measurements presented in 
this thesis. First the LEP accelerator/storage ring is briefly discussed. Subsequently the 
L3 detector at one of the e+e~ intersection points is described, with the emphasis on the 
explanation of the inner tracking system of L3, consisting of a Time Expansion Chamber 
and a Silicon Microvertex Detector. 

2.1 The LEP accelerator and storage ring 

The Large Electron Positron (LEP) accelerator and storage ring is situated at the CERN 
laboratory near Geneva (Switzerland). A tunnel 50-150 m underground with a circumference 
of 26.7 km presently houses the worlds largest electron-positron colliding beam facility. A 
schematic view of the collider is shown in figure 2.1. 

Before entering LEP e+ and e~ beams are accelerated to an energy of 20 GeV. This en
ergy is reached by the system of accelerators shown in figure 2.2. First the LEP injector 
Linac (LIL) accelerates electrons to 200 MeV and produces positrons by shooting electrons 
on a tungsten target. The second Linac gives the beams an energy of 600 MeV, after which 
they are stored in the electron-positron accumulator (EPA). The Proton Synchrotron (PS) and 
Super Proton Synchrotron (SPS) accelerate the beams to 3.5 GeV and 20 GeV respectively, 
after which the beams are injected into the LEP ring. 

At LEP electrons and positrons travel through one vacuum beam pipe in opposite direc
tions. The orbit of the particles is controlled by a complex system of magnets. RF-cavities 
feed the energy needed for acceleration, as well as the compensation for the energy loss due 
to synchrotron radiation. A detailed description of the LEP accelerator can be found in the 
LEP design report [24]. 

During the phase I operation of LEP (1989-1995), electrons and positrons have been 
stored at energies between 44 and 47 GeV. The electrons and positrons were made to collide 
at four interaction points. In this way a centre of mass energy (^/s) around the Z resonance 
was reached. Since then the beam energies were gradually increased from 65 GeV in 1995 
to 94.5 GeV for the 1998 run. 
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Figure 2.1: Top view on the LEP collider 
and storage ring. The locations of the four 
LEP experiments are shown as well. 

Figure 2.2: Pre-accelerator chain for the 
electron and positron beams. 

2.2 The L3 experiment 

At the e+ e" interaction points of the LEP collider the ALEPH [25], OPAL [26], DELPHI [27] 
and L3 experiments have been designed and built to study the properties of the Z and W± 
bosons and a wide variety of their decay products. In this section a brief description of 
the L3 detector is given, while a comprehensive description of the detector can be found 
in the design report [28]. The design of the L3 detector (figure 2.3) has been optimised to 
measure the energies of electrons and photons, and momenta of muons with high accuracy. 
The detector components are installed inside a 12 m diameter solenoidal magnet providing 
a field of 0.5 Tesla along the beam direction. The following subdetector systems are located 
around the e+e" interaction region, from the outside to the inside. 

• Muon Spectrometer. A muon with a momentum of > 2.6 GeV usually penetrates 
the calorimeters in which it deposits only a minimum ionizing signature. The muon 
momenta and charges are measured in the Muon Spectrometer (MUCH), which en
closes all the other detectors. The trajectory of a muon is sampled with proportional 
wire chambers at three points. From the deviation of the trajectory from a straight line, 
called sagitta, the muon momentum and muon charge are determined. 

• Hadronic Calorimeter. A hadronic calorimeter measures (HCAL) the energies of 
hadronic particles. This detector consists of alternating layers of proportional wire 
chambers and slabs of depleted uranium. When a hadron is stopped inside the ura
nium, showers of secondary particles are produced. The showers are detected with the 
proportional wire chambers. 

• Electromagnetic Calorimeter. An electromagnetic calorimeter (ECAL) measures the 
energies of electrons, positrons and photons. These particles are detected through the 
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showers they produce when being absorbed by Bismuth-Germanium-Oxide (BGO) 
crystals. The crystals are read out with photo-diodes. 

• Inner Tracking system. Closest around the interaction point the inner tracking system 
is located to identify charged particles and to measure their trajectories through the 
detector. The detector has been designed to give high precision on the coordinate 
measurements as well as a good double track resolution. For this purpose a Time 
Expansion Chamber (TEC) has been installed inside L3 in 1989. Later on, in 1993, the 
tracking system was improved with the installation of a Silicon Microvertex Detector 
(SMD). A detailed description of these detectors is the subject of sections 2.3 and 2.4. 

2.3 The Time Expansion Chamber 

The space available for the L3 inner tracking system is limited by the size of the electro
magnetic calorimeter, which has been constructed at a radius of about half a meter from the 
interaction region, due to the high cost of the BGO crystals. In this relatively small volume a 
detector had to be designed which could accurately measure the positions of high momentum 
charged particles and also the sign of their charge. In addition, reconstruction of secondary 
vertices for long-lived particles (T > 1(T13 sec) had to be possible. A time expansion chamber 
has been built to meet these requirements. 

2.3.1 Principle 

A multi wire proportional chamber (MWPC) generally consists of a closed gas volume 
with an electric field applied by means of a certain configuration of wires at high voltages. 
Charged particles traversing this gas volume cause ionization of the gas atoms. In the electric 
field the ionized electrons drift towards the (positive) anode wires and the positive ions drift 
towards the (negative) cathodes. Anode wires with a small diameter (typically 20 - 50 jUm) 
have a very high electric field at close distance. In this region one drifting electron will 
initiate an avalanche of secondary electrons. This gas amplification can be of the order of 
106, depending on the gas mixture. The electrons arrive on the anode and a positive space 
charge is left behind. The drift of this positive space charge towards the cathodes induces a 
detectable signal on the anode. Typically the drift time of electrons can be used to extract 
positional information. The extraction of the positions in the detector from the drift times is 
the subject of section 3.3. 

The idea of using a MWPC in a time expansion mode was first suggested by A.H. Walenta 
in 1979 [29]. Figure 2.4 shows a schematic view of a Time Expansion Chamber; a wire 
chamber where a large part of the field is homogeneous due to the use of a grid wire plane. 
The main characteristics of this particular kind of wire chamber are the following: 

• A high field region around the anode wires, needed for the gas amplification of the 
signal. Therefore this region is called the amplification region. The anode wires are 
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Outer Cooling Circuit 

Inner Cooling Circuit 

Figure 2.3: View on the L3 detector at LEP. One can get a feeling for the dimension of the 
detector by comparing it to the "man" standing in front. 
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Figure 2.4: Schematic view of a Time Expansion Chamber. The drift and amplification 
regions are separated by means of a grid plane. The anode wires are interspersed by potential 
or focus wires. 

interspersed with focus wires, to lower cross-talk and to sample well-defined parts of 
the particle trajectories. By choosing focus wires with large enough a diameter the 
field is such that gas amplification on these wires is avoided. 

• A grid plane at ground potential to separate the amplification region electrically from 
the drift region. This grid quickly removes the positive space charge, left after the 
electrons reach the anodes. Most of the (slow) positive ions drift towards this grid 
instead of all the way to the cathode wires. 

• A drift region with a low homogeneous electric field. Extremely low drift velocities 
compared to normal MWPC's can be obtained by choosing a suitable gas mixture. 
Hence the drift time-scale is expanded; giving the detector its name. 

One of the most important reasons for using a time expansion chamber is that the homo
geneous low electric field in the drift region optimises the arrival time distribution of the 
electrons at the boundary of the amplification region. In this context the optimisation means 
that the electrons arrive over a time span that is as short as possible, so that the average ar
rival time can be measured with high precision. Due to the much higher drift velocity in the 
amplification region, the differences in drift-path length towards the anode for the clusters 
are then translated into only small time differences at the anodes. 
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There are two advantages of a low drift velocity over a large one. Firstly, with low drift 
velocities a good two-track-separation can be achieved, since tracks close to each other in 
space produce signals with a detectable time difference on the anode wires. Secondly, the 
effect of the B field on the drifting electrons is minimal. 

2.3.2 Gas Mixture and Drift 

The gas mixture is carefully selected, to achieve a low drift velocity in combination with a 
high position resolution. Therefore a closer look at the drift velocity and resolution in terms 
of gas and electric field parameters is needed. The drift velocity, vdnft, can be expressed in 
terms of the amplitude of the electric field, E, and the average time, TCOU, that passes between 
collisions of the drifting electrons and a molecule in the gas mixture [30]: 

e 
Vdrift = —ETCQH (2.1) 

m 
In equation 2.1 e and m are the electron charge and mass, respectively. In terms of the colli
sion cross-section, <7coll, the density of the gas molecules, N, and the instantaneous electron 
velocity, v;nst, TCOH can be written as: 

Tcoii = TT (2.2) 
A/crcollvinst 

The density of the gas is expressed in terms of the Boltzmann constant, kB, the gas pres
sure, P and the temperature of the gas, T as N = PI(kBT). Combining equations 2.1 and 2.2 
Vdrift can be written in the following way: 

kBT e E 
Vdrift = — -E== (2.3) 

r m (Tcou v 2 m e 

with £ = \mv}nst the kinetic energy of an electron with velocity vinst. 
The spatial resolution for a TEC can be decomposed basically into three components. 

The first one originates from the arrival time distribution of the electrons. Inhomogeneities 
in the electric field cause the drifting electron cloud to spread out, inducing a larger error on 
the average drift time. 

The second contribution originates from primary and secondary ionization statistics. 
Since the ionization is a discrete process, the arrival time of the electrons at the anode does 
not necessarily correspond to the closest distance of the charged particle to the wire. This 
limits the accuracy in the position measurement for tracks that are close to the anode wires. 
The effect can be reduced by choosing a gas mixture and gas pressure that gives a high 
number of primary and secondary ionizations. 

The third contribution to the resolution is the diffusion of the electron cloud as it drifts 
towards the anode. Especially for tracks traversing the drift region this contribution is by far 
the most important one. In an isotropic approximation the width of the electron cloud along 
the direction of drift (transversal diffusion), CTdiff can be written as [30]: 

Odiff = y/ÏDt = \IJJë (2.4) 
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with D the diffusion constant, t the drift time and L the length of the drift path of the electron 
cloud. From 2.3 and 2.4 it can be seen that by tuning the pressure and choosing a gas mixture 
with a high collision cross-section a low drift velocity can be obtained, without deteriorating 
the resolution. 

For the L3 TEC a gas mixture of 80% C02 and 20% iC4Hi0 is used at a pressure of 
1.2 atm and at a temperature of 291 K. This so called "cold" gas mixture has a high colli
sion cross-section for the electrons, causing a low drift velocity. The kinetic energy of the 
electrons can be written as: 

e = \™k* « \hT (2.5) 

For the gas mixture the velocities of the electrons are low so the electrons basically only have 
thermal energy. Now the diffusion (2.4) approaches its theoretical, thermal, lower limit. 

Typical drift velocities that are measured in the TEC drift region are 5.9 - 6.0 iim/ns and 
about 50 /im/ns in the amplification region. To achieve high resolution position measure
ments the electric field strength, the gas pressure and the temperature must be kept stable, as 
can be seen from equation 2.3. In practice the electric field strength and pressure are stable 
at the 0.1% level, while the temperature is stable within 0.3K. 

2.3.3 Geometry of the L3 TEC 

For the L3 experiment a tracking chamber has been designed, according to general TEC 
principles (figure 2.5). The detector consists of two wire chambers with wires of 1 meter 
length, parallel to the beam axis. At both ends the wires are supported by an end plate giving 
a position definition of the anode, focus and cathode wires of 10 iim. 

The inner TEC chamber, closest to the beam line, is divided into 12 sectors each con
taining 8 anodes, made of 20 ixm diameter tungsten wires. The planes formed by the anode 
and focus wires point towards the interaction region. The radial distance to the interaction 
region of the inner most anode wires is 10.98 cm and the spacing between subsequent anodes 
is 4.8 cm. Halfway between anodes a focus wire is placed. The grid wire plane is placed 
at a distance of 3 mm from the anodes. Shorter distances of the grid could result in electric 
instability of the chamber. 

The outer chamber has 24 sectors with 54 anode wires per sector. The outermost anode 
wire is at a radius of 42.5 cm giving in total a maximum lever arm of tracks measured in 
the TEC of 31.5 cm for particles having a polar angle between 44° and 136°. The lever arm 
decreases in the forward directions, until the tracks completely miss the TEC for 0 < 10° 
and 0 > 170°. 

The TEC gas volume is closed by two beryllium cylinders, one at the inner and one at 
the outer diameter. 

2.3.4 Electric Field 

The TEC anode wires are at a high voltage of 2.25 kV, the focus wires at 2.10 kV and 
the cathode wires are at high voltages varying between -0.5 kV and -6.0 kV (see [31] for 
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40 mm 

Figure 2.5: Projection oftheL3 Time Expansion Chamber in the plane perpendicular to the 
e+e~ beam axes. Clearly visible are one inner and one outer sector. Inside the TEC volume 
the Silicon Microvertex detector has been drawn (see section 2.4). Outside the TEC the 
surrounding Z-measuring chamber has been drawn; it is briefly discussed in section 2.3.7. 

exact specification). The high voltages on the cathode wires are tuned carefully, since they 
determine the electric field inside the drift region. 

The equipotential lines inside an inner TEC sector are calculated with the GARFIELD [32] 
wire chamber simulation program. The equipotential lines are generated with high voltages 
on the wires, corresponding to the actual values during operation of the L3 detector. Figure 
2.6 shows the equipotential lines in the inner TEC sector (left) with an expanded view on 
the amplification region (right). Throughout a large part of the drift region the electric field 
is homogeneous. Even in the amplification region the electric field is homogeneous for a 
large part, only close to the wire the field becomes radial. The electric field strength is about 
0.9kV/cm for the drift region and about 5kV/cm at the boundary of the amplification region 
increasing to a few hundreds of kV/cm close to the anodes. 

The distortions of the equipotential lines at the boundary of the TEC sector are due to 
the fact that only one inner sector is simulated, without taking into account the effect on the 
electric field from neighbouring inner sectors or surrounding outer sectors. 

2.3.5 Lorentz Angle 

So far, only the electric field properties of the L3 TEC have been discussed. However, the 
behaviour of the drifting electrons is complicated by the magnetic field of 0.5 Tesla along 
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Figure 2.6 
Expanded 

Equipotential lines in the Inner TEC chamber (left) calculated with GARFIELD, 
view of the region close to the anodes (right). 

the direction of the wires. The Lorentz force on the electrons causes an angle between the 
drift direction and the electric field lines; this angle, ccL, is called the Lorentz angle. For the 
TEC the electric and magnetic field lines are perpendicular. The Lorentz angle can then be 
written as: 

e B Ten 
tan aL = (2.6) 

B denotes the magnetic field strength and TCOH is the average time between collision for the 
drifting electrons as defined in equation 2.2. 

In figure 2.7 electron drift paths (left) are shown with a blow-up of the amplification 
region (right). The electromagnetic properties of the chamber are simulated with the GAR
FIELD program and the properties of the gas are simulated using MAGBOLTZ [33]. The 
simulation shows straight drift lines for the main part of the chamber. The effect of the 
magnetic field can be seen from the tilt in the drift lines. The value of the Lorentz angle 
is 2.0° in the drift region and in the amplification region it initially increases to approxi
mately 2.8° and subsequently decreases strongly in the region very close to the anode wires 
(distance < 500 ßm). The non-uniform behaviour at the boundaries is again explained by 
the non-perfect simulation of the electric field in those regions. 

2.3.6 Signal processing 

The TEC data processing aims at the extraction of drift time information from the full arrival 
time distribution of drift electrons at the anode wires. In this way a high precision on the 
average drift time can be obtained and systematic effects in the time measurement, due to 
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Figure 2.7: Possible drift lines in the Inner TEC chamber (left) generated with GARFIELD 
for the electric and magnetic field maps and MAGBOLTZ to simulate the gas mixture prop
erties. Blowup of the region close to the anodes (right). 
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Figure 2.8: Time spectrum from all the TEC 
wires obtained from z pair events collected 
during 1995 data taking. 

Figure 2.9: Time differences between hits on 
one anode obtained from events with multi
ple tracks, that pass the wire at almost the 
same distance (3-prong tau decays). The 
solid line is the result of a step function fitted 
to the distribution 
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tracks that are inclined with respect to the anode planes are suppressed 
The anodes are AC coupled to hybrid pre-amplifiers. Subsequently shapers symmetrise 

the signals into a more Gaussian-like form, removing the tail of the signals originating in the 
long drift time of the ions to the grid wires. 

The output signals of the shapers are continuously sampled with an FADC operating at 
a clock speed of 100 MHz. The digital output signals are stored into a 1 kB ECL memory. 
So the digital signals are kept over a time span of (lkB/100 MHz) 10.24 fxs, enough to 
register the signals of drifting electrons, coming from tracks passing close to a cathode plane. 
The digitisation units are connected to a data reduction processor (DRP), that reduces the 
approximately 2 Mb of TEC raw data by a factor 20, after a trigger decision has been made. 

In the offline event reconstruction a centre of gravity method is used to extract drift times 
from the arrival time distributions. The time spectrum of all the wires for a sample of 1995 
tau pair events is shown in figure 2.8. The high density of small drift times indicates the high 
drift velocity in the amplification region. The time spectrum is flat for the tracks passing 
through the drift region, indicating homogeneous drift behaviour. The decline for large drift 
times originates in the different maximum drift distances. The conversion from the drift 
times to positions of the trajectories in the detector is discussed in chapter 3. 

Tracks traversing the TEC at a very close distance to each other produce multiple hits 
on the anode wires. If the tracks are too close, the multiple electron clusters arrive on the 
anode in too short a time span to be recognised separately; the multiple clusters are merged 
to one hit. Thus the minimal observable time difference on an anode defines the so called 
double track resolution. Figure 2.9 shows this time difference in 3-prong tau events, where 
the opening angle between the tracks is small. The solid line is a fit of a step function to 
the distribution smeared with a Gaussian resolution. The position of the half-height of the 
function is at a time of 85 ± 1 ns. With a typical drift velocity of 5.9/im/ns this indicates that 
the hits from tracks, separated by more than about 500/im are reconstructed individually. 

2.3.7 The Z chamber 

The TEC as described before has been optimised for the measurement of track positions in 
the plane perpendicular to the beam axis. The outer wall of the TEC has been covered with 
two cylindrical proportional wire chambers with cathode strip readout. The cathode strips 
are tilted with respect to the z axis by 69° and 90° for the inner layer, and -69° and 90° for 
the outer layer. The detector provides a coordinate measurement along the beam axis with a 
resolution of 300 /im and a double track separation of 7 mm. 

2.4 The Silicon Microvertex Detector 

In 1993, the tracking system was improved with the installation of a Silicon Microvertex 
Detector (SMD). This detector gives two or three high precision three dimensional posi
tion measurements close to the interaction region. In this section the principles of particle 
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detection with a silicon device are discussed, followed by a description of the design and 
performance of the L3 SMD. 

2.4.1 Principle 

In the SMD the special electric properties of silicon are exploited for high accuracy position 
measurements. 

In a pure silicon crystal lattice each of the silicon atoms has four covalent bonds with 
its neighbours. Pure silicon has a high resistivity and would therefore be well fitted for 
low leakage-current detector elements. In practice, however, there is no pure silicon due to 
impurity atoms in the lattice. Basically two different types of silicon are distinguished by the 
type of impurities that are incorporated into the silicon lattice: 

• n-type. In this type of silicon impurities of 5-valence atoms take the place of sili
con atoms. The four covalent bonds with the silicon leaves one electron "free" for 
conduction. 

• p-type. In this type of silicon 3-valence atom impurities take the place of silicon 
atoms. One electron is missing to complete the four covalent bonds. Holes are thus 
created, acting as positive charge carriers. 

The resistivity in the p and n type silicon is much lower than in pure silicon. To make 
a detector a well known technique is used that provides a region with low currents. This 
technique exploits the junction between/? and n type silicon. Electrons from the n material 
entering the p type material immediately recombine with one of the holes. The result is a 
net charge distribution, producing a built-in electric field, that points from the n to the p type 
material. It has to be noticed that this charge distribution is built up by charges, that are 
confined to the silicon crystal lattice. Since the free charges are removed, the pn junction 
has a high resistivity and the charge diffusion over the junction is heavily suppressed. The 
region where the number of free charge carriers is low is called the depletion region. 

The depletion region can be extended artificially by applying an electric field in the same 
direction as the built in field. In general the built in potential over the junction is small 
compared to the external potential. In this approximation the thickness of the depletion layer 
can be written in terms of the external bias voltage, Vbias, as follows: 

"depletion 
i t . 'bias 

. - ^ (2.7) 

In this equation es is the electric permittivity of silicon, and Ntypf. is the acceptor or donor 
density, depending on whether the thickness of the depletion layer is calculated for/? or n type 
silicon, respectively. Usually a thin layer of highly doped silicon is applied on the surface 
of a lightly doped bulk, so that the depletion layer is extended within the bulk material. In 
general a bias voltage between 30 - 100 V is sufficient to generate a depletion layer of a few 
hundred microns. 
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In silicon detectors the depletion layer is essential for the detection of particles. A highly 
energetic particle traversing a silicon sensor loses energy in the form of ionization. Part of 
this energy is used for the creation of electron-hole pairs. If an electron-hole pair is produced 
in the depleted region of the silicon, the electric field causes the hole and electron to drift 
towards the p and n side of the junction respectively. In a 300 ßm thick depletion layer the 
amount of electron-hole pairs created by a traversing relativistic particle is in the order of 
20 000 - 25 000, enough to give a detectable signal. 

In case of a silicon strip detector the positional sensitivity is obtained by implantation of 
an array of strip shaped /w junctions. Usually the strips are implanted on a bulk of n type 
silicon. It is possible to construct sensors with p strips implanted on one side of the sensor 
and n+ strips on the other side («+ means there are more impurities than in the n bulk) to get 
a sensitivity in two dimensions. The side of the sensor with thep strips is called the junction 
side, the other one is called the ohmic side. 

Nowadays strip widths in the order of 10 - 20 fim with an inter strip distance of less 
than 10 jum are manufactured. So coordinates can be measured with a resolution given by 
the strip pitch divided by \f\2 '. 

The accuracy on the position measurement can be further improved when the created 
charges are spread out over more than one strip. Instead of just taking the strip position 
as the track coordinate, more sophisticated centre of gravity methods can then be used to 
determine the position of a track. 

2.4.2 SMD sensors 

For the L3 SMD, sensors with specifications as shown in table 2.1 are used as the basic 
detection elements [34]. A schematic view of a sensor is shown in figure 2.10. The sensors 

particle 

V, bias 

Figure 2.10: Schematic view of an L3 silicon wafer. The plot is not to scale and in reality 
the n strips run orthogonal to the p strips. 

are made of n-type silicon with an area of 70 x 40 mm2 and a thickness of 300 [im. p+ strips 
with a width of 12 ßm and a pitch of 25 p.m have been implanted along the long side of the 

The resolution is equal to -J(x - x)2 = -4=, with D the readout pitch. 
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wafers. On the opposite side n+ strips with a width of 12 /im and a pitch of 50 /im have been 
implanted. The n+ strips are alternated with additional p+ strips, thus increasing the resistivity 
between subsequent n+ strips from few k£l to several MQ,. The p+ strips along the long side 
of the sensor are intended for an r0 measurement. The ?i+ strips running perpendicular to the 
p+ strips provide an r - z coordinate measurement. Therefore the strips will be referred to as 
r(f> and z strips, respectively. 

Area 70 mm x 40 mm 
Thickness 300/im 
V bias 30 - 50 V 

Implant pitch 
r(p 25/im 

Implant pitch z 50/im 

Readout pitch 
r(f) 50 /im 

Readout pitch Z 150 - 200/im 

Table 2.1: Properties of Si sensors used for the SMD. 

For the transport of the collected charge to the readout, the p+ strips on the junction side 
and n+ strips on the ohmic side have been covered with aluminium strips. On the r(j> side 
every second strip is connected to the readout, giving a sensor strip pitch of 50 /im. For the 
z side a sensor strip pitch is chosen of 150 /im for the central wafers and 200 /im for the 
forward ones. 

The bias voltage is applied through a guard ring running around the strips on the ohmic 
side of the wafer. A similar kind of guard ring on the junction side puts the p+ strips at the 
appropriate voltage. In addition the guard rings improve the homogeneity of the electric field 
over the detection volume. 

2.4.3 Geometry 

Two wafers as described above are mechanically and electrically joined to form a so called 
half ladder. The strips on the junction side of the two wafers are bonded and connected to 
the same readout channel. The outputs of 744 strips on the ohmic side are re-routed to the 
readout with an L-shaped low-mass cable made from copper-plated kapton foil. So both the 
electronics for the junction and the ohmic side can be placed at one end of a half ladder. The 
mechanical precision inside a half ladder is typically better than 10 /im. 

The Silicon Microvertex Detector is made of two layers of such silicon half-ladders [35]. 
The inner layer, consisting of twelve half-ladders, on both sides in z around the interaction 
region, has a distance to the interaction region of 6.0 cm. Subsequent inner half ladders 
have an overlap in the azimuthal coverage of = 4.5°, to facilitate software alignment (see 
section 3.1). The outer layer, also made of twelve half-ladders, is at a distance of 7.7 cm 
from the interaction region. The outer SMD layers are positioned with a rotation of 2° of the 
r<p measuring strips, with respect to those of the inner layer. This, so called stereo-angle, can 
reduce ambiguities in the offline track reconstruction. 
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Outer layer 

Carbon support 

Inner layer 

Figure 2.11: Schematic view of the L3 Silicon Microvertex Detector. The wafers of the outer 
SMD layer and their support are clearly visible. 

In total the detector has 36864 readout channels from the r<j> strips and 35712 readout 
channels from the z strips. 

2.4.4 Signal processing 

At the ends of the half-ladders furthest away from the interaction point a hybrid carrying the 
front-end readout electronics for both the rtp and z measuring strips is located. The main 
components are six SVX-H chips on each side of the hybrid. These chips consist of an 
analog part with 128 analog input channels of charge sensitive amplifiers and a digital part 
to control multiplexed readout. The silicon channels in a half-ladder are AC connected to the 
SVX-H input channels through a 150 pF capacitor. 

An optical receiver board placed at 10 m from the detector contains 8-bit FADC's oper
ating at a 40 MHz clock speed for digitisation of the signals. The digital data are sent to the 
data acquisition through a 120 m optical fibre. This is done because it reduces ground loop 
problems and because the r(j> and z sides are on different potentials. 

The amount of data sent to the L3 data acquisition is reduced considerably, using a same 
kind of DRP as for the TEC. Only the information of strips above a certain threshold (and 
neighbouring strips) is passed to the L3 data stream. 

For the conversion from raw strip hits to the location of the track in a sensor a centre of 
gravity method is applied to the charge information from adjacent strips. A good estimate of 
the quality of the cluster reconstruction is the signal to noise ratio (S/N) which is defined as 
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Figure 2.12: S/N ratio in r<p measuring (left) andz (right) measuring SMD layers. Only the 
S/N ratio for clusters belonging to tracks is shown. Clusters with a S/N ratio of less than 
5 are rejected. The solid line indicates a Landau distribution convoluted with a Gaussian 
resolution function fitted to the distribution. 

follows: 

S/N 
E^'ADQ 

(2. 
•Jped 

In this equation the sum of ADC counts over the channels that are assigned to the cluster is 
divided by the quadratic sum of the pedestal variations of the channels in the cluster. So basi
cally the S/N ratio describes how many a the signal is separated from the noise. Figure 2.12 
shows the S/N level in the L3 r(f) and z measuring layers for clusters that were found in the 
off line reconstruction (see section 4.1) and that belong to the trajectory of a particle. The 
solid line represents a Landau distribution convoluted with a Gaussian resolution. The most 
probable values found from the fit for the S/N is 18.1 for the r$ measuring side and 19.6 for 
the z measuring side. 

The wafers and readout system as described above have been tested in a 50 GeV beam 
of pions at the CERN SPS collider. A positional resolution of 7.5 fxm for the r<p side and 
14 jUm for the z measuring layers has been obtained for non-inclined tracks [36]. 
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Chapter 3 

Alignment and Calibration 

In this chapter the alignment and calibration procedures needed for the L3 inner detector 
system are described. The objective of these procedures is to find the relations between drift 
times in the TEC, local cluster information from the SMD and the trajectories of charged 
particles in the L3 reference frame. Good candidate events to use for calibrations are: 

(3.1) 
eTe -> jx pi 

These events have a clean, low multiplicity, signature and the kinematics are well understood. 
In the tracking system these events are seen as two tracks originating from one point with 
an opposite signed momentum of about 45 GeV. Due to the high momenta of the final state 
particles, the tracks hardly suffer from multiple Coulomb scattering. For alignment and 
calibration purposes, Bhabha (e+e" -> e+e") and dimuon (e+e" -> ß+^~) events are required 
to be contained in the barrel part of the detector, | cos 0| < 0.72. In this fiducial volume the 
quality of the z coordinate measurement is enhanced by the Z-chamber hits and the length 
of the tracks in the rip plane is optimal. The cross section for the production of Bhabha and 
dimuon events in this fiducial volume is about lnb at the Z resonance. 

3.1 Internal SMD alignment 

3.1.1 Reconstruction 

The goal of the internal SMD alignment procedure is to determine the parameters of the co
ordinate transformation, needed to go from coordinates measured in the local wafer system 
to coordinates in one global frame. To determine the parameters in this coordinate transfor
mation, data collected at the Z peak are used. 

The concept of the alignment fit (see section 3.1.3) is to find predictions for the intersec
tion points of a track with the sensitive area of the SMD and to compare these predictions 
with the measured hit positions. The predictions must be based on SMD information only. 
No external (i.e. TEC) information may be used since later on (see section 3.3) the TEC is 
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calibrated with information from the SMD. In this way independence of the SMD internal 
alignment parameters from the TEC calibration parameters is guaranteed. 

Figure 3.1: 3D view ofae+e~ —> JJL+JT event as recorded with the SMD. The result of the 
back-to-back track fit is represented by the bold line. The SMD r<p + z hits are the dots. The 
dotted lines are the measured local r(f> and z coordinates. IP represents the e+e" interaction 
point. 

The track reconstruction will be described in section 4.1 and section 4.3. Clearly a rea
sonable assumption of the alignment parameters and TEC calibration constants is already 
needed to start the pattern recognition in the first place. 

The trajectories of the two muons or of the two electrons are approximated by one straight 
line over the whole SMD volume. The intersection points of this track with the SMD wafers 
are used as the predictions for the hits. In figure 3.1 an example of a Z -^ ß+fx~ event 
is shown as it is observed in the SMD. For this event both final state particles traverse an 
overlap region in the inner SMD shell. These events play a crucial role in the positioning of 
neighbouring ladders with respect to each other. 
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Due to the straight line approximation an error of 2 ßm is introduced in the predicted hit 
positions. On average however, the effect is negligible since it is opposite for negatively and 
positively charged particles, which are produced with the same yield in the barrel part of the 
detector. 

3.1.2 Coordinate transformations 

To construct the global SMD frame each silicon wafer has to be positioned separately. For the 
transformation six parameters per wafer are needed: Three translations and three rotations. 
The angles, a, ß and <j> are the rotation angles around the local x, y, and z axes (see figure 3.2). 
The three translations are represented by the vector, x,ram, between the origin of the local and 
global system. A global coordinate can be written in terms of the local coordinate, xioc and 

Figure 3.2: Definitions of a local and global coordinate system. 0 is often referred to as the 
azimuthal angle and ß as the stereo-angle. 

the alignment parameters in the following way: 

Xglo s (Xglo, yglo, Zglo) = V,ty, ß, CC)Xioc +Xtmns (3.2) 

The rotation matrix, 5̂ ., is the result of subsequent rotations around the local x, y and z axes 
with angles a, ß, and (p, respectively. The angle <p is often referred to as the azimuthal angle 
and the angle ß as the stereo angle. 

H.W, ß, oO^fyfy^tt (3.3) 
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cos^cosjS - sin <j> cos a - cos (j) sin /3 sin a sin <\> sin a - cos 0 sin /3 cos a \ 
sin (/»cos/3 cos 0 cos a - sin 0 sin/3 sin o: - cos 0 sin a - sin 0 sin/3 cos a (3.4) 

sin/3 cos/3 sin a cos/3 cos a / 

For the SMD the angle a is designed to be 0° and the stereo-angle, /3, is designed to be 0° 
for the inner layer and 2° for the outer layer. 

3.1.3 Alignment fit 

The internal alignment of the SMD is based on a "residual method", where the residuals 
are defined as the distance between a measured hit position and the predicted position for 
the same hit. The predicted position is the intersection point of a track as described in the 
previous section, with an SMD wafer. The measured hit position is obtained by transforming 
the local measured hit in wafer coordinates to the global SMD coordinate frame. Since the 
SMD measures one coordinate in the rty plane and one along the z axis it is logical to define 
the residuals in these two projections: 

Ar0, - \JVXpred X
glo) + (}'pred y gin) (3 5) 

A = 7' — 7' 
Zi ^-pred glo 

with xpred, ypred and zpred as the predicted hit positions and xgto, yglo and zgi0 as the measured 
hit positions. From these residuals the following x2 is constructed: 

N 

1=1 

Ar0. ^
2 ( A-

%•& / \ °/±z 
(3.6) 

where the sum is calculated over all N clusters used for the alignment fit. The errors on 
the residuals, <jArtt,: and o"^., are obtained from the quadratic sum of the uncertainty in the 
predicted hit position and in the global hit position. The alignment constants are then found 
by solving: 

1 dX
2 

2 dfj(wafer) 
0 (3.7) 

In this equation r\(wafer) is the vector with the alignment constants that are to be determined. 
The fit, however, needs additional constraints. For example if the SMD is rotated or 

translated as a whole both the predicted hit positions and the measured hit positions change 
in the same way, so the x2 remains the same; 6 parameters are thus undetermined. This 
problem is solved by setting the overall translation and rotation introduced by the alignment 
fit to zero. 

Since only SMD information is used for the track-fitting both xgi„ and xpred depend on 
the SMD internal alignment parameters. In principle this dependence could be calculated 
explicitly, but a track and thus the predicted hit position depends on a large set of alignment 
parameters, such that the calculations tend to be rather awesome and do not lead to transpar
ent results. At this point a different approach is chosen, using the fact that a predicted hit 
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typically has a small uncertainty, since it is composed of an ensemble of SMD hits instead 
of one. 

In this way the correlation coefficients between the alignment parameters of different 
wafers cannot be obtained from the fit directly. In addition the alignment procedure needs 
to be iterated, since a change of the alignment parameters affects the back-to-back track fit 
directly. 

With reasonable starting values for the alignment constants only small changes are needed 
to find the minimum of the x1> allowing for the linearization of the set of equations 3.7. This 
makes the set of equations solvable in a fast way. For the linearization it is convenient to 
describe changes in the translation vector for a wafer in local SMD coordinates. In this way 
the wafers are treated by the alignment fit uniformly. The alignment is executed in several 
steps, fitting xhc, zi„r and ß separately. The steps are iterated until the changes in the align
ment parameters are small. The linearization procedure for these three alignment parameters 
is described in detail in Appendix A. 

In reality the event sample is subdivided according to the hit pattern on the SMD back-
to-back tracks as follows: 

• Events having at least two combined rtj> and z hits on both sides of the SMD. 

• Events with at least two combined r<p and z hits on one side and three on the other 
side. Basically these are the events where at least one of the final state particles went 
through an overlap region. 

Both types of events serve different purposes in the alignment procedure. The first class of 
events is used to position a half ladder on one side of the detector with respect to the half 
ladder diametrically on the opposite side of the detector. The second class of events is the 
one linking neighbouring half ladders with respect to each other through their overlap. 

3.1.4 Monte Carlo alignment 

The procedure as described in section 3.1.3 is checked on a sample of Monte Carlo dimuon 
events. The program KORALZ 4.0 [37] is used to generate a set of 10 k events according 
to e+e" —¥ ß+ß~. To know how these events would be observed in the detector, the sample 
of dimuon events is simulated with the standard L3 GEANT [38] based simulation package. 
The SMD hits are simulated, assuming the SMD half ladders to be positioned according to 
the design. The local hit coordinates are smeared according to Gaussian distributions with a 
standard deviation of 10 /im forx/m. and 20 ,um for zioc- This is needed because the GEANT 
based simulation does not take into account the creation of clusters on the SMD readout 
strips, after an energy deposit. 

To test the alignment parameter reconstruction the half ladder positions are distorted. 
Notice that half ladders are studied rather than single wafers, since the relative position of 
the two wafers in each half ladder is known with sufficient precision (see section 2.4.3). The 
sets of alignment parameters of all half ladders are varied according to Gaussian distributions 
with a standard deviation of 100 ßm for the local x and z coordinates and of 1.0 mrad for the 
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stereo-angle, /3. The choice to study these three parameters is made because the global hit 
position is most sensitive to them. Especially the x,m. and ß are important for defining the 
position of a particle in the r<\> projection. The resulting alignment parameters are used as 
starting values for the alignment programs. 

In figure 3.3 the residuals in xhc and zi,)C coordinates are shown before and after the 
alignment. Before the alignment the residuals are distributed rather arbitrarily; a root mean 
square of 130 /im and 190 /im for the xioi. and zioc residuals is found, respectively. After 
the positioning of the half ladders a single Gaussian function is fitted to the distribution, 
giving a width of 13.3 /im and 25.5 /im for the xhc and zi„r respectively. The same residual 
distributions are obtained with the design alignment parameters. The width of the xlm. and 
Zioc residual distributions are then 12.7 /im and 23.4 /im. Since in this case no alignment 
errors are introduced the alignment precision, aa[ign is estimated from: 

with orecon the width of the residual distribution after the alignment parameter reconstruction 
and Gdesign the same width for the design values of the alignment constants. 

The reconstruction is repeated for different sets of initial alignment parameters. In all 
cases Grecon for the local x coordinate is described by a single Gaussian with a width between 
13.2 and 13.5 /im, giving a precision in the alignment parameter determination better than 
5 /im. The zior precision estimated in the same way is about 10 /im and in no case worse 
than 15 /im. 

In figure 3.4 the local x and z positions of the half-ladders that are reconstructed are 
compared to the "real" values. From the width of these distributions an alignment precision 
of 6 /im and 15 /im is found for xloc and zi„c, respectively. The rotation angle j8 compared to 
the "real" value is shown in the same figure. A precision of 0.25 mrad is estimated. 

3.1.5 1994 and 1995 data 

The alignment procedure as described in the previous section is repeated on the Bhabha and 
dimuon data samples from 1994 and 1995. In figure 3.5 the x[oc and zi„r residuals are shown 
after the alignment. A single Gaussian function is fitted to the xloc residual distribution, giving 
a width of 14.5 /im. This compares well to the width of the xlm. residual distribution as found 
in the Monte Carlo studies. For zioc the residual distribution has a large tail, which was 
not seen in the Monte Carlo study. A double Gaussian function is fitted to the distribution; 
the first one with a width of 36 /im, the second one with a width of 184 /im. A possible 
explanation for the absence of the tail in Monte Carlo could be an inaccurate description of 
the z pattern recognition, due to an underestimation of the number of noise hits. 

The internal alignment constants are compared to the design values. First potential global 
rotations and translations of the SMD with respect to the design values are corrected for; 
these transformations will be discussed in section 3.2. The distributions of x and y coordi
nates of the half ladders have a root mean square of 55 /im and 59 /im respectively. No 
ladders are positioned worse than 150 /im with respect to the design position. The z posi
tioning with respect to the design is slightly better; a root mean square of 35 /im is found. 
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Figure 3.3: Residuals of the hits compared with the reconstructed track obtained from the 
dimuon Monte Carlo sample. The open histogram represents the residuals after the wafer 
positions have been varied. The hatched histograms show the residuals when the alignment 
parameters have been reconstructed. The solid lines are single Gaussian functions fitted to 
the distributions. 
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Figure 3.4: Difference between "real" and reconstructed values of xioc (left), zioi: (middle) 
and ß (right) for the SMD half-ladders. The positions of all 48 half ladders found by recon
struction on 5 different Monte Carlo samples are overlaid. 

37 



3.2. Relative SMD-TEC positioning Alignment and Calibration 

CO 

U 

c 
<u 

4-1 
O 

4000 4000 

3000 -

2000 

1000 

Figure 3.5: Average residuals in local SMD hit coordinates for the Bhabha and dimuon 
events from 1995. A single (double) Gaussian is fitted to the local x (z) residual distribution. 
The result of the ut is represented by the solid line. 

The quality of the alignment is checked by plotting the mean x!oc and z/oc residuals as a 
function of time. Figure 3.6 shows these residuals monitored during the 1994 and 1995 runs. 
The 1994 data are divided into two periods for which the internal alignment parameters have 
been determined separately. The average residuals in each period are stable within 1 /im for 
XUH. and zioc- Especially the 1995 run shows an excellent stability. 

3.2 Relative SMD-TEC positioning 

The next step in the inner tracking system calibration and alignment is to determine the rela
tive position of the SMD with respect to the TEC coordinate frame. For the SMD alignment 
parameters this means that an additional rotation and translation will be applied to the inter
nal alignment parameters, so that 6 parameters are fitted. Since the TEC is calibrated with 
tracks extrapolated from the SMD (see section 3.3), an iterative procedure of SMD global 
alignment and TEC calibration is needed. In analogy to equation 3.2 the position of a local 
SMD hit in the TEC coordinate frame can thus be written as 

XTEC = %.{§, ß, a)xgi„+XT (3.9) 

with ;£(</>, /3, a) the rotation matrix over angles 0, ß and a. The angles are defined in the 
same way as for the local alignment procedure. XT is the global translation vector bringing 
the SMD in the right place inside the TEC. 
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Figure 3.6: Residuals in local SMD hit coordinates as a function of time for 1994 (upper) 
and 1995 (lower) data. 

These parameters are again determined from a residual method, where the residuals are 
the differences between measured hits in the SMD and a predicted hit coordinate from a track 
fit to hits collected by the TEC. In the Bhabha and dimuon events one circle is now fitted to 
all the hits on both sides of the TEC. In this way the predictions for the SMD hit coordinates 
are obtained from an interpolation. The z coordinate of the predicted hit is obtained by 
also performing a straight line fit in the z projection of the track, with the hits from the two 
back-to-back tracks found in the TEC Z-chamber. 

From the residuals a j} is obtained in a similar way as for the local alignment procedure. 

3.2.1 Monte Carlo alignment 

The global alignment procedure is tested on the same sample of Monte Carlo dimuon events 
as used for the local alignment. The whole SMD is intentionally displaced by 100 fjm in x, 
y and z and a rotation of 1 mrad is applied for <j>, a and ß. The residuals of the tracks fitted 
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to the TEC hits and the SMD hits in local wafer coordinates are shown in figure 3.7. The 
residuals after the alignment reconstruction are shown in the same plot. The distributions 
after the alignment are centred around zero and the widths are considerably smaller than 
before the alignment. A double Gaussian function is fitted to both the xim. and zUn. residual 
distributions. Forx/o(. the first Gaussian has a width of 18 /im and the second one has a width 
of 61 jum. For zi(K the widths are 165 /im and 550 /im respectively. 

To check the reproducibility of the alignment constants a mis-alignment is introduced 20 
times. The reconstruction on the same event sample repeatedly leads to the same results for 
the global translation within 0.5 /im for all directions. The rotations are reproducible within 
4, 3 and 2 /irad for a, ß and <j> respectively. 

It has been verified that the results are independent of the event sample by repeating the 
procedure on 15 different dimuon Monte Carlo samples. The initial alignment parameters 
are altered as before and then the alignment constants are reconstructed and compared to the 
design values. A root mean square of 0.9 /im, 1.0 /im and 5 ßm is found for the x, y and 
z components of the translation vector. For the rotation angles the root mean squares are 
0.01 mrad, 0.01 mrad and 0.04 mrad for a, ß and </> respectively. 

3.2.2 1994 and 1995 data 

The residuals in xklc and z,„(. coordinates after global alignment are shown in figure 3.8 for 
the 1995 data. A double Gaussian function is fitted to the distributions. The first Gaussian 
for the local x coordinate has a width of 27 /im and the second has a width of 110 /im. 
The residuals in local z coordinate have a width of 380 /im and 1.5 mm respectively. These 
widths are much larger than for the r0 residuals, since the z coordinate reconstruction is 
based on the data from the Z-chambers only. 

The global alignment parameters of the SMD with respect to the origin of the TEC coor
dinate frame are shown in table 3.1. In 1994 the global alignment parameters are determined 

Year 19941 1994 II 1995 
x [mm] 0.3453 ± 0.0003 0.3461 ± 0.0001 0.4141 ± 0.0002 
y [mm] -0.3096 ± 0.0002 -0.3376 ± 0.0001 -0.5029 ± 0.0001 
z [mm] -0.942 ± 0.001 -0.980 ± 0.001 -0.976 ± 0.001 
a [mrad] 1.06 ± 0.01 1.27 ± 0.01 1.15 ± 0.02 
ß [mrad] 0.03 ± 0.01 0.04 ± 0.01 0.21 ± 0.05 
0 [mrad] 5.47 ± 0.002 6.11 ± 0.001 6.79 ± 0.01 

Table 3.1: Global alignment parameters for the main periods in 1994 and 1995. The errors 
are the statistical errors obtained from the alignment fit. 

for two separate periods. A relatively large change in the global <p rotation has been ob
served. Also the y and z translations changed by 30 /im and 40 /im. Probably this shift is 
related to a known SMD cooling problem during the same period. 
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Figure 3.7: Residuals of the hits compared to the reconstructed back-to-back TEC track 
obtained from the dimuon Monte Carlo sample. The open histogram represents the residuals 
after the global SMD position is distorted. The hatched histograms show the residuals after 
reconstruction of the global alignment parameters. The solid lines are the result of the double 
Gaussian functions fitted to the distributions. 
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Figure 3.8: Residuals of back-to-back TEC tracks with SMD hits measured in local coordi
nates for the Bhabha and dimuon events from 1995. The solid line is the result of the double 
Gaussian function fitted to the distribution. 
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3.3. TEC calibration Alignment and Calibration 

The residuals after global alignment as a function of time for the 1994 and 1995 runs are 
shown in figure 3.9. This plot monitors both the stability of the SMD alignment parameters 
and the TEC calibration that will be presented in section 3.3. 

3.3 TEC calibration 

The final step in the inner tracking system reconstruction is the determination of the relation 
between the measured drift time on a wire and the point where the particle traversed the 
TEC. The two components of the TEC calibration are the drift velocity and drift direction; 
the latter is parameterised by the Lorentz angle. A determination of both is the subject of 
this section. Finally the single wire resolution is discussed briefly. 

3.3.1 Calibration of the Drift Distance to Time relation 

The strategy for the TEC calibration is to predict hit positions in the TEC volume from ex
trapolated tracks that are fitted to SMD hits only. The predicted hit positions are compared 
to the measured drift times for each wire and a function is fitted, yielding a so called single 
wire TEC calibration (see figure 3.10). The advantage of this approach is that the SMD gives 
position measurements directly, so that the drift distance to time (DDT) function is measured 
in an absolute and non-iterative way. Before the installation of the SMD, calibrations relying 
on TEC drift time information only had to be made. This procedure required many iterations 
and often did not converge. A disadvantage of using the SMD for the calibration is that sys
tematic effects in the SMD alignment are propagated to the TEC. These effects are assumed 
to be small. 

The Bhabha and dimuon events are used to calibrate the TEC. As already mentioned 
in section 3.1.1 we know that the particles in these events are produced in a back-to-back 
topology and that their momenta are equal to the beam momentum, such that the trajectories 
of both particles can be described in the rQ plane by one circle. This constraint is used to 
reconstruct the trajectories without TEC information; the back-to-back topology allows the 
use of SMD information from both sides of the interaction point and the curvature determined 
from the beam energy can then be used to extrapolate the track. 

The only problem is to identify which one of the particles is positively charged and which 
one has the negative charge, since the SMD alone gives too few points and has too short a 
lever arm to properly measure the curvature. The solution to this problem is to fit the circle 
for both assumptions to all the SMD and TEC coordinates with a 0-th order, but reasonable, 
calibration. In case of the wrong assumption for the charges, the probability of %2 for the 
circle fit is assumed to be low, while the correct assumption is expected to give a reasonable 
probability. Figure 3.11 shows the probability of %2 for the two possibilities of the charges. 
Clearly visible are the peak at zero for the wrong charge assumption, and a flat %2 probability 
distribution for the right assumption. As an example the drift distances for wire 1 in inner 
TEC sector 1 obtained from the extrapolation as a function of the corresponding drift times 
are shown in figure 3.12. For the determination of the extrapolated drift distances the Lorentz 
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Figure 3.9: Residuals of back-to-back trajectories with SMD hit positions as a function of 
time for 1994 (upper) and 1995 (lower). 
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tion is performed by extrapolating trajecto
ries of electron or muon pairs from the SMD 
to the TEC and comparing the drift distances 
(d) to the measured times. IP represents the 
e+e" interaction point. 

back track fit. The open histogram shows the 
fits that are marked "good" and the hatched 
histogram shows the fits marked "bad". 

angle, as will be discussed in section 3.3.2, is taken into account. Negative and positive signs 
are given to the drift time and drift distance according to the side on which a particle passes 
a wire. The DDT relation appears linear for large parts of the drift region, as expected for a 
TEC. In the amplification region the drift velocity is much higher, but the behaviour is still 
rather linear. 

The parameterisation of the DDT function is performed separately for the amplification 
region and for the drift regions on both sides of the anodes. To fit the DDT function Cheby-
shev polynomials are chosen, since correlations between different coefficients for these func
tions are in general much smaller than for example for a standard power series. 

• Drift Region. A second order Chebyshev polynomial is fitted to the drift regions. The 
second order is needed to allow for small higher-orders in the DDT relations, possibly 
originating in non-linearities in the electric field. 

D(T) = eg + ci (IT - 1) + cd
2(8T2 - 8 r + 1) (3.10) 

with 
t-t, grid 

'cath — 'grid 
(3.11) 

44 



Alignment and Calibration 3.3. TEC calibration 

30 

20 

10 

•c o 
Q 

-10 

-20 

-30 

[ 

y 

'mmmmœm • » w « 

\ 
-

i 
i 

i 

Q 

4 

3 

- ___—" 4 

3 
^^^^^^^^^^^^^^ ^̂ ^̂ B 

2 

^ 
0 x\; * 

-1 'vwvvvwvvvvwwvsXHSy 

-2 X •///.• '.'. • 'j ' ! • ! • ! *}-. ' • ' i • - ' 
-3 

-4 

/•')'<//.•'.•'.'.•.'/'. :-:HK\ ::•:•! -3 

-4 

—"̂ -

-

2 4 

Drift time [(J,s] 
-0.2-0.15-0.1-0.05 0 0.05 0.1 0.15 0.2 

Drift time [|is] 

Figure 3.12: Predicted drift distances from the SMD compared to the measured drift times 
on the TEC anodes for anode 1 in inner sector 1 (left). The drift distances and times on both 
sides of the anode are shown. On one side of the wire the drift distance and time have been 
given a negative sign, on the other side the sign is positive. A blowup of the amplification 
region (right) shows a much higher drift velocity in this region. 

Here tgM = 70 ns is the time corresponding to a track passing close to a grid plane and 
Wh = 4 - 10 [is is the drift time from a track that passes close to a cathode plane. The 
"normalised" time, T, for the DDT fit in the drift region runs from 0 to 1. 

• Amplification Region. A first order Chebyshev polynomial is fitted to the amplifica
tion region. One fit is performed, from the grid wire plane on one side of the wire to 
the grid wire plane on the other side: 

D(T) 

with 

T = 
It-

4 + c\T 

'grid lgrid 

'grid 'grid 

(3.12) 

(3.13) 

The times fgrid = -70 ns and ?grid +70 ns are the times corresponding to a track 
passing close to the grid plane on the negative and on the positive side, respectively. 
The "normalised" time T runs from -1 to +1. 

At the boundary of the drift region and the amplification region the DDT function is required 
to be continuous. 

From the DDT function in the drift region, the drift velocity, vdrift, is obtained directly 
from: 

dTdD(T) 
Vdrift = 

dt dT 
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cath 'grid 
2c? + 8^(27"--1) (3.14) 

Figure 3.13 (right) shows the distribution of drift velocity halfway between the grid and the 
cathode planes (T = 0.5) for all wires. The 1994 data are divided into four periods and the 
1995 data are divided into two periods. Most of the data are collected during periods 94b, 94c 
and 95 b, resulting in the relatively narrow distributions in these periods. 

The average drift velocity in the inner TEC is 5.9418 ± 0.0003 ,um/ns for 1994 and 
5.9072 ± 0.0007 /xm/ns for 1995. For both years the average velocity in the outer TEC 
is slightly lower; 5.9223 ± 0.0001 ,um/ns and 5.9150 ± 0.0001 Lim/ns. The stability is 
estimated from the spread of the drift velocity around the mean value. For both the inner and 
outer TEC the drift velocity is stable within 0.1 - 0.2%. 

Year Vdrifl [jum/ns] Vamp [jum/ns] Year 
Inner Outer 

Vamp [jum/ns] 

1994 a 
b 
c 
d 

1995 a 
b 

5.9450 ± 0.0010 
5.9407 ± 0.0003 
5.9436 ± 0.0008 
5.9487 ± 0.0016 

5.9099 ± 0.0009 
5.9028 ±0.0011 

5.9252 ± 0.0006 
5.9215 ± 0.0001 
5.9239 ± 0.0002 
5.9273 ± 0.0005 

5.8941 ±0.0003 
5.8839 ± 0.0002 

52.77 ± 0.06 
52.46 ± 0.03 
52.59 ±0.05 
56.20 ± 0.09 

52.98 ±0.06 
52.52 ± 0.04 

Table 3.2: Velocity in the drift and amplification regions for the different data collection 
periods. 

The velocity in the amplification region is obtained in a similar way as the drift velocity: 

2 c ? 
kamp r — f 

'grid 'grid 

(3.15) 

Figure 3.13 (right) shows the drift velocity measured in the amplification region for all the 
wires. The average of this velocity is 52.77 ± 0.02 /xm/ns for 1994 and 52.66 ± 0.03 /im/ns 
for 1995. 

3.3.2 Lorentz angle 

In this section a measurement of the TEC Lorentz angle is presented. The principle of the 
measurement [39] of aL is based on the observation that the drift velocity is the same for 
equal electric and magnetic field strengths and the same gas mixture. Since one cathode 
plane serves as the boundary of two TEC drift regions, the drift velocity is assumed to be the 
same on either side. Therefore a measurement of the drift velocity is performed as described 
in the previous section 3.3.1. The drift velocities are measured for different hypotheses of aL. 
An incorrect estimate of the Lorentz angle, indicated in figure 3.14 with a'L, will effectively 
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Figure 3.13: Distribution of the drift velocity measured halfway between the grid and anode 
planes (left) for different periods. The hatched histogram shows the distribution for the inner 
chamber, the open histogram for the outer chamber. The velocity in the amplification area is 
shown in the right plots. 
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Figure 3.15: Average drift velocity on both 
sides of the anodes for different values of 
the Lorentz angle. The upper plot is for the 
inner TEC and the lower plot for the outer 
TEC. The round dots represent the average 
drift velocity on the negative side of the 
wire, and the triangular dots represent the 
average drift velocity on the positive side. 

change the measured drift distance. On one side of the wire the measured drift distance, d\, 
will be underestimated with respect to the real drift distance, dR. On the other side of the 
wire the effect is opposite and the result is an overestimated drift distance, d2. This effect 
gives rise to a too high drift velocity on one side of the wire and a too low drift velocity on 
the other side. 

A first order estimate of the effect of variations of aL with &aL as a function of the angle 
of a track with respect to the TEC anode plane, y, is calculated: 

(aL + AaL) = v^nh(aL)(l ± Ao^tany) (3.16) 

The + and - subscript to vdrift indicate the positive and negative y side of an anode wire (see 
figure 3.14). For the inner TEC chamber, ymax = 0.268, so a change of aL by 1° changes the 
average drift speed by 0.46 %. In the outer TEC chamber the same deviation in aL leads to 
a change in the drift velocity of 0.23 %. So the sensitivity to small changes in aL, especially 
in the outer TEC, is quite moderate. Figure 3.15 shows the average drift velocity in the inner 
and outer TEC for different hypotheses of aL from the 1995 data. Clearly visible is the much 
higher sensitivity in the inner TEC to aL. 

The Lorentz angle is found for each wire by determining the point where the drift veloc
ities on both sides of a cathode plane are equal. Figure 3.16 shows the distribution of aL for 
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the 1994 and 1995 runs. The average for the inner TEC is 1.9 ± 0.1° and 2.1 ± 0.1° for 1994 
and 1995, respectively. For the outer TEC the averages are 1.65 ± 0.07° and 2.13 ± 0.04°. 
The spread around the mean aL value is 1.08 ° for the inner TEC and 1.36° for the outer TEC. 
The higher precision on the average Lorentz angle for the outer TEC is thus fully caused by 
the fact that the outer TEC has 1296 anodes, while the inner TEC has only 96 anodes. The 
results are in reasonable agreement with the value obtained from the simulation as presented 
in section 2.3.5. Only the outer TEC Lorentz angle for 1994 is lower than expected; no direct 
explanation has been found. 

As a check a Monte Carlo for the Lorentz angle reconstruction sample of 10 000 dimuon 
events has been simulated for a Lorentz angle hypothesis of 2° for both the inner and 
outer TEC and a drift velocity of 5.9 /Jm/ns. The reconstructed aL are 1.96 ± 0.03° and 
1.91 ± 0.03° for the inner and outer TEC respectively, and the average reconstructed v^f, is 
5.8999 ± 0.0001 jum/ns. 

94 

95 

-2 2 4 6-2 

Inner a L [deg] 
2 4 6 

Outer aL [degj 

Figure 3.16: Distributions of aL for the inner (left) and outer TEC (right) for 1994 (top) and 
1995 (bottom). 

3.3.3 Resolution function 

For a track fit it is important to assign a correct weight to a measured point on the track. 
Therefore it is necessary to understand the resolution of the TEC. The resolution is a function 
of the position of the measured hit. For example, a hit generated by a particle traversing the 
amplification region suffers from uncertainties due to a limited number of primary ionization 
very close to the wire and from relatively large uncertainties in the definition of the electric 
field. In the drift region the precision of the measured hits deteriorates as the drift distance 
increases, due to diffusion of the drifting electrons. 

The resolution function has been determined using Bhabha and dimuon events by mea
suring residuals of fitted track positions and the position of measured hits (for a detailed 
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description see [40]). The widths of the residual distributions, corrected for the limited ac
curacy of the track fit, are parameterised as a function of the drift distance. 

For each wire the resolution is parameterised on both sides of the wire as: 

R.Ud) 
r0b-(d) + f(d)b+(d) d<d 

f(d) 
grid 

d>d, 
mm 

grid 
(3.17) 

with f(d) = E t ] rjdr1. The step-like functions b± = \ ± tanh 4(d - 2.8) smoothly connects 
the resolution function for the amplification region to the resolution function in the drift 
region. The constants r, are determined for each wire separately. 

Figure 3.17 shows the average single wire resolution as a function of the drift distance 
for the inner and outer TEC chambers. Clearly visible is the relatively low precision in the 
amplification region. The resolution in the drift region is about 45 /im close to the grid plane 
and slowly degrades to 100 jum (75 rim) close to the cathode plane for the inner (outer) TEC. 
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Figure 3.17: Average TEC resolution as a function of the drift distance. The solid dots 
represent the inner TEC and the open squares represent the outer TEC. 
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Chapter 4 

Tracking 

In this chapter a description of the performance of the Inner Tracking system is presented. 
The reconstruction of the tracks relies fully on the TEC calibration and SMD alignment 
as found in chapter 3. The hit searching algorithm and track fitting are described briefly, 
followed by a study of the resolution and the systematic analysis of the charged particles 
trajectories. 

A homogeneous magnetic field with a strength of 0.5 Tesla is applied over the inner 
tracker volume. This field points in the e" direction, or z axis. Due to the Lorentz force a 
charged particle is deflected, resulting in a path that can be described by a circle in the plane 
perpendicular to the beam, the rip plane. The z position of a particle is proportional to s, 
where s is the path length in the rip plane. 

A particle with a momentum p (in GeV) has a transverse component which can be ex
pressed as: 

p± = p sin0 = 0.3 qBRc (4.1) 

where 0 is the polar angle of the track, q the electric charge of the particle in units of e, B the 
magnetic field strength in Tesla, and Rc the radius of the circle in meters. 

Given a magnetic field of 0.5 T a transverse momentum of 5 MeV is enough to reach the 
inner SMD layer at 6 cm from the interaction region and a transverse momentum of 38 MeV 
is sufficient to traverse the whole inner detector volume. For the analysis presented here 
particles with a p± varying from 0.5 GeV to about 45 GeV are used, sufficient to reach the 
calorimeters. 

The charge of a particle determines in which way it is deflected by the magnetic field. If 
seen along the negative z-axis, a positively charged particle (q > 0) is bent in a clock-wise 
direction, and a negatively charged particle (q < 0) in a counter clock-wise direction. 

4.1 Pattern recognition 

Prior to a track fit, the right points on a track must be selected. The difficulty is that in events 
with charged particle(s) in the final state, there will be several tens to hundreds of TEC and 
SMD hits including noise hits. There is a collection of global coordinates, possibly belonging 
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to multiple tracks. The task of a pattern recognition algorithm is to identify those sub-sets 
of hits, which are produced by one charged particle. For the L3 inner tracking system this 
pattern recognition is done in three steps: First TEC hits are found, then Z chamber hits are 
added to the tracks and finally the SMD hits are collected. 

4.1.1 TEC 

The hits in the TEC are collected by a Minimum Spanning Tree (MST) method [41]. In fact 
the pattern recognition tries to find the tracks in two phases. In the first phase, tracks with a 
pj_ greater than 100 MeV are searched for and in the second phase also the low momentum 
tracks are found. For both phases the same MST algorithm is used. 

The MST algorithm pairs hits on adjacent TEC wires into doublets. A pair of doublets 
with a hit in common is taken together, and more doublets are added to form a chain, or tree, 
of hits. For the formation of the trees a cut on the maximum curvature is made for the first 
phase, to find only the high momentum tracks. 

In general huge amounts of trees can be formed starting from one doublet. Therefore, if 
more than one doublet can be added to a tree of hits, only that doublet is added, which gives 
a minimum increase to the tree length. Figure 4.1 illustrates how a minimum spanning tree 
is found from a set of hits on adjacent TEC wires. If there are no more possible doublets 
to add to the trees, or if the tree spans the maximal track length the collection of hits stops. 
Then a circle is fitted to trees that have a minimum of 4 (5) hits in the inner (outer) TEC. If 
the fit is good, the tree is accepted as a valid track segment. The badly fitted segments are 
rejected, unless the segment can be divided into two smaller ones, both having a good circle 
fit. Subsequently compatible segments are merged, such that the longest possible tracks are 
formed and along the segment it is checked, whether left-over hits exist that actually belong 
to the segment. 

If a track segment is found in the inner or outer TEC, it is possible to form a second, 
similar, track segment from the same set of hits, by making the mirror image of the segment 
in the anode plane. The ambiguities resulting from these mirror images, or ghost tracks, are 
(often) solved by counting the number of un-ambiguous TEC hits on the segment and by the 
matching of track segments from the inner and outer TEC. An illustration of this matching is 
shown in figure 4.2, where one particle trajectory, results in four track segments. Only one of 
the four possible combinations of segments can be described by a circle, and thus the ghost 
tracks can be discarded. 

The track found by the MST method is projected onto the z-chamber cylinders. Matching 
z-hits are added to the track and a refit of the track parameters is done. The matching uses 
the combined z and r<p information obtained using the ± 70° stereo-angle of the second and 
third z-chamber cathode planes with respect to the z-axis. 

4.1.2 TEC and SMD 

For the SMD a "project and collect" algorithm is used, just as for the collection of the z-
chamber hits. The tracks based on the TEC and z-chamber information are projected onto 
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Figure 4.1: A minimum spanning tree is se
lected from a set of doublets. The doublets 
connect the hits on the subsequent wires and 
are indicated with Di. Notice that the mini
mum spanning requirement on the trees lim
its the number of possible trajectories con
siderably. 

Figure 4.2: One track in the inner and outer 
TEC, gives rise to one "real" segment in 
both chambers, indicated with the solid line, 
and one "ghost" image, indicated with the 
dashed lines. Only one of the four possi
ble combinations of segments gives a good 
track-fit. 

the inner SMD layer. Both the intersection point and the uncertainties on this point following 
from the extrapolation of the track to the SMD wafer, are calculated. In a ± 3.5 standard 
deviation wide window the SMD r</> cluster closest to the intersection point is added. Notice 
that in contrast to other, similar experiments, we first look for hits in the inner most layer, 
instead of working from the outside to the inside. The reason for this is that the r(p strips of 
the inner layer run parallel to the beam axis, so no z information is needed for the pattern 
recognition. The track is refitted with this additional SMD point and then projected onto the 
outer SMD layer. Because of the 2° stereo-angle between the inner and outer SMD ladders, 
strips on the outer layer give both r<p and z information. This information gives the possibility 
to find matching r<j> and z clusters. The pair of r(j> and z clusters closest to the track is then 
selected. If no combinations are found with outer z clusters, combinations of inner z and 
outer r<p clusters are used for this purpose instead. 

When all the hits in an event are assigned to a track (or are rejected) the circle fit algorithm 
(see section 4.3) is used to extract the parameters of the tracks. 
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4.2 Hit finding efficiency 

The TEC single hit finding probability, or efficiency, is measured from Bhabha and dimuon 
events. In these events there are only two tracks on opposite sides of the detector, so merging 
of hits due to the limited double track separation (see section 2.3.6) does not occur and thus 
does not cause a bias. Only tracks that have a polar angle of 45° < 9 < 135° are selected. 
For these tracks we expect to find 62 hits on a trajectory, since a track passes all the anodes. 
So the efficiency can be defined as: 

Aimeas 
_ ^TEC 

£TEC = ~~62~ 

u red 

(4.2) 

with N™a
c
mred the number of measured points on a track. Since the measured hits have to 

be recognised by the pattern recognition algorithm, the measured efficiency is basically the 
product of a "real" detection efficiency and a pattern recognition efficiency. 

Figure 4.3 shows eTEc measured on a track-by-track basis as a function of the azimuthal 
angle <j> of a track. The average sTEC is about 90%. Dead wires have not been excluded for this 
average efficiency measurement. The drop in efficiency for some regions in 0 corresponds 
to outer TEC sectors, for which 1/3 of the anodes is not read-out. Furthermore, STEC could 
be overestimated slightly, if in certain cases an electron or a muon traverses the TEC, giving 
less than the 4 required hits for the MST algorithm. In this case the track is not reconstructed 
at all. The probability, however, for this to happen given eTEC = 90% is of the order of 10"54. 

20 30 40 

Outer half TEC sector 
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Figure 4.3: Average TEC efficiency as a 
function of the azimuthal angle <$>. One bin 
corresponds to one outer half TEC sector. 

Figure 4.4: Efficiency for the SMD ladders. 
The black and open dots correspond to the 
inner and outer SMD layers, respectively. 

The SMD hit efficiency is calculated from Bhabha and dimuon events as well. First the 
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efficiency for each inner ladder is evaluated. The efficiency is defined as: 

£SMD = ZZ ^ r <4-3) 
No + Ni 

with Â i the number of times a track has an inner r<p hit attached and N0 the number of times 
a hit is predicted but not found. 

Figure 4.4 shows eSMD for the inner layer as a function of the ladder number. An average 
of ESMD = 92% is found. For this measurement periods in which the SMD was not fully 
operational have been excluded, by requiring at least one inner r<p hit attached to either one 
of the two tracks. 

For the outer layer the efficiency is evaluated from the number of attached r0 and z 
clusters compared to the number of predicted clusters. Only those tracks are used which 
already have an inner r</> cluster attached. In figure 4.4 also the outer layer efficiency is 
plotted versus the ladder number. An average efficiency of 76% is found. 

It has to be noticed that for the SMD the intrinsic detection efficiency is much higher. 
An efficiency lower than 100 % is almost fully caused by hits that are rejected by the pat
tern recognition algorithms and by particles traversing through malfunctioning parts of the 
detector. In a 50 GeV pion beam at the CERN SPS collider the intrinsic SMD efficiency has 
been measured to be 99.9 % for the r<j> strips and 99.3 % for the z strips [36]. 

4.3 Track parameterisation and fit 

A circle can be parameterised in terms of the coordinates of the centre, (xc, yc), and the 
radius, RC- For a track fit algorithm this parameterisation is, however, not suitable since the 
values of (xc, yc) and Rc tend to become large for tracks with high p±. In the ultimate case 
of a straight track they would even go to infinity. 

Therefore it is more convenient to choose a numerically advantageous parameterisa
tion (see figure 4.5) for the circle in the r(j> plane, in terms of: 

• p = qlRc- The curvature of the track. A plus or minus sign is given according to the 
sign of the charge of the particle. 

• D. The distance of closest approach from the track to an arbitrary reference point 
(XR, ƒ«)• D is positive if the reference point is situated on the right-hand side of the 
track and negative otherwise. 

• (j). The direction of the particle at the point of closest approach (xD, yD) measured with 
respect to the positive x-axis. 

The coordinates of the centre of the circle are related to these new parameters through the 
following relation: 

(xc, yc) = {XR, yR) + (--D) (sin (j), - cos 0) (4.4) 
P 
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Figure 4.5: Definition of track parameters in the r(f> plane. The circle is drawn for a partiele 
with a positive charge, p = f- > 0. 

The circle fit algorithm for obtaining the track parameters D, (j) and p is based on a 
method first suggested by V. Karimäki for the UA1 experiment [42,43]. The following x2 i s 

minimised with respect to the circle parameters: 

Nhll 

x2 = Y,W'E? (4.5) 

In equation 4.5 wt is the weight assigned to a point in the fit. It is defined as 1/of, where 
a, is the precision of the measured hit. Typically a TEC hit is measured with a resolution 
of 50 /xm (section 3.3.3) and an SMD hit has a precision of 10 fim. Thus an SMD hit gets 
a 25 times larger weight in the track fit than a TEC hit. The residual, £,, is defined as the 
difference between the hit position and the predicted position of the hit. The residuals are 
given in terms of (xc, yc) and the radius: 

Ei = yJ(Xi - XC)2 + (j; - yC)2 Rc (4.6) 

The sum is calculated for all the points from the TEC and SMD found by the pattern recog
nition (section 4.1). A minimisation with respect to (xc, yc) and Rc requires an iterative 
procedure, because of the square-root in £,. 

A non-iterative estimate can be obtained if the residuals are slightly modified, such that 
the square root disappears: 

e, -+ £, £i 
£, + 2RC 

2RC 

(4.7) 
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Tracking 4.4. Track selection 

= J-fa-Xcf + iyt-ycf-Rl) (4.8) 

The absolute deviation in the residuals introduced in this way is of the order of ^ , which is 
negligible since e, « Rc for all the tracks used in the analysis presented in this thesis. For 
example for a point with a measurement uncertainty of 200 jxm on a track with p± = 0.5 GeV, 
the error on the residuals is < 0.01 urn. This error can be neglected without significant loss 
in precision. The example corresponds to a "worst case scenario", where the hit is in the 
TEC amplification region, and the track has the lowest allowed transverse momentum. 

The residuals are now written in terms of D, 0 and p and the measured points on the 
circle are written as (x,, y,) = r, (cos 0,-, sin 0,): 

e[ = (l-pD)(Krf - r , s i n (0 -0 ) - 5) (4.9) 

= (l-pD)rj,- (4.10) 

with j 

K= P and 8=l-f^- (4.11) 
2(1 -pD) 1-pD 

Typically the reference point for the fit is chosen to be close to the average interaction point 
so that D is small and hence Dp « 1. Solving %2 = £,: w,-rj? with respect to K, 8 and 0 
practically gives the same result as solving the full %2- T n e advantage is that the new tf~ can 
be linearized in terms of these fit parameters and the solution is now obtained from a matrix 
inversion. Also the covariance matrix for the fit parameters is obtained directly. 

A straight line in the sz projection is fitted with respect to the same reference point. The 
following parameterisation is used: 

z=^xs + z0 (4.12) 
as 

with: 

• 

• 

z0. The distance of closest approach of the track in z at 5 = 0. 

g . The slope of the straight line. Usually the polar angle of the track at the interaction 
point, 0, is used instead. It is related to js as follows: 

* = J - (4.13) 
ds tan 0 

4.4 Track selection 

The closest measured point of a track to the vertex is in general the hit found in the inner 
SMD layer. The track parameters, p, D and 0, are calculated with respect to the primary 
vertex (see section 4.5), so an extrapolation with a lever arm of at least 60 mm is made. 
Therefore, to retain the high precision of the tracking parameters close to the vertex, the 
following selection criteria are applied to a track: 
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4.5. Beam position determination Tracking 

• Number of SMD r<j) measuring clusters assigned to a track greater than or equal to 1, 
so the intrinsic precision of the track parameters is relatively high. 

• Number of TEC hits greater than or equal to 30. 

The x2 probability of the circle fit greater than 1 % to guarantee a successful circle 
fit. This cut removes tracks with kinks due to multiple Coulomb scattering and for 
example tracks that have wrong SMD hits assigned. 

p± > 500 MeV since the tracks suffer badly from multiple Coulomb scattering at very 
low momenta. Especially scattering in the beam-pipe or in the inner layer of the SMD 
degrades the precision on the track extrapolation. The circle fit can still have a good 
X2 though, since the "kink" in the track is undetected. 

• 

• 

4.5 Beam position determination 

Impact parameter and decay length measurements involve the determination of distances to 
the interaction vertex. In tau pair events, however, the tracks originate from the tau decay 
point, so the event-by-event interaction point is not known. Therefore the average collision 
point of the e+ and e" beams is chosen as reference point for distance measurements. 

In this section a measurement of the average interaction point is presented. The strategy 
for the measurement is to determine the production point in the r<j> plane, xevent, in events 
where the final state particles originate from the e+ and e" collision point. An average over a 
number of events, N, is calculated. This average is called an N-event vertex (xm ). 

In principle all events with enough tracks in the final state to extract a common vertex, 
qualify for the TV-event vertex determination. Fortunately a large sample of e+e" —» qq 
is available, for which it is possible to extract the primary interaction vertex. The cross 
section for these hadronic events at energies around the Z resonance is observed to be about 
30 nb [44], so during a normal LEP fill, with an integrated luminosity of 300 nb"1 several 
thousands of these events are produced. 

The D and 0 of the tracks in the hadronic events are used for the calculation of a common 
event vertex, (xE, yE), from minimising the following %2 with respect to the vertex x and y 
positions: 

*' • I ? ( I ) < 4 1 4 > 

8, is the distance of a track to the primary vertex and Og, is the uncertainty on ô,. A cut on 
the x2 probability at 1 % is made to reduce the number of events with hadrons containing c 
and b quarks in the final state (e+e" —» cc and e+e" —» bb), which could cause a bias in the 
TV-event vertex determination. In these events a primary and secondary vertex are present, 
up to a few mm apart. Therefore the probability of the x2 a s in equation 4.14, that assumes 
one vertex, is small. 

For the vertex determination of a fill a procedure has been developed, that accounts for 
both slow and fast changes in the position of the interaction point. 
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Tracking 4.5. Beam position determination 

• Running average. At a time T an average is calculated using the 200 events preceding 
and following the event time stamp T, which have a reconstructed primary vertex. 
Taking into account the errors on the event vertex this average is thus written as: 

E g g » *£(ƒ)/<#ƒ) Eg%x)yE(/)/o?(/) 
*f iuU) - I v^+200 , , ^ 2 / A ' Y-i+200 , / - 9 / - ^ I t 4 ' 1 ^ 

i is the label of the event closest in time to T. The event vertex positions (xE(j), }'EU)) 

weighted with the experimental uncertainties o~v(/) and ay(j) are used for the calcula
tion. 

If the boundary of the summation becomes lower than zero or larger than the maximum 
number of entries, it is set to zero or maximal, respectively. Since the number of entries 
for the 400-event vertex calculation decreases towards the boundaries of the fill, so 
does the precision of the TV-event vertex. 

Jumps. The running average calculation is sufficient to account for slow changes in 
the vertex position during a fill. Occasionally it happens, however, that a sudden drop 
in the beam energy occurs, most likely due to a malfunctioning RF cavity unit. This 
drop in energy results directly in a change of the orbits of the beams; when the electron 
and/or positron beams have less energy they are deflected stronger by the bending and 
focusing magnets in LEP. In L3 this effect is seen as a shift in the x position of the 
interaction point. The running average procedure just smoothes the jump over the time 
that is needed to collect 400 e+e~ —> qq events, resulting in a systematic shift over a 
relatively long time-span. The number of tau pair events collected during this time is 
roughly estimated from: 

O(TT) 
NtT = 4 0 0 - ^ = 20 (4.16) 

<y(qq) 
Where CT(TT) and o(qq) stand for the tau pair and qq cross sections, respectively. For 
this rough estimate the selection efficiencies for both event classes are ignored. 

The jumps are found by dividing the sample of events with a good event vertex, into 
slices of 1000 subsequent entries. For the slices an offset and a step function with vari
able step position and step height are determined, with ĉonstant anc* &2tep> respectively. 
A step function quality, Q, is defined as: 

Q = - ^ - (4.17) 
Aconstant 

If Q < 1 the step function follows the vertex position better than a constant function. To 
avoid cutting the fill into many parts due to small fluctuations in the vertex position, the 
fill is divided into two separate parts only if Q falls below 0.95. The cut on Q is tuned 
such that at least all the vertex position jumps greater than 100 /urn are found. Finding 
a few "fake" steps is not an actual problem, since the running average procedure is still 
correct within the different divisions of the fill. 
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4.5. Beam position determination Tracking 

The upper plot in figure 4.6 shows the measured x coordinate of the 400-event vertex as 
a function of time for fill number 2206 in the 1994 data sample. Besides the slow change in 
the vertex position, two sudden jumps (very exceptional) are observed between 600 and 800 
minutes elapsed during the fill. The lower plot shows the Q factor as a function of time. A 
sharp decrease is observed at the actual positions of the jumps (indicated with the triangles). 
The dashed sidebands of the Q factor plot correspond to the regions where the step function 
fit has less than 200 entries on one side of the variable step position. In these regions no 
jump search is performed. 

If there is no jump in the vertex position during a fill, the stability of the vertex position 
is estimated from the width of the /V-event vertex distribution. The x position of the TV-event 
vertex is usually stable within 30 /im. The y position is stable within 10 /im for most of the 
fills. 
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Tracking 4.5. Beam position determination 

800 900 

t [min] 

Figure 4.6: The x coordinate (upper) of the e+e" interaction point for fill 2206 from the 1994 
data sample is plotted as a function of the time elapsed during the fill. The time scale is in 
minutes and t - 0 is set at the beginning of the fill. Clearly visible is the step of 200 [im 
and back between 600 and 800 minutes. The lower plot shows the Q-factor as described in 
the text, also plotted as a function of time. The lowest Q values, indicated with the triangles, 
correspond exactly to the step in the interaction point x position. 
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4.6. Intrinsic Detector Resolution Tracking 

4.6 Intrinsic Detector Resolution 

In this section Bhabha and dimuon events are used to estimate the intrinsic precision of a 
distance of closest approach (D) measurement at the vertex. Figure 4.7 shows the definitions 
of the quantities needed for the estimate. 

Figure 4.7: The plot shows the definitions of the distance of closest approach (D) for a track 
measured with respect to the 400 event vertex, (xf, yf), and with respect to the interaction 
vertex, indicated with (xE, yE). Also shown are the definitions of the sizes of the interaction 
region, ox and oy. 

The distance of closest approach, 5,, from a track to the "real" interaction point, (xE, yE), 
is parameterised in terms of the D measured with respect to the 400 event vertex position, 
as determined in section 4.5, and the azimuthal angle, 0, of the track, as follows: 

Si = Dj - (xE - xf) sin 0,- + (yE - yf) cos 0; (4.18) 

Notice that even in a Bhabha or dimuon event it is not possible to actually measure 5,, since 
the event vertex cannot be determined. 

The sum of the 8's for both tracks in the Bhabha or dimuon event is now calculated. In 
the approximation that the tracks are back-to-back, <p{ - fa + n ~ 0, this sum can be written 
in terms of the values for the D of both tracks: 

<5i + o\ 

D] + D2 (4.19) 

A is often referred to as the miss distance between the tracks since it measures the distance 
between the two tracks at the production point. Notice that we have assumed the tracks to 
be straight lines in the region around the vertex for the calculation. This is justified by the 
observation that the tracks have momenta of about 45 GeV, corresponding to a radius of 
curvature of about 300 m. A nice feature of the miss distance is that in this straight track 
limit it is independent of the position of the unknown actual interaction point. 
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Tracking 4.7. Interaction region size 

For the Bhabha and dimuon events one expects, besides tracks that are produced in the 
opposite direction, that both tracks are produced in one point. Therefore, the average value 
for the miss-distance is expected to be zero. The intrinsic D resolution at the vertex can now 
be directly measured, by looking at the width of the miss-distance distribution, divided by 
V2: 

< / 2 = °l (4-20) 
Figure 4.8 shows the miss-distance distributions from the Bhabha and dimuon events col
lected during 1994 and 1995. The average values are zero within the statistical precision. 
The solid line represents the result of a fit with a single Gaussian function. From the width 
of the Gaussian the average resolution is estimated to be 33 ßm for 1994 and 31 /xm for 
1995. 
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Figure 4.8: Distribution of the miss-distance divided by y/2 for the 1994 and 1995 Bhabha 
and dimuon events. 

4.7 Interaction region size 

The difference between <5] and Ó2 of the Bhabha and dimuon events is used to estimate 
the size of the interaction region. Using expression 4.18 Z is expressed in the event vertex 
coordinates, (xE, yE), and the angle 0 as follows: 

X = 0 , - 5 2 

~ D\ - D2 - 2xE sin (j) + 2yE cos 0 (4.21) 

In the equation for A the dependence to the event vertex coordinate disappeared in first order 
here the effect of the event vertex is magnified. 
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4.8. Systematic studies Tracking 

The width of X as a function of 0 is written in terms of the interaction region size, 
(ax, Oy), where ax and oy represent the interaction region in the x and y direction, respec
tively. And to cancel the dependence on the intrinsic resolution, the width of A/V2 is sub
tracted, resulting in: 

°lv2 - °W2 = 2(Tv sin2 0 + 2CT2 cos2 0 (4.22) 

Figure 4.9 shows the width of the S/v^ - N\fl distribution as a function of <p, for the 
1994 and 1995 Z data. The solid line is the result of the %2 fit with the function as described 
in equation 4.22. The corresponding values for the interaction region, or beam spot size and 
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Figure 4.9: Distribution of o2^ ~ CT^ a s a function of(j). The solid line is the result of 
the fit of ax and oy to the distribution. 

their statistical errors are (118 ± 1) x (13 ± 2);um2 and (147 ± 2) x (15 ± 3)^m2 for 
1994 and 1995, respectively. 

4.8 Systematic studies 

The remaining offsets in the tracking, and especially the D measurements, are checked on 
Bhabha and dimuon events. Therefore a close look is taken at the D distributions as a 
function of <p and <ftoc, where <j> is the azimuthal angle that follows from the track fit. 0,oc is 
the angle that runs between 0 and n/6 covering the azimuthal range of one inner TEC sector; 
so <ftoc reflects where a track has traversed the TEC relative to an anode wire in the inner 
chamber. Since the Bhabha and dimuon events have only tracks produced at the interaction 
point, the average value for D is expected to be zero. 

The TEC calibration and SMD alignment as discussed in the previous chapter have been 
applied. Also the 400 event vertices as determined in section 4.5 are used as the estimate of 

64 



Tracking 4.9. Error estimate 

the primary vertex. 
Figure 4.10 (left) shows D as a function of 0. The plot has 48 bins, so one bin is covering 

one half outer TEC sector. On average the D value is zero, showing offsets that are < 25 /im. 
The right plot in figure 4.10 shows D as a function of 0,oc, for all the TEC sectors. The 
remaining offsets are less than 10 /im. 

Though the systematic effects are small, corrections for these offsets are made. Since 
the offsets for (j> and <ftoc are not independent an iterative procedure is used. The correction 
factors are obtained from the Bhabha events with "even" event numbers, and are then applied 
to the sample with "odd" event numbers as an independent check. The remaining D offsets 
in the independent sample are less than 10 /im in both <j> and 0[OC. 

These distributions also display the effects of remaining offsets in the TEC calibration, of 
mis-alignments in the SMD, or of an offset in the fill vertex position. A few of these effects 
are studied in more detail, by changing the calibration or alignment parameters in the data 
on purpose. 

• Figure 4.11 shows the D offsets in case the TEC drift velocity is increased by 0.5%. 
As a function of the drift time a shift in drift distance of about 0.5% vdrift tdrif„ is made. 
This is reflected most clearly in the zigzag structure of the D as a function of </>ioc. As a 
function of <j>, D is overestimated for tracks passing through one outer half sector and 
D is underestimated in a neighbouring outer half sector. 

• A shift in the global t0 changes the drift distance on both sides of an anode wire by 
VdriftAfo- In figure 4.12 D offsets are shown as a function of (j) and <ftoc. As a function of 
(j> the offsets show a similar pattern as caused by a shift in the drift velocity, whereas 
the D offsets as a function of (fo^ now have discrete steps. 

• Figure 4.13 (left) shows the effect on D offsets of a 3 mrad rotation around the z-axis 
of the SMD with respect to the TEC. The average D is shifted by approximately 30 /im 
for all (j) 

• Finally the SMD has been translated with 40 /im along the x-axis. Figure 4.13 (right) 
shows what happens to the D offsets as a function of 0. A 40 /im shift in the N-event 
vertex position would give a similar pattern. 

4.9 Error estimate 

The uncertainty on a measurement of D is estimated from the quadratic sum of the intrinsic 
detector uncertainty, o,mck, the beam spot size, abspot and a multiple Coulomb scattering 
contribution, ams, as follows: 

O b = Otrack ® Obspot © O m s (4.23) 

Below the different contributions to aD are discussed in more detail: 
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Figure 4.10: D distributions as a function of the azimuthal angle 0 (left) and 0 local (right). 
In 0 48 bins are chosen, so one bin coiresponds to one outer half TEC sector. 
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Figure 4.11: D distributions as a function of 0 and 0/oc. The drift veiodty has been changed 
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Figure 4.12: D distributions as a function of(j> and <pioc. The tO has been shifted with 5 ns. 
Notice the steps in D, for tracks that point to either side of a wire. 

o.i 

" 0 . 0 5 
A 
Q 
V 0 

-0.05 

-0.1 

+W++v+++<-- ^ + w + + + + t + 

71/2 371/2 2TI 

<t> [ r a d ] 

r-, 0.1 
E 
" 0 . 0 5 
A 
Q 
v 0 

-0.05 

-0.1 

++
+

+
+++ V + + + + v 

+%V 
+++t+ 

71/2 3n/2 
i [rad] 
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atrack. The first contribution is the intrinsic uncertainty on D, as it has been estimated 
from the weights assigned to the global coordinates in the track fit. If the vertex is 
the reference point, the error due to the extrapolation of the track to the vertex is 
automatically taken into account. If an SMD hit is assigned to the track this error is 
typically about 25 - 30 ,um. This compares rather well to the average resolution found 
from the miss distance analysis as shown in 4.6. Only now the value is calculated on a 
track-by-track basis. 

Figure 4.14 shows otrack as a function of <ftoc. Tracks traversing the inner or outer 
TEC anode areas have a larger error due to limited TEC resolution. Furthermore, four 
different topologies of SMD hits are shown by the different dots. 
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Figure 4.14: Track error as a function of(j),oc. Different SMD hit matching patterns are shown 
by different dots. Clearly visible is the degraded error for tracks traversing the TEC anode 
regions. 

Gbspof The second contribution to the impact parameter error comes from the un
certainty in the event vertex. It is parameterised in terms of the beam spot size (see 
section 4.7) and the azimuthal angle, </», of a track: 

o, bspot = of sin2 (j) + Oy cos2 (4.24) 

This error is for most of the tracks larger than omck. Only tracks with sin (j> ~ 0 "see" 
the small y dimension of the beam spot. 

o~ms. Finally a contribution to the total uncertainty in the measurement of D is from 
multiple Coulomb scattering. This error takes into account the amount of material 
traversed by a particle. It is parameterised in terms of the momentum (in GeV) of a 
track and the polar angle, 0: 

o-mi = Ç - (4.25) 
ps in 2 
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Most of the scattering takes places inside the beam-pipe, SMD and the inner TEC wall. 
The parameterisation assumes the material to be homogeneously distributed. 

For the Bhabha and dimuon events this uncertainty plays no role of importance since 
the momenta of the tracks are large, but the tracks from a tau decay can have much 
lower momenta, so this uncertainty can become large compared to the beam spot and 
tracking contributions. 

4.10 Resolution function 

The understanding of the experimental uncertainties on D plays an essential role in the deter
mination of the tau lifetime from the impact parameter distribution, which will be described 
in section 5.3. We want to be able to disentangle lifetime dependence from resolution effects. 

The aim is to find a function describing the probability to measure D given an expected 
value D, due to the experimental uncertainty aD. This resolution function is again obtained 
from the Bhabha and dimuon events sample. The electrons and muons are produced at the 
e+e~ interaction point, so D = 0 is expected if the reference point for the track fit is chosen 
to be the average e+e" interaction point. In case the error description is perfect and D is 
distributed normally, we expect the distribution of x = DluD to be Gaussian with unit width. 

Figure 4.15 shows the DlaD distribution from Bhabha and dimuon events collected dur
ing 1994 and 1995. The root mean square of the distribution is greater than one in both cases 

Figure 4.15: Distribution ofDlaD from Bhabha and dimuon events collected in 1994 (left) 
and 1995 (right). The solid line is the result of a double Gaussian fit, as described in the text. 

and the x distribution shows some tails. This indicates a non-perfect track fit, or a slight 
underestimation of the error in some cases. 
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A double Gaussian resolution function, however, describes both bulk and tails of the x 
distribution accurately. The following function is fitted: 

h{x) 9iR(x) 

'K 
! - ƒ 
2llK\ exp 2nK2

eX?
 2\K2J 

(4.26) 

%C is a n overall normalisation factor, and R is the resolution function. The resolution function 
is described in terms of x, two scale factors for the estimated resolution, K] and K2, and a 
relative fraction, ƒ, of events in the second Gaussian. The confidence level for the fit is 18% 
for 1994 and 67% for 1995. The fit parameters are listed in table 4.1. Notice that the values 

1994 1995 

K2 

ƒ 
<K 

0.90 ± 0.02 
1.48 ± 0.06 
0.26 ± 0.04 
(7.59 ± 0.04) x 103 

0.72 ± 0.03 
1.26 ± 0.02 
0.61 ± 0.04 
(4.49 ± 0.03) x 103 

CL 18% 67% 

Table 4.1: Resolution function parameters obtained from a double Gaussian fit to the x 
D/oD distribution for both 1994 and 1995. 

for the K\, K2 and ƒ, differ substantially from 1994 to 1995. The distribution they describe, 
however, looks very much the same. The reason for this is that the parameters of the double 
Gaussian fit, except the normalisation factor are highly correlated. 
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Chapter 5 

Lifetime measurement 

In this chapter the measurement of the tau lepton lifetime is presented. In the first paragraph 
the selection of tau pair events with the L3 detector is described briefly. Subsequently, three 
methods to measure the tau lifetime are presented. Since all these methods rely heavily on 
the quality of the track reconstruction, the tracking performance as presented in the previous 
chapters is extremely important. 

5.1 Tau pair selection 

A Z - ) T+T~ event produced at about 1/5 = 91 GeV has a very clear signature in the L3 
detector. From energy and momentum conservation in the e+e- collision we know that both 
tau leptons are produced in a back-to-back topology at approximately the beam energy '. 
Both tau leptons decay well within the beam pipe, so the events must be identified from the 
particles produced in their decays. 

Due to the large boost of the final state, the decay products form two collimated jets, 
pointing approximately in the direction of the initial tau leptons. In the scope of this thesis 
the decay products of a tau decaying to a muon or an electron are also considered to be a 
jet. Furthermore, a certain fraction of the total energy in the event remains undetected. This 
missing energy is caused by the one or two neutrinos which are produced in each of the 
two tau decays and then escape from the detector unhindered. Especially, for a tau lepton 
decaying into an electron or a muon, where there are two neutrinos in the final state, a 
relatively large fraction of the energy is missing. 

A candidate tau pair event is required to have at least two jets, corresponding to the two 
taus. The acollinearity angle between the directions of the two highest-energy jets must be 
smaller than 10°. The energy of the most energetic jet is required to be greater than 8 GeV, 
thus allowing for missing energy in the events. Figure 5.1 shows an example of a candidate 
tau pair event. The f decays into a muon and the T+ decays into a hadronic jet with three 
tracks. 

The energy can become slightly less if an initial or final state photon is radiated 
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5.1. Tau pair selection Lifetime measurement 

Figure5.1: A tau pair event seen in the L3 detector. The r~ decays into a ur, that is observed 
in the muon spectrometer (left). The muon leaves a minimum ionizing energy deposit in the 
HCAL and BGO, and a track in the inner tracker. The T+ decays into a hadronic jet with 
three tracks. There is a relatively small deposit in the BGO and the jet is fully absorbed in 
the HCAL. 

To have high-quality reconstruction of the tracks, Z decays into T+T~ are only selected 
if the reconstructed tau pair polar angle is between 45° and 135° (barrel region). The polar 
angle is defined as the polar angle of the thrust axis, thr. The thrust axis gives an estimate of 
the direction of the jets, and is obtained by finding the maximum of: 

ZiEi 
(5.1) 

where v, stands for the direction of cluster i, and Et is the energy of this cluster. 
Furthermore, an event is rejected if it contains no tracks with SMD hits assigned. 
Below a description is given of the main background sources and the way in which these 

backgrounds are suppressed. 

• Z —> qq{Y)- A Z boson decaying into quarks that hadronise produces multiple tracks. 
These events are removed by limiting the number of tracks in the jets to 4. Besides 
the relatively high multiplicity, the opening angle between the track direction and the 
direction of the nearest jet is in general larger for a hadronic event. A cut on the 
maximum opening angle of a track and the nearest jet, also removes the events with 
jets containing only few tracks, but some neutral particles. Figure 5.2 a shows an 
example of a hadronic event that has been rejected in this way. 
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• Z —» e+e~(y). In an e+e~ —» e+e" (y) or Bhabha event an electron and a positron with 
about the beam energy in the final state are present. Since the electrons are stable we 
observe two tracks in the inner tracker, and two highly energetic clusters in the BGO. 
The energy of these clusters is about the beam energy. An example of such an event is 
shown in figure 5.2 b. 

This background is reduced by rejecting events with a total energy deposited in the 
electromagnetic calorimeter greater than 75% of the centre of mass energy. In ad
dition, an event is rejected if the two highest-energy clusters in the electromagnetic 
calorimeter with an electromagnetic shower shape, have energies above 85% and 80% 
of the beam energy. 

• Z —» ii+pr(y). The background of e+e~ —> ß+ß~ (y) events is reduced by rejecting 
events with a total energy measured in the muon spectrometer of greater than 70% of 
the centre of mass energy. In addition, if the energy of a muon exceeds 80% of the 
energy of the associated jet, the event is rejected if this energy is larger than 80% of 
the beam energy. 

If muons are not reconstructed in the muon chambers they are identified by a minimum 
ionizing energy deposit. Therefore, if the energy in the hadronic calorimeter is less 
than 7 GeV, the event is rejected if both jets have a minimum ionizing signature (track 
length greater than 23 cm). 

An example of a Z —> ,u+/i~ decay is shown in figure 5.2 c. 

• Two photon events. The two-photon events are in general boosted along the beam 
axis, so the centre of gravity system for the observed final state particles is no longer 
the same as the L3 reference frame. Also the observed energy in the detector is low. 
The acollinearity cut and the minimum energy cut for the most energetic jet remove 
most of the two-photon events. 

A two photon event is shown in figure 5.2 d. The plot shows the event as seen along 
the beam axis. 

• Cosmic muons. A natural source of events consists of muons, produced in collisions 
of highly energetic cosmic particles (mostly protons) in the upper layers of the at
mosphere. These so called cosmic muon events are not synchronised with the e+e~ 
collisions, and in general the muon trajectories cannot be correlated to the average 
interaction point. 

The cosmic muon background is reduced by requiring a scintillation counter hit within 
5 ns of the beam crossing. Furthermore, the distance of closest approach to the in
teraction point as measured with the muon chambers must be less than two standard 
deviations of the resolution. 

Table 5.1 lists the number of tau pair events in the fiducial volume for 1994 and 1995, se
lected with the method described above. During 1994 data were taken at the Z peak only; 
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Figure 5.2: Typical background events, a) Z —> qq event. Two jets with in total 20 tracks in 
the inner tracker are absorbed and detected in the HCAL. b) Bhabha event. There are two 
tracks and the electrons give a large signal in the BGO. c) Dimuon event. Two tracks and 
small signals in the calorimeters, and a track in the muon spectrometer for both muons, d) 
Two photon event as seen in the plane along the beam axis. 
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Year v/5 [GeV] ƒ LdttyT1] NtT 

1994 91 49 29 679 
1995 89 8 1671 

91 14 8 996 
93 9 2 627 

Table 5.1: Parameters for 1994 and 1995 and selected tau pair events in the fiducial volume. 

during 1995 data were taken at the Z peak and at centre of mass energies of 2 GeV below 
and 2 GeV above the peak. 

From a study on Monte Carlo the selection efficiency in the fiducial volume is estimated 
from: 

Kjselected 
_ " T T 

N. 
•generated 

(5.2) 

where N^nera'ed is the number of generated tau pair events in the fiducial volume and N™1"'""1 

is the number of selected tau pairs following the selection as described above. The efficiency 
is estimated to be 76%. 

The fraction of real tau pairs over background events, or purity, of the sample is also 
estimated from a Monte Carlo study. The main backgrounds have been simulated and the 
rejection efficiency of the selection was tested. The purity of the sample is estimated to be 
98% for both the 1-prong and the 3-prong samples. In the 1-prong channels the background 
mainly consists of Bhabha and dimuon events; in the 3-prong channels the main background 
comes from Z —» qq. The distributions of transverse momentum of tracks in 1-prong and 
3-prong tau decays are shown in figure 5.3. The average is 14.8 GeV for the 1-prong decays 
and 9.2 GeV for the 3-prong decays. 

5.2 Decay Length 

A direct way to determine the tau lifetime is measuring the length of the trajectory of an 
individual tau lepton. For this measurement tau leptons decaying into three charged particles 
are selected. The three tracks are used to reconstruct a secondary vertex, while the 400-event 
vertex (see section 4.5) is used to estimate the primary event vertex. Only a relatively small 
fraction of the tau decays is used, since the topological branching fraction for tau leptons 
into three charged particles is (15.18 ± 0.13)% [11]. 

The tau lifetime, TT, and the average decay length, < I >, are related through the following 
expression: 

<l>=ßyczr (5.3) 

with ß the velocity of the tau lepton and y ' = ^l - ß2 and c the velocity of light. 
At the Z resonance (y/s~91 GeV) the average decay length < / > is of the order of 2 mm. 

Using the precise tracking information from the SMD the error on the measured decay length 
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5.2. Decay Length Lifetime measurement 

Figure 5.3: Distribution of transverse momentum of the track in 1-prong tau decays (left) 
and distribution of transverse momenta of the tracks in 3-prong tau decays (right). The dots 
are the 1995 data and the solid histograms represent the same distributions for Monte Carlo. 

is about 1 mm. In the following paragraphs it is explained how the tau lifetime is extracted 
from the observed decay length distribution. 

5.2.1 Secondary Vertex reconstruction 

We aim at finding the tau decay point, or secondary vertex, in the plane perpendicular to the 
beam axis, instead of a full three dimensional secondary vertex reconstruction. A tau pair 
event does not contain any information on the tau production point, and therefore there is an 
uncertainty on the decay path due to the size of the interaction region. In the rip plane the 
interaction region is relatively small compared to the decay length, such that the uncertainty 
on a measurement of the decay length is dominated by the uncertainty in the secondary 
vertex position. However, the z-coordinate of the tau production point is only known with a 
precision of about 5 mm, so adding a z component to the secondary vertex would not improve 
the error on the decay length 2. 

For the reconstruction of the secondary vertex, a hemisphere is selected with two or three 
tracks satisfying the quality criteria as defined in section 4.4. Only the third track does not 
have to satisfy all criteria; it is still accepted if it has no SMD hits or ap± between 0.1 GeV 
and 0.5 GeV. It has to be noticed that these tracks hardly deteriorate the secondary vertex 
determination. The tracks without SMD get a relatively low weight due to the large o,mck, 

As a contrast; in e+e —> bb events where both primary and secondary vertex are known, a full three 
dimensional secondary vertex and decay length analysis can be used. 
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Lifetime measurement 5.2. Decay Length 

while the tracks with a low transverse momentum get a low weight due to a large ams. 
The parameters D and <p of the three tracks, are used to write down the following %2 

function in terms of the variable secondary vertex coordinates, (xv, yv)'-

3 
,2 

*2 = £ 
with 

A (5.4) 

5,- - Dj - xv sin (pi + yv cos 0; (5.5) 

Although the method is similar to the one described in section 4.5 for the event vertex deter
mination, 5, is now the distance of a track to the secondary vertex (xv, yv)- 05,. is the error on 
this distance, defined as the quadratic sum of the intrinsic resolution and the uncertainty due 
to multiple Coulomb scattering. The explicit expression for Ô, does not contain the curva
ture of the tracks, since the tracks are approximated with straight lines in the region around 
the origin. The bias on the location of a track at the secondary vertex is small: Even for a 
0.5 GeV track originating from a tau decay at 5 mm from the interaction point, an error of 
less than 5 jum is due to the extrapolation in the straight line approximation. 

The secondary vertex coordinates are obtained, by solving the linear system of equations 
obtained from: 

^ - = 0 and ^ - = 0 (5.6) 
ox\ ctyv 

Also the covariance matrix for the vertex coordinates is calculated. 
Figure 5.4 shows the confidence level (CL) distributions for the secondary vertices, found 

with the method described above. Secondary vertices with CL < 1 % can originate from 
photon conversions or tracks with bad associations between TEC tracks and SMD hits. These 
vertices are therefore rejected for the lifetime analysis. The cut on the confidence level 
removes 8 % of the secondary vertices collected from the 1994 Z data and 7 % from the 
ones collected in 1995. The remaining distribution is flat within statistical errors, indicating 
a correct understanding of the error on the tracks used for the vertex reconstruction. 

5.2.2 Decay Length reconstruction 

There are several possibilities to find the decay length, Lrlp, in the r</> plane. The approach 
chosen here is to determine Lr<p from a x2 minimisation that assumes the primary and sec
ondary vertex to lie on the tau flight direction. The tau flight direction cosine and sine, 
(cos <pT, sin 0T), are evaluated from the sum of the reconstructed momenta of the three charged 
particles. The %2 is then written as: 

X2 = {xv-co^xLr„yv-s,m<pxLr,)V-' ( ^ " " ^ 5 * ) (5.7) 
\ yv- sin (pr Lr<p j 

In this equation xv and yv are the secondary vertex coordinates measured with respect to the 
primary vertex and V is the sum of the error matrices of the secondary and primary vertex. 
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Figure 5.4: Distribution of the secondary vertex confidence level for the 1994 (left) and 1995 
(right) 3-prong tau sample. 

Note that the error matrix for the primary vertex is in fact a diagonal matrix with the squares 
of the interaction region size (see section 4.7) in x and y on the diagonal. 

Minimisation of the x2 presented in equation 5.7 with respect to Lr<t, leads to the following 
expression [45]: 

, _ xv Vyy cos <pT + >\,^r sin <ftT - V„ (xv sin <j)T + yv cos 0T) 
-Tip 

Vyy cos 0~ - 2Vxy cos <pT sin <j)T + V^ sin 0^ 
(5.8) 

The diagonal elements of the error matrix V are represented by V„ and Vvv, and the off-
diagonal element with Vxy. 

From equation 5.8 only the projection of the full tau decay path on the r<j> plane is mea
sured. The full decay path, L, is calculated from Lré and the polar angle of the event, esti
mated from the event thrust axis direction, in the following way: 

L - - % - (5.9) 
sin 0„„. 

5.2.3 Underlying Function 

The underlying function for the decay length distribution is a single exponential, describing 
the probability to measure a certain value for the decay length, L, given an average decay 
length, < I >: 

P(L, < I >) = 1 
< / > 

e-u<l>6(L) (5.10) 

The step function, 0(L), guarantees positive values for the decay length. 
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5.2.4 Resolution Function 

The experimental uncertainty on the measured decay length is parameterised in terms of a 
Gaussian resolution function: 

R(L-L', aL) 
2no, 

(5.11) 

In fact the single Gaussian function describes the probability that a certain real value of the 
decay length, L', is measured as L, due to the estimated experimental error, aL. 

The decay length uncertainty is directly obtained from the minimisation to find the value 
for Lrtp. It is basically the combination of the uncertainty on the primary vertex position, 
which is about 100 ßm, and the uncertainty on the secondary vertex position. The latter is 
on average about 1 mm, thus completely dominating the uncertainty. 

Figure 5.5 shows the distribution of the decay length uncertainty obtained from the 1994 
and 1995 data, giving an average of 0.9 mm. A nice illustration of the behaviour of the 
uncertainty is shown in figure 5.6. The decay length error is plotted as a function of the 
maximum opening angle, ty/open> between the 3-prong tracks. For three tracks that are almost 
parallel (y/0pen ~ 0) it is relatively hard to determine a common vertex. This is reflected 
directly in the larger aL. 
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Figure 5.5: Decay length uncertainty for Figure 5.6: Average decay length uncer-
1994 and 1995 tau 3-prong decays. tainty as a function of the maximum opening 

angle in the 3-prong decays. 
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5.2. Decay Length Lifetime measurement 

5.2.5 Lifetime Fit 

The average tau decay length is obtained from an unbinned maximum likelihood fit to the 
observed decay length distribution. 

The probability density function to measure a certain value of L, given <l> and aL, is 
calculated from the convolution of the underlying function and the experimental resolution 
function. The convolution integral is calculated analytically and the result is: 

with 

P ® R s l_dL'P(L',<l>)R(L-L',aL) (5.12) 

Erfc(ß) (5.13) 

(5.14) 

1 
2\<l>) < / > 2 < / > C X p 2\<l>) < / > 

«-à ( °h -L) 
\<l> aLJ 

In equation 5.12 Erfc stands for the complementary error function, defined as: 

Erfc{Q) = 7^Iadte"2 ^ 
A fraction, fB of O-lifetime background events in the tau sample is taken into account 

in the fit. These events mainly stem from Z -> qq with a relatively low track multiplic
ity. A background probability density function, B, is added, describing the background in 
terms of a Dirac 5-function convoluted with the experimental resolution function as given 
in equation 5.11. Effectively the 5-function describes the underlying function for O-lifetime 
events. 

The likelihood is now written as: 

N 
L = IT{(1-/s)P®R + /flB} (5.16) 

i 

where the product is taken over all the selected 3-prong tau decays. Instead of a direct 
maximisation of the likelihood, - log L is minimised for reasons of numerical stability. 

The lifetime is obtained for the 1994 and 1995 samples separately. The range for the 
decay length in the fit is constraint to [-10, 20] mm and the maximum error on the decay 
length is set to aL = 5.0 mm. In this range 4 306 3-prong tau decays remain for the lifetime 
fit on the 1994 Z sample, and 2 314 remain from the 1995 Z sample. 

For the 1995 analysis the decay length is corrected for the different centre of mass ener
gies. Since the Lorentz boost of the tau leptons depends on sfs, so does the average decay 
length. Therefore, a multiplicative correction factor, C{yfs) is needed to treat decay lengths 
measured at different ^ in a uniform way: 

C{Vl) = WT) < 5 - 1 7 ) 
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In equation 5.17 PT(y/s) = \JEleam -m\ represents the momentum of the tau lepton that is 
produced at a certain value of y/s. For a proper error description also the experimental errors 
on the decay length, aL, are multiplied with the same correction factor. The value for the 
boost factor, ßy, corrected for initial and final state radiation is 130.3 fs mnT1. 

The decay length distributions corrected for the different centre of mass energies for both 
years are shown in figure 5.7. The average decay length with statistical error is: 

</>(1994) = (2.245 ± 0.038) mm 

</>(1995) = (2.265 ± 0.051) mm 

The average decay lengths are converted to values for the tau lifetime using the Lorentz boost 
factor as described above. The result: 

TT(1994) = 292.5 ± 4.9 fs 

TT(1995) = 295.2 ± 6.6 fs 

In addition to the average decay length an over-all scale factor, K, for the individual 
decay length errors is extracted from the fit, to account for a non-ideal description of the 
errors. This scale factor replaces aL in equation 5.11 with a'L = KOL. The values for the error 
scale factor are 1.15 ± 0.03 and 1.15 ± 0.04 for the 1994 and 1995 data, respectively. 

The result of the fit to the observed decay length distribution is shown in figure 5.7 as the 
solid line. The dashed histograms in figure 5.7 represent the decay length distributions for 
the 0-lifetime fraction in the 3-prong sample. 

5.2.6 Systematic Errors 

In this section a closer look is taken at the systematic uncertainties of the lifetime determi
nation using the decay length. 

A systematic error due to the uncertainty in the description of the resolution function is 
assigned by varying the factor K according to its error. A systematic error of 1.5 fs has been 
observed for the 1994 data and a variation of 2.0 fs for the 1995 data. 

The tau lifetime analysis has been repeated on a Monte Carlo tau sample, generated with 
an assumed lifetime of 304 fs. The reconstruction yields a lifetime of 303.5 ±1.3 fs. A 0.5 fs 
error is assigned, according to the shift in the central value of the reconstructed lifetime. 

A direct bias in the lifetime measurement can originate from a radial scale offset common 
to all the SMD wafers. From dimuon and Bhabha events passing through the overlap region 
in the inner SMD, an average change in radius of all half-ladders is fitted. For the 1994 data 
an offset with respect to the nominal position of AR = -5 ± 5 /xm is determined and for 
the 1995 data the offset is AR = -3 ± 5 /im. The uncertainty is estimated from a study on 
Monte Carlo dimuon events, for which a radial shift of 10 /im has been reconstructed on 
12 different samples. The root mean square of the reconstructed AR distribution is 5 /im. 
The bias results in a correction to the lifetime of -0.22% for 1994 and -0.13% for 1995. A 
systematic error of 0.7 fs is estimated due to the uncertainty of 5 /im in the reconstruction of 
the radius. 
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Figure 5.7: Decay length distributions from the 3-prong tau decays collected during 
1994 (top) and 1995 (bottom) data taking periods on a linear (left) and on a logarith
mic (right) scale. The horizontal error bars are obtained from the average decay length 
uncertainty in each bin. The solid lines represent the results of the lifetime fit as described in 
the text. The 0-lifetime background is represented by the dashed histogram in both plots. 
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A conservative estimate of the influence of the O-lifetime background on the lifetime has 
been estimated by a 50 % variation of the O-lifetime background fraction in the lifetime fit. 
A variation in the tau lifetime central value of 0.8 fs and 0.6 fs were found for the 1994 and 
1995 data, respectively. For the combined number a 100 % correlation has been assumed 
between the errors of the different years. The insensitivity to the 0-lifetime background is 
an elegant feature of this analysis, because this means the analysis does not rely heavily on 
background studies from Monte Carlo samples! 

The ranges of the fit have been varied to check the stability of the fit. No significant 
changes have been observed. Finally, the cut on the secondary vertex confidence level has 
been varied from 0.1 % to 1.5 %, an error of 1 fs has been assigned due to this source. 

An overview of the systematic errors for the 1994 and 1995 lifetime analyses is shown 
in table 5.2. The only fully uncorrelated error is the one assigned to the resolution function 
description. The other errors are assumed to be 100 % correlated. Taking into account 
correlated and uncorrelated errors and the bias due to radial SMD offsets, a combined number 
for the tau lifetime is calculated: 

TT = 292.9 ± 3.9 (stat) ± 1.9 (syst) fs (5.18) 

So the precision on the decay length measurement for the tau lifetime is limited by the 
statistical error. 

Source Error (fs) Source 
1994 1995 

Resolution description 
Monte Carlo Bias 
SMD radius 
Background uncertainty 
Fit range 

1.5 
0.5 
0.7 
0.8 
1.0 

2.0 
0.5 
0.7 
0.6 
1.0 

Table 5.2: Contributions to the systematic error on the decay length lifetime measurement. 

5.3 Impact Parameter method 

A second measurement of the tau lifetime is presented in this section. The method is based 
on the lifetime dependence that is in the (signed) impact parameter distribution for 1-prong 
tau decays. The measurement exploits a large part of the tau sample, since the topological 
branching fraction to 1-prong is (84.71 ± 0.13) % [11]. As for the decay length analysis, 
an unbinned maximum likelihood fit is performed to extract the tau lifetime. However, the 
fit is more complicated since the expected distribution for the impact parameter is not fully 
constrained; for the decay length a single exponential could be expected, but in a 1-prong tau 
decay there is not enough information to reconstruct the decay length directly. 
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5.3.1 Impact Parameter 

The impact parameter is defined as the distance of closest approach to the primary vertex as 
defined in section 4.3. The impact parameter is related to the tau decay length, L, through 
the opening angle of the track and the tau flight direction, \j/, in the following way: 

5 = L sin ij/ sin0T (5.19) 

The sign of the impact parameter (see figure 5.8) is determined by the position of the 

Figure 5.8: Definition of the signed impact parameter. The plot shows two 1-prong tau 
decays in the r(f> plane. The direction of the taus has been estimated with the vectors labelled 
with Tl and T2, and the two corresponding tracks are labelled with 1 and 2. For decay 
number 1 the intersection point between the tau direction vector and the 1-prong track is in 
the hemisphere where the tau has decayed, so the impact parameter gets a positive sign. For 
decay number 2 the intersection point is in the opposite hemisphere, so the sign is negative. 

intersection point between the track and the estimated tau lepton direction vector. The sign 
is positive, if the intersection lies in the same hemisphere as the tau decay, and negative if the 
intersection lies in the opposite hemisphere. Both cases are illustrated in figure 5.8, showing 
an imaginary tau pair event with a 1-prong decay on both sides of the event. The tau direction 
vectors are labelled r l and T2, and the corresponding decay products are also shown. 

The tau pair direction is estimated from the direction and energy of the particles observed 
in the decay. The direction in the r</> plane is calculated from the energy weighted sum of the 
two most energetic jets in the tau pair event as follows: 

0T 
Ejetl <t>jetl + Ejel2 (<Pjel2 + ^ ) 

-•jet] + E, 
(5.20) 

'jeu. 
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The labels jetl and jet2 indicate the most energetic and second most energetic jet, respec
tively. So the tau pair direction vector points in the direction of the most energetic jet. If the 
impact parameter for a track in the second most energetic jet is calculated, a phase shift n is 
added to the tau direction, to make the tau point in the direction of the decay product. 

It should be noted that negatively signed impact parameters occur not only due to lim
ited resolution in the track and tau direction reconstruction. Even with a "perfect" detector 
negative values for the impact parameter will be found. This is caused by the fact that the 
missing energy escaping with the neutrinos makes an exact determination of the tau direction 
of flight impossible. 

5.3.2 Underlying Function 

The underlying function describes the impact parameter distribution for 1-prong tau decays, 
as it would be observed without the uncertainties due to tracking resolution and beam spot 
size. The parameters of the underlying function carry the lifetime dependence, needed for 
the lifetime measurement on the data presented in section 5.3.4. 

For the determination of the underlying function we must rely on simulated events, since 
the impact parameters free from resolution are not known in the data. For this purpose a 
Monte Carlo simulation based on the program KORALZ [37] is used, assuming a tau lifetime 
of TTo = 304 fs. As the resolution-free impact parameter, the Monte Carlo impact parameter 
is used at a generator level. When 'generator level' quantities are mentioned, this refers to 
the quantity as it is directly produced by the event generator; without smearing due to the 
limited detector resolution. The sign of the generator level impact parameter is determined 
with the method described in the previous section; D and <p of the track are the generator 
level values, and the tau direction is estimated from reconstructed energies and directions of 
the jets. Furthermore, the usual selection of tau events and track selection is applied after 
full simulation. The study on generator level is made with events satisfying the selection 
criteria. The generator level impact parameter distribution obtained in this way is shown in 
figure 5.9 (left). 

A good mathematical description of the generator level impact parameter distribution is 
obtained by performing a binned maximum likelihood fit with a probability density function 
of 6 exponentials; three for positive and three for negative values of the impact parameter. 
The reason for choosing exponentials for the underlying function the observation that the 
decay length has a natural exponential distribution. The impact parameter is directly re
lated to the decay length through the opening angle of the tau with the charged track (see 
equation 5.19). 

Moreover, this parameterisation provides a good compromise between a suitable descrip
tion of the distribution and a stable fit result. The underlying function is thus parameterised 
as follows 

U(ô) = {\-W)j^Ç-+e~^ + ff^y (5.21) 

Where ff are the fractions of exponentials with a slope Xf. W is the fraction of 1-prongs 
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with negative signed <5. The solid line in figure 5.9 (left) is the underlying function, obtained 
from the fit. The exponential slopes and relative fractions of the exponentials are listed in 
table 5.3. 

Slope [jUm] Fraction 
8.5 ± 0.2 

51.1 ± 0.5 
177.6 ± 2.1 

n 
r2 

0.184 ± 0.003 
0.584 ± 0.005 

8.5 ± 0.2 
51.1 ± 0.5 

177.6 ± 2.1 i-n-n 
K 

5.0 ± 0.2 
27.6 ± 1.0 
87.1 ± 3.1 

/7 0.361 ± 0.011 
0.516 ± 0.010 K 

5.0 ± 0.2 
27.6 ± 1.0 
87.1 ± 3.1 1 - / I - / 2 

w 0.198 ± 0.001 

Table 5.3: Slopes and fractions of the exponential functions in the underlying function for 
the impact parameter analysis. The last row shows the fraction of negatively signed impact 
parameters. 

The parameters Â* are assumed to be proportional to the average tau lifetime. So if the 
tau lifetime in for example the data sample is related to the Monte Carlo generator lifetime 
through one scale factor, the following is assumed for the exponential slopes: 

TT(data) = S Trf) 

A/Xdata) = S Xf (5.22) 

A crucial check for the lifetime measurement is to examine the assumption that the tau 
lifetime dependence is described adequately by the scale factor in front of the exponential 
slopes in the underlying function. For this purpose the simulation procedure has been re
peated for different values of the tau lifetime. To reduce computing time the samples used 
for this check have not been fully simulated. Instead a procedure has been used that re-
weights events from the previously used Monte Carlo sample (TT0 = 304 fs), assuming the 
events would have been generated at a different tau lifetime, zTmc. An event with a (generator 
level) decay length /Q in the fully simulated sample gets a weight, w: 

w = (5.23) 

In equation 5.23 P(l0, TT) is the probability to measure a decay with decay length l0, given a 
tau lifetime, TT. 

For seven different lifetimes, Tmc, a re-weighted Monte Carlo sample is composed. The 
lifetimes are in the range between 240 fs and 350 fs. For these lifetimes the underlying 
function is measured and the exponential slopes are compared with the slopes found at TT0 = 
304 fs. From the comparison the average scale factor, S, for the slopes is calculated. This 
S is then compared to the "real" scale factor, Sr<ml = %*•, to estimate the deviation in tau 
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0 0.5 l 1.5 

Generated IP [mm 
1.05 1.1 

Scale 

Figure 5.9: Underlying function as it has been extracted from Monte Carlo (left). The dots 
are the generated values for the impact parameter and the solid line is the result of the fit 
as described in the text. The result of the linearity measurement is shown on the right-hand 
side. 

lifetime expected from the linearity assumption. Figure 5.9 (right) shows the deviation in 
tau lifetime as a function of Sreai. If the measured lifetime is within 20 fs from the T Ĵ value, 
the shift in the lifetime is in the order of 0.1-0.2 %. So the underlying function can be used 
to parameterise the lifetime dependence of the impact parameter distribution, since these 
deviations are far beyond the expected experimental precision. 

5.3.3 Resolution Function 

The impact parameter resolution function, R, in terms of a double Gaussian function reads: 

R(oi) = ( 1 - f)G(Klas) + fG(K2as) (5.24) 

The error scale factors /Cĵ  and the fraction of events in the second Gaussian, ƒ, have been 
obtained from Bhabha and dimuon events (see section 4.10). The estimated impact parameter 
error is obtained with the method as described in section 4.9. 

5.3.4 Lifetime Fit 

The extraction of the tau lifetime from the observed impact parameter distribution is done 
with a maximum likelihood fit. The probability density function for the likelihood fit is 
calculated by folding the underlying function as described in section 5.3.2 with the experi
mental resolution function (given in equation 5.24). The result of the folding is exactly the 
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5.3. Impact Parameter method Lifetime measurement 

same as for the decay length measurement (see equation 5.12), only the resulting expression 
for the probability density consists of 6 (exponentials in underlying function) x 2 (Gaussians 
in resolution function) terms. 

In contrast to the decay length measurement no corrections are needed for different values 
of y/s. This can be understood, when the equation 5.19 for the impact parameter is written 
in terms of the tau eigentime, t, and the opening angle, i//o, of the 1-prong with respect to 
the boost direction in the tau rest-frame. In a different frame moving with a velocity ß with 
respect to the rest frame: 

sin Wo 
tan y/ = ^ — - (5.25) 

y(cos i/zo + jß) 
Combining equation 5.25 with the expressions for the decay length and impact parameter 
gives: 

5 = <3rsinöT
 SmVo

 a (5.26) 
cos Wo + P 

Increasing y/s by 4 GeV results in a change in the impact parameter of less than 0.05 %. 
Basically what happens when y/s changes, an increase (decrease) of the decay length is 
compensated by a decrease (increase) of the opening angle of the tau with respect to the 
1-prong track. 

The distributions for the impact parameter as measured from the 1994 and 1995 Z data 
are shown in figure 5.10. The quality cuts on the tracks as described in section 4.4 have been 
applied. In addition the experimental uncertainty on the impact parameter as calculated with 
equation 4.23 is required to be less than 250 jum. For the lifetime fit impact parameters in 
the range between [-0.90, 1.35] mm have been used. After these cuts 38 751 1-prong decays 
remain for the fit for the 1994 sample and 19 905 for the 1995 sample. The result of the fit 
is represented by the solid line. A 0-lifetime background fraction, mainly from Bhabha and 
dimuon events, is accounted for in the fit. It is done in the same way as for the decay length 
fit. The dashed histogram in both plots shows this background. 

The scale factors for the exponential slopes (section 5.3.2) are: 

5(1994) = 0.963 + 0.011 

5(1995) = 0.970 ±0.016 

corresponding to a tau lifetime of: 

Tr(1994) = 292.7 ± 3.3 fs 

TT(1995) = 295.0 ± 4.9 fs 

The errors on the scale factors and thus the lifetime values are statistical only. 

5.3.5 Systematic Errors 

To check for possible biases in the method, the lifetime fit has been performed on a Monte 
Carlo sample. The Monte Carlo sample consists of 200 k tau pair events with an assumed 
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Figure 5.10: Impact parameter distributions from the 1-prong tau decays collected during 
the 1994 (top) and 1995 (bottom) data taking periods on a linear and logarithmic scale. The 
solid line represents the results of the lifetime fit as described in the text. In both plots the 
0-lifetime background is represented by the dashed histograms. 
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lifetime of 304 fs. The L3 detector response has been fully simulated for these events and 
subsequently the events have been reconstructed. The reconstructed lifetime is 304.2 ± 0.9 fs 
A systematic uncertainty of 0.2 fs has been assigned, according to the difference between the 
generated lifetime and the result of the fit to the Monte Carlo sample. 

The systematic uncertainty due to the description of the resolution function is estimated 
from a variation of the error scale factors (C1?2 and the fractions of both Gaussians. The vari
ations take into account the correlations between the parameters. The tau lifetime is deter
mined for these new resolution function parameters. Errors of 1.1 fs and 1.5 fs are assigned 
for the 1994 and 1995 analyses respectively, according to the variations in the tau lifetime 
value. Since the parameters of the resolution function are determined from two independent 
samples of Bhabha and dimuon events, this systematic error source can be considered to be 
fully uncorrelated for both years. In fact it has been checked that this error scales with the 
size of the sample, by performing a combined lifetime fit to the 1994 and 1995 data. Also 
the size of the interaction region is varied according to its error; the resulting variation in the 
tau lifetime of 0.5 fs is assigned as a systematic error. 

A radial displacement of all SMD wafers results in the same bias and systematic uncer
tainty on the lifetime as for the decay length analysis. Thus also for the impact parameter 
analysis a systematic uncertainty of 0.7 fs is assigned due to this source. 

The lifetime distribution is described by the underlying function with a finite precision. 
The resulting systematic uncertainty due to the limited knowledge of the underlying function 
is evaluated from the statistical uncertainty of its parameters. A systematic uncertainty of 
0.9 fs is assigned. In addition, the uncertainty due to possible differences in the tau direction 
reconstruction between data and Monte Carlo is estimated. For this purpose reconstruction 
of the tau direction on the Monte Carlo sample is deteriorated. This is done in such a way that 
the distribution of the difference between the reconstructed <j)r and the generated </>T becomes 
broader by 10%. With this "new" Monte Carlo sample the underlying function is determined 
and subsequently the lifetime is measured. The change in central value of 0.7 fs is assigned 
as a systematic error. Also the deviations in the lifetime, from the linearity of the underlying 
function with respect to the lifetime as described in section 5.3.2, are taken into account. 
Systematic errors of 0.7 fs and 0.6 fs are assigned for the 1994 and 1995 data, respectively. 

The effect of the background uncertainty is checked by a 50 % relative variation of the 
background fraction. For both years a variation in the lifetime of 0.5 fs is found. This is 
assigned as a systematic uncertainty. 

Finally the cuts on the range of the impact parameter values and its errors are varied. The 
tau lifetime is stable within 0.5 fs, which is assigned as a systematic uncertainty. 

The contributions to the systematic error for this measurement are listed in table 5.4. 
Taking into account the correlations between errors and the bias due to radial SMD offsets, 
a combined number for the lifetime from the impact parameter is obtained: 

TT = 292.8 ± 2.7 (stat) ± 2.0 (syst) fs (5.27) 
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Source Error (fs) Source 
1994 1995 

Monte Carlo bias 
Resolution description 
Size of interaction region 
SMD radius 
Underlying Function: - statistics 

- tau direction 
- linearity 

Background uncertainty 
Fit Range 

0.2 
1.1 
0.5 
0.7 
0.9 
0.7 
0.7 
0.5 
0.5 

0.2 
1.5 
0.5 
0.7 
0.9 
0.7 
0.6 
0.5 
0.5 

Table 5.4: Contributions to the systematic error on the impact parameter lifetime measure
ment. 

5.4 Double Decay length measurement 

For tau pair events in which both tau leptons produce a 3-prong decay, the two vertices are 
reconstructed in the same way as described for the single decay length method. For the 
determination of the distance between the two vertices in the r</> plane a slightly modified 
expression îorLrtp in equation 5.8 is used. The parameters forxv andyv are now the difference 
in x and y between the two vertices and the direction cosines point from vertex number one to 
vertex number two. Finally the covariance matrix elements are obtained from a summation 
of the error matrices of both vertices. Notice that the double decay length measurement is 
completely independent of the e+e" collision point. 

In figure 5.11 a beautiful example of a double 3-prong event is shown. In this event the 
measured double decay length is 9.5 ± 1.0 mm. 

The average tau decay length is again extracted from the observed double decay length 
distribution from an unbinned maximum likelihood fit as in equation 5.16. The underlying 
function for the double decay length is evaluated from the single decay length underlying 
function (see equation 5.10) as follows: 

V2L{LL, <l>) = j J dh dl2 P(/i, < I >) P(/2, < I >)5{LL - h - h) 

LL 

<l>2 
-LLI<1> (5.28) 

The detector resolution is parameterised in terms of a single Gaussian distribution and the 
convolution is calculated analytically. 

Figure 5.12 shows the distribution of double decay lengths as measured from the 1994 
and 1995 Z data. The double decay lengths are accepted if the error, oLL < 5.0 mm and the x2 

probability of both secondary vertices is larger than 1%. After these cuts 217 entries remain 
for the fit, from which an average decay length of < / > = (2.1 ± 0.1) mm is extracted. This 
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40 mm 

Figure 5.11: Event display showing a tau pair event with both tau leptons decaying into a 
3-prong. The large view shows the event as it is reconstructed in the inner most part of the 
inner tracking system. Clearly visible are the SMD hits (open dots) assigned to the tracks 
(solid lines); all six tracks have a maximum number of SMD hits assigned. Also visible is 
the separation in space of the two vertices. A zoom view on the vertex region is shown in the 
lower left corner. The error ellipses for the secondary vertices are drawn. The opening angle 
of the tracks on the right-hand side is visibly larger than the opening angle on the other side. 
This is reflected beautifully in the smaller error ellipse on the right-hand side. 
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corresponds to a lifetime of TT(LL) = 274 ± 14 fs. The dominant systematic error is due to 
the uncertainty in the resolution function parameters; an error of 5 fs is estimated. 

-4 -2 0 2 4 6 8 10 12 14 

Double decay length [mm] 

Figure 5.12: Distribution of observed double decay lengths. Superimposed as a solid line is 
the result of the fit. 

Summary 

The precision in the impact parameter and decay length analyses for the lifetime as well 
as the double decay length method is limited by the statistical uncertainty. By collecting 
more data the measurements can still be improved. However, 1995 was the last year for LEP 
running at the Z resonance. The LEP program continues with runs at higher y/s for which 
the tau pair cross section is two orders of magnitude lower. 

The decay length and the double decay length methods are more powerful than the impact 
parameter analysis. The decay length method, with a sample about nine times smaller than 
for the impact parameter analysis, has a statistical error only 1.4 times larger. The reason 
is that the impact parameter error is dominated by the relatively large beam spot size. The 
average impact parameter is about 50jUm while the error is about 100/im; the average decay 
length value is about 2 mm while the error is about 1 mm. 
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In table 5.5 a summary is given of the three methods used to determine the tau lifetime. 

Method # decays TT (fs) CTstat (fs) 0-sysl (fa) 

Impact Parameter 
Decay Length 
Double Decay length 

58 656 
6620 

2 x 2 1 7 

292.8 
292.9 
274 

2.7 
3.9 
14 

2.0 
1.9 
5 

Table 5.5: Comparison of the three different methods to determine the tau lifetime. 
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Chapter 6 

Results 

In this chapter the L3 measurement of the tau lifetime is compared to the results of other 
experiments. In combination with the leptonic branching fractions of the tau lepton, the 
lifetime is used to compare the coupling strengths of the W* to the electron, muon and tau. 
Subsequently the lifetime and the calculations from chapter 1 are used to extract RT, which 
in its turn is interpreted in terms of as at the tau and Z mass scales. Finally, an upper limit 
on the neutrino mass is derived from the total leptonic tau decay rate. 

6.1 Lifetime around the World 

The results of the tau lifetime measurement as presented in the previous chapter are: 

TT = 292.8 ± 2.7 (stat) ± 2.0 (syst) fs (6.1), 

from the impact parameter analysis and 

Tr = 292.9 ± 3.9 (stat) ± 1.9 (syst) fs. (6.2) 

from the decay length analysis. 
These numbers are combined with the results from the impact parameter analysis on the 

1992 and 1993 Z data. The analysis of these data is described in references [46]. Since the 
SMD was not yet fully operational in 1993 this analysis is strictly based on TEC information 
for track reconstruction. The result is: 

T T ( 1 9 9 2 + 1 9 9 3 ) = 296.4 ± 6.4 (stat) ± 3.5 (syst) fs (6.3) 

On these data no decay length analysis has been done, because of the limited secondary 
vertex reconstruction capability without the SMD. In addition the calibration of the TEC for 
this analysis is less reliable, since it is obtained from TEC information only. 

The combination of these results gives: 

TT(L3) = 293.2 ± 2.0 (stat) ± 1.5 (syst) fs (6.4) 
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The correlations between the different systematic uncertainties have been taken into account. 
Adding the statistical and systematic uncertainties in quadrature gives: 

TT(L3) 293.2 ± 2.5 fs (6.5) 

For a comparison the result of L3 is shown in figure 6.1 next to the thus far published 
results of the other three LEP experiments, the SLD experiment at the Stanford Linear Col
lider [47] and the CLEO II experiment at CESR. For the ALEPH [48] and OPAL [49] ex
periments these results include all the Z data collected up to 1994. For the DELPHI [50] 
collaboration the result includes the data collected during 1995. The CLEO II experiment 
measures the tau lifetime at the Y(45) resonance, also in e+e" collisions [45]. The hatched 
area is the world average from the Particle Data Group from 1998 [11]. 

L3 

ALEPH 

DELPHI 

OPAL 

SLD 

CLEO II 

PDG98 

-ei 
-m 

~l Sr* 

293.2 ± 2.0 ± 1.5 

290.1 ±1.5 ±1.1 

291.9 ±1.6 ±1.1 

289.2 ± 1.7 ± 1.2 

288.1 ±6.1 ±3.3 

289.0 ±2.8 ±4.0 

290.0 ±1.2 

280 285 290 295 

Figure 6.1: Overview of tau lifetime measurements (all in fs) from the LEP experiments 
ALEPH, DELPHI, OPAL and L3, the SLD experiment at SLC and the CLEO II detector at 
CESR. The inner error bars indicate the statistical uncertainty and the outer bars indicate the 
total uncertainty. The hatched area corresponds to the world average value from the Particle 
Data Group 1998. The numbers on the right-hand side are the lifetime values with their 
statistical and systematic uncertainties. 

Notice that the ALEPH, DELPHI and OPAL experiments have smaller uncertainties on 
their lifetime measurements. The main reason is that these detectors have been equipped 
with a Silicon Microvertex Detector shortly after the beginning of LEP operation (1991). 
In addition, the TEC of L3 is relatively small (R=0.5m, z=0.5m) compared to the tracking 
chambers of the other LEP experiments. The Time Projection Chamber of ALEPH and the 
jet chamber of OPAL have an outer radius of about 2 m and extend to z =± 2 m. As a 
result of the larger radius of the inner tracking detectors of these experiments the tracks are 
reconstructed with a longer lever arm and the extrapolation to the interaction point improves 
significantly. The extended length in z gives a reasonable length for tracks going far into the 
forward directions, so more tracks can be used for the lifetime analyses in these experiments. 
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6.2 Lepton Universality check 

The lifetime measurement in combination with the measurement of the leptonic branching 
ratios of the tau is used to check lepton universality in the charged weak currents. The 
leptonic branching ratios are measured with L3 to be (17.67 ± 0.19) % for a tau decay to 
an electron, and (17.34 ± 0.21) % for a tau decay to a muon [51]. In combination with 
the tau lifetime of (293.2 ± 2.5) fs and corrections to the tau decay rate as calculated in 
sections 1.3.1, 1.3.2 and 1.3.3 gwz/gwe and gwz/gwp are obtained: 

0.992 ± 0.007 (6.6) 
gWe ' 

8wr • 0.996 ± 0.007 (6.7) 

The uncertainty is calculated under the assumption that the tau lifetime and branching ratio 
measurements are fully independent. 

From the leptonic branching fractions only, gwp/gwe has been directly measured. Also 
for this measurement the corrections to the tau and muon decay rate are taken into account. 
The result is: 

^ | = 1.004 ± 0.008 (6.8) 
gWtJ 

These three comparisons of coupling constants show excellent agreement with the lepton 
universality assumption. Figure 6.2 shows the tau lifetime plotted versus the average lep
tonic branching fraction. To obtain the average leptonic branching fraction, the phase space 
correction for the muonic tau decay is taken into account. Also the world average is plotted 
in this way. The Standard Model prediction for the tau lifetime as a function of the leptonic 
branching fraction, assuming lepton universality to be true (gWr = gW)1 = gWe) is also shown. 
The slope, S, of the curve under this assumption is directly obtained from equation 1.19: 

S = ( ^ ) 5 rß (6.9) 

The uncertainty on the Standard Model prediction is dominated by the uncertainty in the 
determination of mT; it is represented by the hatched area in figure 6.2. A few years ago 
measurements of the tau lifetime and leptonic branching fractions all seemed to disagree 
with lepton universality. Improved measurements of the tau lifetime and leptonic branching 
fractions mainly from LEP and a new measurement of mT from BES [52] have changed both 
the predicted curve and the measured point. 

6.3 Measurement of RT and ccs(mT) 

RT as shown in equation 1.28 is measured using the world average values for mß, rß, m% and 
the L3 result of the r lifetime as presented in this thesis. The result is: 

RT = 3.59 ± 0.05 (6.10) 
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Figure 6.2: Tau lifetime plotted versus the leptonic branching fraction as observed by L3 and 
the world average. The hatched area shows the Standard Model prediction assuming lepton 
universality. The dashed line shows the Standard Model prediction using the world aver
age formr from 1992 and the triangle represents the lifetime versus the leptonic branching 
fraction using the 1992 world averages. 

where the uncertainty is obtained from independent variations ofm^, TM, mT and TT according 
to their own uncertainties. The precision on Rr is limited by the uncertainty on the tau 
lifetime determination. 

The corresponding value for ccs at the tau mass scale is obtained using the theoretical 
expression 1.22 for RT in terms of as. 

as(ii = mT) = 0.33 ± 0.02 (experiment) ± 0.02 (theory) (6.11) 

where the experimental error comes from the uncertainty on RT. The theoretical uncer
tainty has two contributions. The first is the limited accuracy in the calculations of the non-
perturbative QCD terms, which play a small (but non-negligible) role at il = mx. Ignoring 
these non-perturbative effects would result in a decrease in ots(mT) of about 5 %. The domi
nant contribution to the theoretical uncertainty on cxs consists of higher order terms in as in 
the theoretical expression for the hadronic tau decay. If we look at the as dependence of the 

98 



Results 6.3. Measurement of RT and as(mr) 

hadronic decay rate we find 8PQCD = {asln)+5.2{ajn)2+263{aslnf = (0.1+0.06+0.03) for 
as = 0.33, which is not converging fast so higher order terms could play a role. The estimate 
by Braaten (see equation 1.23) is used to evaluate this uncertainty. This measurement of a, 
is shown in figure 6.3. 

Figure 6.3: Running of as from /i = mT to \x = mz. The hatched area follows from the 
theoretical and experimental uncertainties on the measurement ofas{n = mx). The result is 
compared to other experiments measuring as at different scales. The lower plot shows the 
relative error on as as a function of fi. 

To compare a, measurements with the results of other experiments measuring at different 
energy scales, a, is usually presented at /JL = mz. To obtain as(\i = mz) we need to know 
how the running of as is described as a function of the energy scale. The running of as is 
described by the, so called, beta function equation: 

with 

M 
da, 
dpt 2% s An2 s 647T3 oq - higher orders 

ft, = l i 

ft = 51 

lni 

19 
" " ƒ 

(6.12) 

(6.13) 

(6.14) 
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5033 395 
ft = 2857 - ^ p W / + ± ^ (6.15) 

with «ƒ the number of quark flavours contributing to the running of a„ at an energy scale, 
Li. So if we let as run from the tau mass scale to the Z scale, nf = 4 up to the b quark scale 
and iif = 5 on higher energy scales. For nf < 1 the ft, ft and ft are all greater than zero, 
so a, decreases as the energy scale increases, and even goes to zero for Li —> °°. This is the 
famous "asymptotic freedom" of QCD, caused by the self interactions of the gluons. As a 
result perturbative QCD calculations can only be accurate at relatively high energy scales. 

The running a, is expressed in terms of the ß functions and energy scale Li as follows: 

An 
as 

ftln(M2/Ay 

+ „„,",., J ' -hr%)- . + ft2 In^/AU $lnV/Al=) U M$ 2J *ß 

2 
2ft lnln(M2 /Ay _ 4ft2 A W I I 2 / â 2 , l \ & ß JO 

8/32 
(6.16) 

= ^ A ^ / x ) (6.17) 

A ^ is an additional scale parameter (dimension energy) that is fixed by an as measurement at 
a certain energy scale Lk>. It depends on the number of flavours participating in the running of 
a„ since the ß function equation does. The measurement of CCS(LI = mT) is used to determine 
Asf4) b>' s o , v i n g : 

0,01 = mx) - R(A^4\ M = mT) = 0 (6.18) 

A^t4) found in this way is 3061J2 MeV. The requirement that as must be continuous is used 
MS j —*j * 

to continue the running at energy scales above the b quark threshold. A ^ is solved from: 

R(A%=4\ß=mb) = R(A^5),n = mb) (6.19) 

where we have used mb = 4.3 GeV. A^= 5 ) is found to be 2231$ MeV. With this value for 
A^=5) as at ju = mz is obtained. The running from the measured value as{pL = mT) is shown 
in figure 6.3. The sum of the theoretical and experimental uncertainties are indicated in the 
figure. The result of the extrapolation to Li = mz from this analysis is: 

as(p = mz) = 0.119 ± 0.003 (6.20) 

It is in excellent agreement with the world average [11]: 

as([i = mz) = 0.119 ± 0.002 (6.21) 

Not surprisingly also A^j"5) is in good agreement with this reference, namely A-^ 
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Notice that besides the absolute size of the error, also the relative error on as gets smaller 
as the energy scale increases. This can be understood if we look at the first term of equa
tion 6.12 only and divide by as on both sides. The relative error on a, is then written as: 

A<x 
— - oc as (6.22) 
as 

As a comparison, the L3 results for a, at different energy scales are shown in figure 6.3 
as well. The hadronic width of the Z is used to determine as at the Z mass scale [53]. Below 
the Z mass scale jet rates are analysed in radiative e+e" —» qq events [54]. Recently the 
results from similar analyses for as from the runs at y/s = 130, 136, 161 and 172 GeV have 
been published [55,56]. All the results confirm the running of the QCD coupling constant. 

6.4 Measurement of mVt 

The vT mass is estimated from a comparison of the measured leptonic tau decay rate to the 
calculated rate as a function of mVv. On the experimental side we obtain the total leptonic 
decay rate, T™™, from the leptonic decay rates and the tau lifetime: 

rmeas Br(T -> ßVß vT) + Br(T -» evevT) 
re+/J = (6.23) 

= (1.19 ± 0.01) x 10~3fs_1 (6.24) 

This value is obtained using Br(r -> evevT) = (17.67 ± 0.19)%, Br(r -> y.% vT) = (17.34 ± 
0.21)% and TT = 293.2 ± 2.5 fs. The total experimental uncertainties on these quantities are 
used to estimate the uncertainty. The measurement is plotted in figure 6.4. 

The calculated leptonic decay rate is obtained with the mVx dependent correction func
tions ^ and £e from section 1.6 for the muonic and electronic tau decays. 

It is assumed that the uncertainties on T are Gaussian and that mVr > 0. In this case a 
95% confidence limit on mVr is defined by the point at which the calculated rate intersects 
the 1.6 a contour for the measurement. The 1.6 a contour is shown in figure 6.4. From the 
intersection point it follows that: 

mVl < 120 MeV (95%CL) (6.25) 

This limit is significantly higher than the current world average limit of mVr < 18.2 MeV, 
dominated by a measurement of the ALEPH collaboration [57]. The ALEPH measurement 
looks at multi-hadron tau decays with a large fraction of the available energy carried away 
by the final state hadrons. A limit on mVr is obtained by determining the lowest left over 
energy for the tau neutrino; a few observed events near the edge of the allowed phase space 
lead to a very sharp limit. The measurement presented here is based on the study of the full 
tau sample of L3. 
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Figure 6.4: Observed leptonic tau decay rate plotted as the solid horizontal line. The hatched 
area corresponds to the± 1er contour and the dashed line indicates the 1.6(7 contour. The 
curve represents the calculated leptonic decay rate as a function ofmVl. 

6.5 Conclusion and Outlook 

The tau lifetime measurement presented in this thesis represents the final result from the L3 
collaboration. The result is in good agreement with the world average, which is dominated 
by the results from the LEP experiments. It is unlikely that the determination of the lifetime 
will improve much after the results from the LEP experiments are final, even though tau pairs 
are produced in the LEP II program. 

For e+e" collisions at higher centre of mass energies, i.e. the LEP II program, the tau 
pair production cross section is two orders of magnitude lower than on the Z resonance. In 
addition the increase in decay length due to the higher boost of the taus does not necessarily 
improve the measurement, because the tau decay products become highly collimated and 
therefore provide less information on the decay point. The impact parameter on the other 
hand is proportional to the velocity of the taus as can be seen from equation 5.26. It does not 
undergo a measurable change, since the taus produced both at the Z resonance and at higher 
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centre of mass energies have approximately the velocity of light. 
In the (near?) future tau pairs may be produced near threshold in a r-charm factory. 

The sensitivity to the tau lifetime is however limited, since the velocity of the taus is almost 
zero slightly above threshold. In addition especially the e+e" —> qq backgrounds are harder 
to distinguish from tau pair events, since the typical multiplicity is much lower than for 
example on the Z resonance. 
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Appendix A 

Alignment tools 

A.l Local SMD alignment %2 Minimisation 

This section deals with the procedure of linearization and minimisation for the local align
ment x2- The linearization is possible if the final alignment parameters are small compared 
to the average positions. The linearization of the alignment x2 is calculated for the alignment 
parameters: xtoc, zioc and /3. 

In case of small changes in these parameters denoted by 8xioc, 8zioc, and 8ß respectively, 
the global coordinate of an SMD cluster is written with equation 3.2 as follows: 

Xgio = .̂(«/», ß, a)(xhc + (8xhc, 0, 8zioc)) + xtram (A.l) 

Taking only the first order for the change in alignment parameters yields: 

Xgio = ^ ( 0 , ß, a)xloc+xtmns + 8ßM((p, ß, a)x,oc + ^((p, ß, a)(8xhc, 0, <5ztofXA.2) 

with fW(</>, /3, a) a 3 x 3 matrix given by: 

( - c o s ^ s i n ß - cos 0 cos ß sin a - cos 0 cos |3cosa \ 
- sin 0 sin ß - sin <j> cos ß sin a - sin $ cos ß cos a (A.3) 

cosß -s inß sin a - s inß cos a J 
The residuals needed to construct the alignment x2 are decomposed in one part containing 

the "assumed" alignment parameters and one part expressing a change due to Sx[„c, 8zi„c and 
Sß. The x2 a s defined in equation 3.6 is now written 

v2 _ f (Axb - E l , m J f °)2 + (Ayo - E L ykft
yo)2 . ( A z o - E L ^ / f 0 ) 2

 r A , . 

(=1 °Arft °Az, 

with r\i = Sxioc, 7]2 = 8zioc and 7]3 = 5/3. The residuals Ax0, Ay0 and Az0 are defined as: 

A*() = Xgio - Xpred A)>o = }>glo ~ yPred Az0 = Zgl„ ~ Zpred (A.5) 
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The functions /f", /fVo and / f ° are directly evaluated from equation A.2 to be: 

/f° = *» f /f° = %i r /f° = ^ 
/f° = %3 ft = 2̂3 #" = %3 
/ f ° = ^ , l i , f , + */-,3Z„, l / f = flMiiac^ + flfezte 1 / f ° - -%,*,„,.+ ÏM33Z,« 

(A.6) 
The residuals are now fully expressed in linear terms of the changes in alignment parameters. 
The parameters are found by solving: 

df = 0 , # - = 0 a n d | £ = 0 (A.7) 
dSxim. ' doli,,, 98ß 

A.2 Intersection of tracks with wafers 

An essential tool for the global alignment as presented in section 3.2 is to find intersection 
points between the three dimensional tracks, which are helices, and the SMD wafers. In 
contrast to the local alignment procedure where straight 3D lines are intersected with the 
SMD wafers, a more complicated procedure is needed to account for the curvature of the 
tracks. 

The projection of a helix in the rtj) plane is parameterised in terms of the circle fit param
eters p, D and <j>. For the parameterisation in the sz projection ^ and z0 are used. A point on 
the helix in terms of these parameters and a change in (p denoted by A(j) is given by: 

= xc—R sin($ + A0) 
= yc+Rcos((j)+A<t)) (A.8) 
= zo + sf^zo + RA^i 

where the arc length along the circle is written as s = RA<t> with R = lip. The centre 
coordinates of the circle can be expressed in terms of (xc, >'c) = (R- £>)(sin <j), cos </»). 

A three dimensional plane is described by a unit vector n = (nx, ny, nz) perpendicular to 
the plane and the vector, xp to a certain point in the plane. The equation for the plane is then 
written as: 

x nx + y riy + z nz = n • xp (A.9) 

The intersection point of a helix and a three dimensional plane are then found by finding 
A(j> such that the equation for the plane is satisfied. Since the radius of the helices used is 
much larger than the distance of the SMD wafers to the origin of the coordinate system, the 
problem needs to be solved for small changes in <p only. 

Substitution of equation A.8 into equation A.9 gives rise to the following solution for A<f>: 

n • (xB - A ) 

with 
A = (xc - D s i n 0 , y(. +Dcos0, z0) 
K = (-COS0, - s i n0 , js) 
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The procedure is iterated until corrections to (j> are small. Usually two or three iterations are 
needed to find the intersection point with a precision of better than 0.05 ^m. 
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Summary 

In this thesis one of the fundamental properties of the tau lepton has been studied: Its lifetime. 
A lifetime measurement with the L3 detector at the LEP collider is performed on the sample 
of tau pair events collected during the Z run (LEP phase I). The lifetime is extracted from a 
determination of the flight path of the tau. This measurement exploits the enhanced quality of 
the L3 inner tracking system, after the upgrade with the installation of a Silicon Microvertex 
Detector (SMD) in 1993. 

Preceding the actual lifetime measurement, the alignment of the SMD and the calibration 
of the inner wire chamber, a Time Expansion Chamber (TEC), were studied in detail. For 
this purpose back-to-back tracks in Bhabha and dimuon events have been used. The internal 
alignment is performed with a precision of 6jj.m for the x and y translations and a slightly 
worse precision of 10 - 15 ^m for the z positions. The rotations are measured as well with 
a precision of 0.25 mrad. The relative position of the SMD with respect to the TEC, or 
global alignment has been reconstructed with the same data. The position of the SMD in 
the TEC reference frame is determined with a precision better than 1/xm for the x and y and 
with a precision of about 5 p.m for the z coordinate. The rotations are determined with a 
precision between 0.01 mrad and 0.04 mrad. Finally the TEC has been calibrated by a direct 
measurement of the drift distance to time relation using tracks observed by the SMD. The 
drift velocity is stable within 0.1 - 0.2% for different data taking periods. In addition the 
Lorentz angle has been measured to be about 2°. This confirms a simulation of the TEC drift 
properties using the GARFIELD and MAGBOLTZ wire chamber simulation packages. 

The production point or primary vertex is found from qq —> light quarks. For some 
LEP fills sudden shifts in the x-position of the primary vertex are found up to 300 jUm, 
while the y-position remains stable. The size of the primary vertex region is determined 
from Bhabha and dimuon events to be (118 ± 1) x (13 ± 2) jxm2 for the 1994 data and 
(147 ± 2) x (15 ± 3) ;Um2 for the 1995 data. The average intrinsic impact parameter 
precision is estimated to be 30 ,um, while the total precision is limited by the beam spot 
size. Furthermore, systematic offsets in the impact parameter are studied by altering SMD 
alignment parameters and TEC calibration constants. Finally the resolution function for the 
impact parameter is adequately described with a double Gaussian function. 

The tau lifetime is determined with three different methods from the Z samples from 
1994 and 1995. For the first method the decay path of the tau leptons is reconstructed from 3-
prong decays. On average the decay path is about 2 mm. The precision on a single decay path 
measurement is on average 900 ßm. The lifetime obtained from the decay length distribution 
is 292.9 ± 3.9 ±1.9 fs, where the first error is the statistical uncertainty and the second error 
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is the systematic uncertainty. A second method uses the impact parameter distribution of 
1-prong tau decays. The impact parameter is about 50 /im on average and the uncertainty 
on an individual impact parameter measurement lies between 25 and 250 ßm. The lifetime 
is found to be 292.8 ± 2.7 ± 2.0 fs. Finally, a double decay length is reconstructed for tau 
pair events, where both the tau leptons decay into a 3-prong. A lifetime of 274 ± 14 ± 5fs is 
found. 

These lifetime measurements are combined with the results from the pre-SMD era, giving 
a combined lifetime of: 

TT(L3) = 293.2 ± 2.0 ± 1.5 fs 

This measurement is in good agreement with the current world average value. 
In combination with the L3 measurement of the leptonic branching fractions of the tau, 

the coupling strengths of the W* to the electron, muon and tau are compared to each other. 
The results are 

gwt 

gwe 

gwr 

gWft 

gWfX 

gWe 

= 0.992 ±0.007 

= 0.996 ±0.007 

= 1.004 ±0.008 

confirming the assumption of lepton universality in the charged weak currents. 
Subsequently the tau lifetime is used to measure the ratio of the tau hadronic decay rate 

with the leptonic decay rates. The result, RT = 3.59 ± 0.05, corresponds to a value of the 
QCD coupling constant at the tau mass energy scale of: 

as(n = mr) = 0.33 ± 0.02 ± 0.02 

where the first error is the experimental uncertainty and the second error is the theoretical 
uncertainty. At JJL = mz this corresponds to: 

a,(ß = mz) = 0.119 ± 0.003 

with a combined theoretical and experimental uncertainty. 
Finally the total leptonic tau decay rate is measured using the lifetime and leptonic 

branching fractions. The result T(T -> ivevT) = (119 ± 1) x 10"3 fsM is used to give a 
95% confidence level on the tau neutrino mass of: 

mVt < 120 MeV 

The measurements presented in this thesis are not expected to be improved by the L3 collab
oration in the future. 
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Samenvatting 

In dit proefschrift wordt één van de fundamentele eigenschappen van het zogenaamde tau 
lepton (T) beschreven: de gemiddelde levensduur. De meting is gedaan met de L3 detector 
bij de "Large Electron Positron" (LEP) versneller. De levensduur is bepaald door analyse 
van het vervalspad van tau leptonen die geproduceerd zijn in electron-positron annihilatie 
bij zwaartepuntsenergieën rond 91 GeV. Bij de meting wordt gebruik gemaakt van de verbe
terde kwaliteit van de L3 sporen reconstructie, bereikt door de installatie "van een Silicium 
Micro vertex Detector" (SMD) in 1993. 

Voorafgaand aan de eigenlijke meting van de tau levensduur zijn de positionering van de 
SMD en de calibratie van de binnenste dradenkamer, een "Time Expansion Chamber" (TEC), 
in detail bestudeerd. Voor deze studies zijn Bhabha en dimuon gebeurtenissen gebruikt. De 
interne positionering van de afzonderlijke siliciumdetectoren is bepaald met een precisie van 
6 /im in het vlak loodrecht op de bundelas (xy vlak) en met een precisie van 10 - 15 /im in 
de bundelrichting (z-as). De rotatiehoeken zijn gemeten met een precisie van 0.25 mrad. De 
relatieve positie van de SMD ten opzichte van de TEC is bepaald met behulp van dezelfde 
data. De positie van de SMD in het TEC coördinatenstelsel is gemeten met nauwkeurigheid 
van 1 /im in het xy vlak en 5 /im langs de z as. De rotatiehoeken van de SMD zijn bepaald 
met een precisie tussen 0.01 mrad en 0.04 mrad. Tenslotte is de TEC gecalibreerd door 
middel van een directe meting van de relatie tussen drift tijd en drift afstand met de SMD. 
De driftsnelheid in de TEC is stabiel tot op 0.1 - 0.2 % voor verschillende periodes. Naast 
de driftsnelheid is ook de Lorentz hoek in de TEC gemeten. Het resultaat, 2°, is in goede 
overeenstemming met de gesimuleerde waarde, die wordt verkregen met de GARFIELD en 
MAGBOLTZ simulatie programma's. 

Het primaire interactiepunt is bepaald aan de hand van hadronisch verval van het Z bo
son. Gedurende sommige LEP fills zijn plotselinge verschuivingen van de x positie van het 
interactiepunt waargenomen van maximaal 300 /im, terwijl de y positie stabiel bleef. De 
afmeting van het electron positron interactie gebied is gemeten, wederom met Bhabha en 
dimuon gebeurtenissen. Gedurende de 1994 Z run was de grootte (118 ± 1) x (13 ± 2) /im2 

en gedurende 1995 (147 ± 2) x (15 ± 3) /im2. The intrinsieke precisie van een meting van 
de impact parameter is geschat op 30 /im. Systematische effecten in de spoorreconstructie 
zijn bekeken, door opzettelijk de positionering van de SMD en calibratie van de TEC te ve
randeren. Tenslotte is de resolutie functie voor de impact parameter bepaald; een dubbele 
Gaussische functie geeft een adequate beschrijving van de resolutie. 

De T levensduur is gemeten door de gegevens uit 1994 en 1995 op drie verschillende 
manieren te analyseren. Voor de eerste methode zijn T leptonen geselecteerd die vervallen 
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in drie geladen deeltjes. In deze gevallen is het vervalspad direct te reconstrueren. De lengte 
van het vervalspad is 2 mm en de precisie van de reconstructie is ongeveer 0.9 mm. De 
levensduur die wordt verkregen uit de verdeling van de vervalslengte is 292.9 ± 3.9 ±1.9 fs, 
met respectievelijk de statistische onzekerheid en de systematische onzekerheid. De tweede 
methode maakt gebruik van de impact parameter verdeling van de tau leptonen die naar een 
eindtoestand vervallen met slechts één geladen deeltje. De impact parameter is gemiddeld 
50 /im terwijl de onzekerheid op één enkele meting varieert tussen 25 en 250 jj.m. De 
levensduur is bepaald op 292.8 ± 2.7 ± 2.0 fs. Tenslotte zijn de T paren, waarbij beide T 
deeltjes een eindtoestand met drie geladen deeltjes opleveren, gebruikt voor een meting van 
de dubbele vervalslengte. Een levensduur van 274 ± 14 ± 5fs is gemeten. 

Al deze metingen zijn gecombineerd met de resultaten van metingen uit het tijdperk vóór 
de installatie van de SMD, met als resultaat: 

Tr(L3) = 293.2 ± 2.0 ± 1.5 fs 

Dit resultaat is in goede overeenstemming met het wereldwijde gemiddelde. 
Gecombineerd met de leptonische vertakkingsverhoudingen van het T verval, kan de re

latieve koppelingssterkte van de geladen zwakke kracht aan de verschillende leptonen (elec
tron, muon en tau) worden bepaald: 

®± = 0 992 ± 0.007 &*• = 0.996 ± 0.007 ^ = 1.004 ± 0.008 
SWe gWß gWt 

Dit bevestigt de hypothese, die stelt dat de koppelingssterktes voor alle leptonen gelijk zijn. 
Vervolgens is de levensduurmeting gebruikt om de verhouding tussen hadronische en 

leptonische tau vervallen te bepalen. Het resultaat, RT = 3.59 ± 0.05, correspondeert met 
een waarde van de QCD koppelingssterkte op de tau massa energieschaal van: 

as(n = mT) = 0.33 ± 0.02 ± 0.02 

met respectievelijk de experimentele onzekerheid en de theoretische onzekerheid. De QCD 
koppelingsconstante is geëxtrapoleerd naar de energieschaal rond de Z-massa, met als resul
taat: 

as(ß = mz) = 0.119 ± 0.003 

De onzekerheid is de gecombineerde experimentele en theoretische onzekerheid. 
Tenslotte is de totale leptonische vervalssnelheid gemeten met behulp van de levensduur 

en de leptonische vertakkingsverhoudingen van de tau. Het resultaat T(T —> £V(VT) = (119 ± 
1) x 10"3 fs-1 kan worden gebruikt om een afschatting te geven van de massa van het tau 
neutrino. Deze massa is met een waarschijnlijkheid van 95% kleiner dan 120 MeV. 

Het is onwaarschijnlijk dat de metingen, gepresenteerd in dit proefschrift, in de toekomst 
nog zullen worden verbeterd door de L3 collaboratie. 
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