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Topant de cap en una i altra soca, 

avan<;ant d 'esma pe/ ca mi de l 'aigua, 

se 'n ve la vaca to ta sola. Es cega. 

D 'un cop de roe llan<;at amb massa tra<;a, 

el vailet va buidar-li un ult, i en l 'altre 

se li ha posat un tel: la vaca es cega. 

Ve a abeurar-se a la font com ans solia, 

mes no amb el ferm posat d'altres vegades 

ni amb ses companyes, no: ve tota so/a. 

Ses companyes, pels cingles, per les comes, 

pel silenci dels prats i en la ribera, 

fan dringar l 'esquellot, mentres pasturen 

l 'herba fresca a l 'atzar ... Ella cauria. 

Topa de morro en l 'esmolada pica 

i recula afrontada... Pero torna, 

i baixa el cap a /'aigua, i beu calmosa. 

Beu poc, sens gaire set. Despres aixeca 

al eel, enorme, l'embanyada testa 

amb un gran gesto tragic; parpelleja 

damunt les mortes nines, i se 'n torna 

orfe de llum sota del sol que crema, 

vacil· lant pels camins inoblidables 

brandant l/anguidament la llarga cua. 

Joan M aragall, 1893 





Abstract 

A new method to measure the electron and tau neutral current couplings from 

the acollinearity distribution of the tau pair decay products in zo -t r+r- events 

is presented. The extraction of the couplings from different sets of observables of 

interest is analyzed and discussed for the 11.2 pb- 1 of data collected in 1990 and 

1991 with the ALEPH detector at the zo resonance. From the measurement of 

the acollinearity distribution of the cross section and from the forward-backward 

asymmetry as a function of the acollinearity angle, the parameter A = 2gvgA/[gi 
+g~J are extracted for electrons and taus. The values Ae = 0.130 ± 0.063 (stat) 

±0.002 (sys) and Ar = 0.162±0.0.52 (stat)±0.014 (sys) are found to be consistent 

with the hypothesis of electron-tau universality. With this hypothesis, the value of 

Ae-r = 0.148 ± 0.035 (stat)± 0.009 (sys) is found. The corresponding value of 

sin2 ea,ff = 0.2314 ± 0.0046 is obtained. 



Res um 

Un nou metode es present at per a mesurar els acoblaments de ls electrons i 

taus en els corrents febles neutres a partir de les distribucions d'acol·linearitat de 

les desintegracions de parelles de taus en els successos zo -t r+ r-. L 'extracci6 

d 'aquests acoblaments a partir de diferents observables que present en interes es 

analitzada en els 11.2 pb- 1 de <lades recollides entre els anys 1990 i 1991 pel de

tector ALEPH a la ressonancia del z0
• A partir de la mesura de la distribuci6 

d'acol·linearitat de la secci6 efica~ i de la seva asimetria, el parametre A= 2gvgA/[gi 
+g~J es obtingut per electrons i per taus. Els valors Ae = 0.130±0.063 (estadistic) 

±0.002 (sistematic) i Ar = 0.162 ± 0.052 (estadistic) ± 0.014 (sistematic) han es

tat mesurats mostrant consistencia pel que fa referencia a la hipotesi d'universalitat 

d'electr6-tau. Amb aquesta hipotesi, el valor de Ae-r = 0.148 ± 0.035 (estadfstic) 

±0.009 (sistematic) es obtingut. El corresponent valor de sin2 efJf 0.2314 

±0.0046 n 'es derivat. 
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Chapter 1 

lntrod uction 

One of the main physics goals of the experiments at LEP is to perform high pre

cision tests of the Standard Model; this implies the careful determination of the 

free parameters of the theory and the search for possible indications of departures 

from it. 

One of those important parameters in the Standard Model is the weak mixing 

angle. Several methods and techniques have been developed recently to produce a 

measurement of this quantity at LEP. In fact, the LEP experiments have already 

achieved an impressive level of precision for the z0 mass and width [1], while the 

precise determination of other quantities needs more effort. 

A well known method which is very sensitive to measure the weak mixing angle 

1s the tau polarization [2]. In the Standard .Model, the parity violations in the 

weak interactions lead to the fact that collisions of unpolarized electron beams at 

LEP produce polarized taus. The inequality of the vector and axial vector coupling 

constants of the electron leads to a polarization of the zo, measured with respect 

to the axis defined by the incoming fermions. The subsequent zo decay yields a 

polarized pair of fermions, in this case tau leptons. Since they decay promptly, and 

their decay depends on their spin, the decay products can be used as polarization 

analyzers. 

The tau polarization has been usually measured from the energy spectra of 

the tau decay products. Due to helicity conservation, both taus have opposite 

helicities in an event, so they are completely correlated. However, when the tau 

decay products of a tau pair event are analyzed independently, the correlation 



2 Introduction 

information is lost. In this thesis a new method has been developed to measure the 

tau polarization from correlated angular distributions, through the acollinearity 

angle of the event. 

The interest of the method proposed here lies, first, in the possibility of reducing 

the overall error in the measurement of the tau polarization, since the angular 

correlations provide additional information of this quantity which can be combined 

with other results, and secondly, in the fact that the systematics associated with 

angular measurements should be largely independent from those associated with the 

measurement of the energy distributions of the tau decay products, which are used 

at present. Futhermore, the most recent measurements on the tau polarization [3] 

using the conventional method reveals that the most sensitive channels have reached 

the systematic error limit. 

The outline of this thesis is as follows. Chapter 2 is dedicated to describe 

the structure of the Standard Model as a framework to present the theoretical 

development on which the correlated angular distributions of the tau decay products 

is based. Chapter 3 is devoted to a brief description of the LEP accelerator and 

the ALEPH detector, giving more emphasis to the relevant subdetectors on which 

the angular measurements rely. An explanation of the ALEPH reconstruction and 

off-line software is also added. 

The method used to select the tau events and identify the decay channels is 

explained in chapter 4. The efficiencies and backgrounds are discussed as well. 

In chapter 5, the observed acollinearity distributions for the samples considered 

are presented, and the procedure to fit the data with the theoretical prediction at 

tree level is explained. The measurements of the acollinearity distributions from 

different sets of observables are discussed in detail. The study of the main sources 

of systematic error in those measurements is described in chapter 6. 

The results obtained from the ALEPH collaboration measuring the tau po

larization using the energy spectra are presented, and its combination with the 

acollinearity method is given in chapter 7. Finally, in chapter 8, the conclusions of 

this work are presented. 



Chapter 2 

Polarization in the Standard 
Model 

2.1 The Standard Model 

3 

The Glashow-Weinberg-Salam theory is a non-abelian gauge theory with sponta

neous symmetry breaking in which the vector bosons acquire masses by mean of the 

Higgs mechanism. The Glashow-Weinberg-Salam theory is gauge invariant under 

the SU(2)r 0 U(l)y group of weak isospin T and hypercharge Y. The lagrangian 

for this theory gives masses to the fermions and to the gauge bosons by the introduc

tion of a new scalar field, the Higgs field, with a non vanishing vacuum expectation 

value. The strong interactions are described by including a new gauge field the

ory called Quantum Chromodynamics, which is invariant under the SU(3)c group 

of color. 

The Glashow-\Veinberg-Salam model together with the Quantum Chromody

namics theory are known as the Standard Model, which so far has indeed met with 

a good degree of success in describing most of the experimental results in high 

energy physics. 

The Standard Model contains the three following types of fields: 

• Fermion matter fields, 

• Gauge fields, and 

• Higgs scalar fields. 
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Fermion fields 

The basic unit of the fermion matter fields is a family, that contains quarks 

and leptons consisting of two-component complex spinor fields. The quarks 

are massive fermions with fractional charge and three possible colors. The 

leptons have no color. The electron, muon and tau are massive particles with 

unit charge. The corresponding neutrinos are very light (or massless) and are 

neutral. Both quarks and leptons have their corresponding antiparticles, that 

have the same masses but opposite quantum numbers. 

Up to now, all the known quarks and leptons are grouped in three families, 

as figure 2.1 shows. The first family is composed by the electron and its 

neutrino, and the up and down quarks. The second is composed by the muon, 

its neutrino and the charm and strange quarks, whereas the third corresponds 

to the tau and its neutrino, with the bottom and top quarks. 

The SU(2) representation of quarks and leptons is given for the first family 

in figure 2.2. Left handed fermions come in as SU(2)T isospin doublets and 

right handed fermions as isospin singlets. In addition, quarks transform as 

SU(3)c color triplets, whereas leptons as color singlets. 

Assigning the quantum numbers f and Y, the weak isospin and the weak 

hypercharge respectively, defines the fermion transformation properties under 

the gauge group considered. The assignment of those quantum numbers is 

shown in table 2.1. 

FAMILIES 

(:·) (~) (:) 
(:) (:) (:) 

Figure 2.1: Families in the Standard Model. 
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particle T y 

(Ve, Vµ, Vr)L 1/2 1/2 -1/2 

(e, µ, r)i 1/2 -1/2 -1/2 

(e, µ, r)R 0 0 -1 

( u, c, t)i 1/2 1/2 1/6 

(d, s, b)i 1/2 -1/2 1/6 

(u, c, i)R 0 0 2/3 

(d. s, b)R 0 0 -1/3 

Table 2.1: Isospin and hypercharge for quarks and leptons. 

Gauge fields 

The gauge fields are the mediators of the interactions between quarks and 

leptons. The massive z0 and w± bosons mediate the weak interaction. The 

electromagnetic interaction is mediated by one massless and chargeless boson, 

the photon. Finally, there are eight massless boson gluons which are associated 

FAMILY COMPONENTS 

(:j (:J (::) g (:J 
(eR) (uR)b (uR)

9 
(uR)r 

(dR)b (dR)
9 

(dR)r 

Figure 2.2: The SU(2) representation of leptons! and SU(2) and SU(3) represen
tation of quarks. The labels L and R denotes left-handed and right-handed states. 
The labels b, g, r stands for the blue, green and red colors, respectively. 
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with the strong interactions. 

Higgs fields 

The electroweak gauge group SU(2)r 0 U( 1 )y can be represented by an 

SU(2)r triplet of vector gauge fields Wµ with coupling constant g, and a 

U( 1 )y scalar gauge field Bµ with coupling constant g'. In principle, if the 

gauge symmetry were unbroken, the theory would yield massless bosons. In 

order to provide massive gauge fields, in the Standard Model it is introduced 

a doublet of complex scalar fields (the Higgs fields), that with their non-zero 

vacuum expectation values break the gauge symmetry spontaneously, and thus 

provide masses to the fermions and to three gauge fields (or a combination of 

three of them). 

2.2 Electroweak Mixing Angle 

The weak mass eigenstates are related to the gauge fields Wµ and Bµ by 

iv± µ -
1
- (lV1 :i= iW2

) V2 µ µ 

Zµ - cos Oww; +sin OwBµ 

Aµ sin Ow iv;+ cos Ow Bµ, 

where Ow is called the \Veinberg angle or weak angle given by 

g' 
tan Ow= - . 

g 

(2.1) 

(2.2) 

(2.3) 

(2.4) 

The bosons Aµ and Zµ are electrically neutral because the bosons w; and Bµ 

connect fermions with themselves, so they do not carry any electrical charge. In 

addition, the boson Aµ is a massless field with coupling constant e, the electron 

charge, which is related to the couplings g and g' according to 

gg' . 
e = = gsmOw. 

Jg'2 + g2 
(2.5) 

The massive gauge fields Zµ and w; are responsible for the neutral and charged 

current of the weak interactions, and their masses are related to the weak angle in 
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lowest order by 

Afw = iHz cos Ow . (2.6) 

It is tempting to speculate, because of the presence of several parameters and the 

pattern of the fermion masses, that a more highly unified theory can be formulated. 

Presently, for the Glashow-Weinberg-Salam theory the number of free parameters 

that need to be introduced in the gauge boson and scalar sector in the most general 

expression of the lagrangian are 

or combinations of them. 

Up to now, the electron charge e and the Fermi constant CF are measured with 

great precision. The Higgs mass lvfH is unknown, although some theoretical and 

some phenomenological bounds exist. Finally, the weak mixing angle Ow is already 

measured by several experiments, and its precision is considerably improved in the 

LEP experiments. The next sections will focus on describing the procedure used to 

perform a measurement of this quantity, through the tau leptons and their decays. 

The most relevant terms of the lagrangian to carry on this study within the 

Standard Model are the terms describing the coupling of the fermion fields to vector 

bosons after the spontaneous symmetry breaking, given by 

.c = -
9rol:V'(Yµ(1--,5)(r+w: +r-iv;)1fi1 

2v2 / 

2 go L1/J/1µ(v1-ar/)1/i1Zµ 
cos w f 

e L Q 11/i //µI/; f Aµ ' 
f 

(2. 7) 

where 1/i f and 1/i f are the quark or lepton fermionic fields, and r+ and r- are two 

of the weak isospin generators of the group SU(2), which raise and lower the third 

component of T3 by one unit. This implies an increment of the same sign in the 

charge Q, because of the relation 

Q = T3 + Y. (2.8) 
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The first term of this electroweak lagrangian corresponds to the charged current 

weak interactions coupled by n:± gauge bosons. The second term corresponds to 

the weak neutral current interaction coupled by the neutral gauge boson. The last 

term corresponds to the electromagnetic interaction mediated by a photon. Other 

terms in the lagrangian such as those responsible for the couplings between the 

Higgs and either the leptons, gauge bosons or the Higgs itself are needed in the 

calculation of radiative corrections but are not explicitly written in equation 2.7. 

The parameters v f and a 1 are the vector and axial couplings of the neutral boson 

zo to the fermion f, that in principle can be measured separately. These are the 

parameters that will concern us in this thesis. In the Standard Model, the v 1 and 

a1 couplings are given by 

Tf - 2Q1 sin2 Ow 

Tf, 

(2.9) 

(2.10) 

where Q f and Tj are the charge and the third isospin component of the fermion f, 

as given in table 2.1. 

2.3 Polarization and Other Observables 

At LEP the most precise determination of sin2 Ow is provided by several asymme

tries to be determined on the z0 peak [4, 5]. These include the forward-backward 

charge asymmetry, the final state polarization, the forward-backward polarization 

asymmetry and the left-right cross-section asymmetry for a longitudinally polarized 

beam. 

The forward-backward charge asymmetry has been measured for quarks and 

leptons with good accuracy at LEP experiments. In particular for muons and taus, 

this asymmetry is extracted from a fit to the angular distribution given by 

d~ 2 8 
d = C ( 1 + cos (} + - AFB cos (}) , 

cosO 3 
(2.11) 

where C is a normalization constant, (} is the scattering angle between the incom

ing e- and the negative outgoing fermion in the centre of mass, and Apa is the 

forward-backward charge asymmetry, which will be discussed further in the next 
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sf'ction. The angular distribution is more complex for electrons due to the t-channel 

contributions. 

The final state polarization and the forward-backward polarization asymmetry 

are experimentally accessible in tau pair production, i.e. e+ e- -t T-T+, because 

tau particles promptly decay, unlike muons or electrons. In particular, the tau par

ticles decay via weak charged currents where parity is maximally violated, therefore 

the kinematical distributions of the decay products depends strongly on the spin 

orientation of the tau. The use of tau decays as polarization analyzers of its spin 

state has been considered extensively by several authors in the literature [6, 7]. 

The polarization of the tau, for instance, can be measured from the energy 

distribution of a given decay product. The sensitivity of the decay channel to the 

longitudinal tau polarization depends on the spin of the product whose spectrum is 

measured. The most sensitive decay is the pion channel T -t 1rvn because the pion 

is a pseudo-scalar. Consider for the sake of simplicity, T- -t rr-v.,., in the case where 

the angle between the tau line of flight and the pion is zero. Since this decay is a 

two body decay, in the tau rest frame the v.,. and the rr- are going out back to back, 

and the orbital angular momentum along the direction of the v.,. is zero. Assuming 

that the tau decays via the V - A interaction, then as the v.,. has negative helicity, 

it prefers to be emitted opposite to the direction of the spin of the T- to conserve 

the total angular momentum. Therefore, the rr- prefers to be emitted in the same 

direction of the spin of the T-. So, for a tau with positive (negative) helicity the 

resulting pion tend to be more (less) energetic. 

For the spin one decay products such as in the p and a 1 channels, more possibil

ities can occur, and thus in principle those channels are less sensitive. However, the 

loss of sensitivity with respect to the T -t rrv.,. channel can partially be recovered 

[8, 9, 10] by measuring the helicity of these systems from the subsequent p -t rrrr 

and a 1 -t rrrrrr decays. In the leptonic channels T -t evev.,. and T -t µvµv.,. the 

sensitivity is still worse because the spin can be distributed to all three bodies. 

In this thesis our main interest is to extract the tau polarization from angular 

correlations of the decay products of both taus produced at the Z0 peak at LEP. The 

potential of the correlated distributions as analyzers of the tau properties covers an 

ample range, which includes not only information on the spin state of a single tau 

but also on the spin correlations between both parent taus [11, 12, 13] and on the 
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parameters of the charged-current tau decay processes [14]. 

In terms of the acollinearity angle between the two decay products, the acollinear

ity distribution of both the cross-section and the forward-backward asymmetry are 

presented as the observables of interest, although other observables as a function 

of the acollinearity are also discussed. Assuming a Standard Model description of 

the tau decay, these measurable quantities depend only on the tau and electron 

couplings. 

In perturbation theory to the lowest order in the Standard Model, the amplitude 

of the process 

where ki and si ( i= 1,2) are the four-momenta and four-spin vectors respectively, 

is given by the sum of the contributions associated with 1- and Z0-exchanges. 

Both diagrams are represented in figure 2.3. The dominant electroweak radiative 

corrections around the z0 resonance can be included in the improved Born approx

imation [15]. 

e e 

Figure 2.3: Tree level diagrams that contribute to tau production from e- e+. 

As can be inferred from the Feynman rules associated to the lagrangian of equa

tion 2. 7, the amplitude for the photon exchange, T(J, and for the zo exchange, T,f, 



are given by 

T."I 
0 

11 

i e2 QeQJ u(k2);µu(ki) u(p1);µv(p2) 
s 

(2.12) 

e2 
i . 2 2 xo( s) x 

4 Sill Ow cos Ow 
(2.1:3) 

v(k2);µ(Ve - ae/5)u(ki) u(p1);µ(VJ - af/5)v(p2), 

wheres= (k 1 + k2 ) 
2

, and, up to small non-universal vertex corrections, the cou

plings of the zo boson with the leptons v1 and a1 ( l = e, J) are already defined 

in expressions 2.9 and 2.10. The propagator of the zo boson, xo(s), in the Breit

Wigner approximation may be written 

1 
Xo( s) = 'l-f2 + . W ro ' s - J z ii z z 

(2.14) 

where r~ is given by 

o ~ ! a Mz 2 2 r z = L.,, N c -3 4 . 2 02 2 02 ( v ! + a!) , 
f Sill W COS W 

(2.15) 

and N(; is the color factor, with value 1 for leptons and 3 for quarks. 

Figure 2.4: Possible helicity state configurations for the process e+e- --+ r+r-. 

It may be pointed out that according to the structure of the Standard Model 

the contributions of the amplitudes 2.12 and 2.13 in terms of the left and right 



12 Polarization in the Standard Model 

handed states, when the fermion energies are large with respect to its masses, can 

be formulated by mean of the following projectors 

( 1 - /5) 
UL= U 

2 
(2.16) 

where 1 5 is the Dirac chirality operator. These operators project out the helicity of 

a spmor. 

It can be shown that when ignoring corrections O(m;/1Yf~), that is, in the limit 

of high energy, the helicity is conserved in weak current interactions, and therefore 

both fermions will be in opposite helicity states. In the case of annihilation of an 

electron and a positron, only the e~el, and e! e"R combinations, where both states 

have opposite helicities, will be found. The same argument is also valid for the final 

fermion states. In other words, in the centre of mass, the scattering proceeds from 

a initial state with angular momentum± 1 along the coming e- direction to a final 

state again with ± 1 angular momentum along the outgoing 7- direction. The four 

possible helicity state configurations are shown in figure 2.4. 

In order to compute the differential cross section for 7+7- production with the 

spin of 7- in an arbitrary direction si and with the spin of 7+ in an arbitrary 

direction s;, where si and s; are unitary vectors of four components defined in the 

rest frame of the 7- and the 7+, respectively, the coordinate system of figure 2.5 is 

employed. 

Using this reference system, where in the laboratory system the z-axis is along 

the 7- -direction whereas the y-axis is defined by pl. x k~, the four-vectors of the 

process e+e- -+ 7+7- take the following form 

kµ 
l 

kµ 
2 

Pi 
Pi 
sµ 

l 

s~ -

k(l,sinB,O,cosB) 

k ( 1, - sin e' 0' - cos e) 
(E,0,0,p) 

(E,0,0, -p) 

(/3 * * * * ) / 8 1z' 8 tx' 8 ly' / 8 1z 

( {] * * * * ) -, / 8 2z1 S2x' 8 2y' / 8 2z ' 

(2.17) 

(2.18) 

(2.19) 

(2.20) 

(2.21) 

(2.22) 

where the components of si and s; are at the tau rest frame of the 7- and the 7+, 

and where the mass of the electron has been neglected. 
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.. z .. 
k 

p 

f 

.. .. 
pxk y 

f 

Figure 2 .. 5: Coordinate system in the laboratory frame. 

From the amplitudes 2.12 and 2.13, the differential cross section for the r-r+ 

production with polarization vectors 81 and 8 2 , respectively, may be written ne

glecting the electron mass as 

da 1 
d!l ( 81, 82) -

168 
{( 1 + 8;z8zz )[ F0 ( 8) ( 1 + cos2 0) + F1 ( 8 )2 cos OJ 

(8;z + 8zJ[Go(8)(1 + cos20) + G1(8)2cos0] 

+ [(8;y8zy - 8;x8zx)F2(8) + (8;y8zx + 8;xszy)G2(s)] sin2 O} , 

(2.23) 

vvhere s* designates the polarization vector in the rest frame of the tau 1
. 

The functions Fi(8) (i = 0, 1, 2) are associated with parity conserving terms, 

whereas Gi(8) (i = 0, 1, 2) correspond to parity violating observables. The functions 

Fi(s) and Gi(8) contain all the dynamic information of the theory, so they only 

depend on the coupling constants and on the propagator of the zo boson. They are 

1 s in the argument of F; and G; functions is the squared center of mass energy. 
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I 1zo zo 

Fo(s) o2(M1) 2o( M1 )ve VrReH ( s) ColH(s)l2 

Fi (s) 2a(AI1 )aearReH(s) C1IH(s)j2 

F2(s) -02(M1) -2o( Af1 )vevrReH( s) C2IH(s)l2 

Go(s) 2o( Jf} )vearReH( s) DolH(s)l2 

G1(s) 2o(M} )aevrReH(s) DilH(s)l2 

G2(s) 2o( i\f} )vearlmH( s) D2IH(s )12 

Table 2.2: Contributions to the functions appearing in the differential cross section, 
equation 2.22, from 1-exchange, Z 0 -exchange and their interference. 

given in table 2.2, where the contributions from 1-exchange, Z0-exchange and their 

interference are shown separately. The following notation has been introduced: 

0 
sxo(s), (2.24) H(s) = . 

4 sm2 Ow cos2 Ow 

and 

Co (lvel2 + !ael2)(!vrl 2 + !arl2) 

C1 = 4Re(vea;) Re(vra;) 

C2 (1 1';1 2 + lael 2)(!arl2 - lvrl 2) 

(2.25) 

Do (lvel2 + Jael 2) 2Re(vra;) 

Di 2Re( Vea;)(JvrJ 2 + larJ2) 

D2 -(lvel2 + lael2) 21m(vra;) . 

The differential cross section given by equation 2.23 contains terms coming from 

the interference between the diagrams of photon and zo exchange, which are pro

portional to the real part of the zo propagator and therefore vanish for s = !vi}. 

Thus, at the zo peak these terms cancel out. In other words, the several observables 
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at the zo resonance can be written in terms of the constants C; and D; defined in 

equations 2.2.S. except for a small contribution from the photon exchange that \vill 

be discussed in chapter .s. 
dO' 

From the dD(s 1 , s2 ), expression 2.23, it is possible to identify the different asym-

metries and polarization observables mentioned in the previous section. 

The longitudinal polarization of the tau lepton, PT( cos B), is a parity-violating 

observable, defined as 

JV+(cosB) N-(cosB) 
PT(cosB)=V( B) V( B)' l + cos + i - cos 

(2.26) 

where N± (cos B) are the number of events with ± helicity, and whose angular dis

tribution is deduced from equation 2.23 to be 

P ( e) __ G0 (s)(l + cos2 B) + Gi(s) 2 cos e 
T COS -

F0 ( s )( 1 + cos 2 B) + F1 ( s) 2 cos B 
( ') •)"".') -·-' 

As a consequence of the assumed helicity-conserving vertex, it can be seen that 

PT+ = Pr, and the longitudinal spin correlation is equal to one. 

With only the Z0-exchange term, the distribution (2.27) can be written as: 

P ( e) 
__ AT +Ae 2cos8/(1 +cos2 8) 

Tcos - , 
1 + ATAe 2 cos e I ( 1 + cos2 B) 

(2.28) 

where A,,. is the tau polarization averaged over all tau production angles 

(2.29) 

and Ae is the polarization of the z0 , also called the forward-backward polarization 

asymmetry, given by 

(2.30) 

It should be noticed that the angular dependence of the longitudinal polarization 

is seen in equation 2.27 to be mainly controlled by the factor Gi(s)/ F0 (s). At the 

peak of the zo resonance, and when disregarding the 1-exchange term, Ae becomes 

the polarization of the z0 • 
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The forward-backward charge asymmetry of the event distribution, when the 

final polarizations are not observed, can be obtained by 

1 da j da 

4 cosB>O d COS() cosB<O d COS fJ 
' F 8 = ----~"-"--'--'d-'-a..;;_;_ __ 1-=-=.;;_..>..;;;._;___.;..d..:::..a=-=-

10s B >O d COS fJ + cos0<0 d COS fJ 

(2.31) 

which can be shown to be 

(2.32) 

Furthermore. the differential equation 2.23 can be used to analyze correlations 

between the tau pairs. The transverse spin correlations lead to aplanarities of the 

decay products. The expected value of the product of the transverse components, 

which coincides with the expected value of the product of the normal components in 
c 

the Standard Model, is mainly sensitive to c:· On the other hand, the correlation 

between the normal and transverse component leads to a sensitivity modulated by a 
G 

term proportional to F:. These correlations have been studied in detail in reference 

[11, 16], and are not discussed any further here. 

2.5 Correlated Decay Distributions 

In this section the cross section for the production and decay of tau pairs is explicitly 

calculated as a function of quantities that depend on both taus simultaneously. Of 

those correlated distributions we will concentrate on those relating to angles, in 

particular on the differential distribution as a function of the acollinearity angle of 

the one-prong decay products. In order to derive the correlated distributions, it can 

be stressed that these distributions cannot be measured as functions of variables 

that depend on the tau direction because the neutrinos escape detection. 

The correlated distributions have already been proved [17, 18, 19] to be interest

ing in order to measure the tau Michel parameters and to determine the electroweak 

couplings associated to the tau production and its decay. In the following develop

ment, the V - A structure of the weak charged current is taken from the prediction 

of the Standard Model and no attempt is done for possible further studies. 



2.5 Correlated Decay Distributions 17 

2.5.1 Tau Decay 

To compute the correlated distributions depending on observable quantities consider 

the 1-prong decay process where the tau has an arbitrarv polarization s· in its rest 

frame and x is a charged particle with four-momentum q 

The decay distribution in the tau rest frame may be written in a general form as 

dr±( ,* ) f( ) [A(i) -· -· A(il] d3 • .-; . q = T ~ vT +Xi+... 1 =t= O:i qi · s 2 qi , (2.33) 

where the symbol * is used to represent variables in the tau rest frame [20]. The de

cay distribution functions Ali) and A~i), and the polarization parameters a; depend 

on the particular decay channel under consideration. 

Leptonic channels 

For the purely leptonic processes, the most general matrix element for the tau 

decay is given by 

(2.34) 

where Gµ is the Fermi constant, the index n stands for the kind of interaction 

to be considered, that is scalar, pseudo-scalar, vector, axial and tensor and a 

designates the appropriate combinations of Dirac matrices. In the Standard 

Model the only non zero couplings are 

5 5 1 9v = -ga = -gv = 9a = · (2.35) 

In terms of the so-called Michel parameters [21], the Standard Model predic

tion is 

3 
p; = b; = -

4 
7Ji = 0 

where the a; parameter can be identified as 

~i 
O'.i = --. 

3 

~i = 1 ' (2.36) 

(2.37) 
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1 
So, for purely leptonic processes, O:i = - 3 ( i = e, µ) and the corresponding 

decay distribution functions derived from 2.34 may be written as [20] 

(2.38) 

which in the standard theory for the charged current weak interactions are 2 

mz T-Vi 1 2 --+ -E~ - -E~ 
6 2 I 3 I 

(2.39) 

?; 
-T-Vi + _: + E* 

I 2 I l 
(2.40) 

where i·V; (Pi) is the maximal energy (momentum) of the leptons in the tau 

rest frame 

m2 +m2 
T-Vi = T I 

2mr 

m2 -m2 
P; = T I 

2mr 
(2.41) 

The normalization factor ,\i turns out to be 

,\' I 

(2.42) 

Hadronic channels 

For the hadronic processes, a matrix element similar to that of expression 2.34 

can be written including, however, the usual parameterization for the charged 

hadronic current. 

Then, for two-body decay processes (xi= 7r,p,a 1), the polarization analyzers 

are 

O:rr = ~ = 1' (2.43) 

for spin 0 particles, and 

m 2 - 2m~ 
T I t 

O'.i = 2 + 2 2.., mr mi 
(i = p, ai) , (2.44) 

2 ~1ore details on a~i) and a~i) can be found in appendix A. 



2.5 Correlated Decay Distributions 19 

for spin 1 particles. Using the nominal values for the masses of p, a 1 and r 

[22], yields ap '.::::'. 0.46 and aa 1 '.::::'. 0.12. The momentum distributions [20] are 

given by 

(2.4.5) 

From the differential cross section for tau production with polarizations si and 

s; given by equation 2.23 and from the angular distributions of the tau decays 

with spin si in its rest frame, the correlated distribution for tau production and 

subsequent decays in the process 

-+ -+ -++ e e -+ T T -+Xi X2 .•. ' 

is given by 

(2.46) 

It has been assumed that r r « mr, and do-( nJ. *, n2 *) is obtained from do-( §i. *, si *) 
by substituting for the polarization vectors s!* and s2* [13, 23, 24] the expressions 

(2.47) 

(2.48) 

m2 
where the terms proportional to -T are neglected. The differential decay width 

1\1z 
df Xj for an unpolarized tau is 

dr . = ~ L dr(si) r( ) A(i)d3 * x = T -+ Vr + Xi + . . . l qi , • ? x, 
(2.49) 

- Si 

where r T is the total width of the tau, 

Finally, introducing expressions 2.47 and 2.48 in 2.23 according to 2.46, the 
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correlated distribution obtained is 

d80' 

with 

i·( ) {[A(1lA(2l + A( 1lA(2l * * O* O*] 1\ s I I a1a2 2 2 q1q2COS 1COS 2 x 

[Fo(s)(l +cos2 0) + F1 (s)2cos0] 

[a1A~1 l Al2lq~ cos O~ + a 2 Al
1
l A~2lq; cos e;] x 

[Go( s )(1 + cos2 0) + G1 (s )2 cos OJ 

A (1)A(2) * * . O* . O* + a1 a2 2 2 q1 q2 sm 1 sm 2 x 

sin2 O[F2(s) cos(¢; - </>~) + G2(s) sin(</>2 - </>~)J} , (2.50) 

(2.51) 

where q~, q2 are the momenta of the particles x 1, x 2 , and 0£, <Pi (i=l,2) are the 

polar and azimuthal angles that define the direction of the particles x 1 , x 2 in the 

T=t= rest frame respectively. 

This distribution, however, depends on the tau direction (} in the laboratory 

frame, as well as on the momentaq].*, f·i* of the particles x 1, x 2 in the T=t= rest frames, 

respectively. \Nithout reconstruction of the tau direction, one cannot measure these 

variables experimentally. Instead, one can rewrite this cross section (equation 2.50) 

in the laboratory frame and use variables independent of the tau direction. 

For this purpose the laboratory frame is defined in such a way that the momen

tum of Xj (qi, Oi, </>i) (i = 1,2) is referred to the direction of the ;'f, 'ft'i (i = 1,2), 

respectively. For yfS = lVfz, the boost connecting the laboratory and the T=t= rest 

frames is defined by the parameters I= 1Wz/(2mr), and /3 = Jl -1-2. Then, the 

variables in the two systems are related by 

with the Jacobian 

E* 
I 

q'." cos(}* 
I I 

q'." sin O* 
I t 

1( Ei - /3qi cos Bi) 

1(qi cos Bi - /3Ei) 

q; sin O; 

</>; ' 

8( qi, cos Bi) Ei q[ 
8( q;, cos O;) - qi2 E; . 

(2.52) 

(2.53) 
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The range of the angular variables depends on the decay channel. For two-body 

decays the energy and the angle are not independent variables, so that for a given 

energy the angle is given by 

COS()j = COS(i = t I (lg -W·) 
/3/qi 

(2.54) 

For the leptons, which appear in three-body decays, one has instead a certain range 

of cos ()i that is 0 ::; ()i ::; (i for a given energy. 

The variables er, ¢1, e2, ¢2, which refer to the X1 and X2 directions with respect 

to their parent r=F, are still not directly observable. The measurable quantities are 

instead the opening angle () 12 between x1 and x 2 and the orientation of the x1 x 2 

momentum plane with respect to the electron beam. 

The transverse and normal spin correlations between both taus only appear in 

2 .. 50 associated with the azimuthal variable¢' = ¢1-¢2, related to the orientation of 

the x 1 x 2 momentum plane. These correlations give rise to the previously mentioned 

aplanarity observables [11]. However, in the present analysis ¢' is integrated out 

and further studies are restricted to the acollinearity distribution. 

To analyze the correlated distribution in the laboratory frame, it is convenient 

to define the acollinearity angle c: between the two decay products: c: = 7r - () 12 . 

The acollinearity angle c: is related to the azimuthal angle </> between the r-x1 
momentum plane and r+xt momentum plane in the laboratory frame ( </> = ¢1 + ¢2) 

by: 

cos c = cos ()1 cos ()2 - sin ()1 sin ()2 cos</> . (2.55) 

After including the boost transformation to the laboratory frame and the substitu

tions in terms of the observable quantities expression 2.50 leads to 

d5(J' E*E* 
47!" [{ ( s )qi q2 J Td cos el d cos e2 x 

{[A(i)A( 2) + A(1)A(2) *cos ()*q* cos()*] x 
1 1 a1 a2 2 2 qi 1 2 2 

[F0 (s)(l + cos2()) + F1(s)2cos()] 

[a 1 A~1 >Al2lq~ cos(}~+ a 2Ap> A~2>q; cos o;J x 

[G0 (s)(l + cos20) + G1(s)2cosOJ} , (2.56) 
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where for compactness of notation not all the * variables are substituted, so Ei and 

q'( cos ft;, defined in the r:t= rest frames, are given in 2.52 in terms of the laboratory 

variables Ei, qi, cos O;, and Q- 1 is the Jacobian 
8

( 
3

<1> )'with 
COSE 

The non-observable angles 01 and 02 are integrated out in equation 2.56; again 

for compactness the explicit relations are not written . This result still depends on 

the production angle() of the tau with respect to the beam. However, equation 2.56 

can be expanded to the dominant order in the dilation factor/, taking into account 

that 01 , 02, E ,..._, ,- 1 . As the angular distribution of the tau is explicitly dependent 

on cos e, it can be substituted by cos() = cos()_ + 0 ( ~2)' where ()_ is the polar 

angle between the xj"" decay product and the e- beam. This will be the physical 

meaning of cos() from now on. 

2.5.3 Angular Correlations 

d2a 
The correlated angular distribution d ()d is obtained from equation 2.56 by 

cos € 

integrating out £ 1 and £ 2 , as well as the azimuthal angle of the tau. This yields 

d cos BdE 
2rrI<(s) { F(E) [F0 (s)(l + cos2 0) + F1(s)2cos OJ 

G(E) (G0 (s)(l + cos2 0) + G1(s)2cos OJ} . 

The functions F( E) and G( E) of the acollinearity angle E are defined as 

F(E) 

G(E) 

Qu(E) + a1a2Q22(E) 

a1Q2i(E) + a2Qi2(E) . 

The functions Q ij ( E) are defined as [25] 

E*E* 
4rr sin E j T qi q2 dEi d cos Bi dE2d cos 02 x 

4.(iJ( * B*)i-iA(2)( * B*)j-i , i qi cos i j q2 cos 2 . 

They satisfy 

(2.58) 

(2.59) 

(2.60) 

(2.61) 

(2.62) 



2.5 Correlated Decay Distributions 23 

showing that the information on the polarization distribution is lost when equation 

2.58 is integrated over c. A more detailed description of the integration of those 

functions is given in appendix A. 

As can be seen from equation 2.61, Qi2 (c:) = Q21 (c:) when the r+ and r- decay 

products have the same mass. The use of the acollinearity angle c: as an observable 

introduces a constraint between the (unobservable) quantities cos Bi, cos 02 due to 

the relation 2 .. 5.5. Specifying c: defines an allowed region in (Bi, 02 )-space, which 

is a rectangle whose boundaries are obtained for coplanar events (cos¢> = ± 1). 

This rectangle defines also an allowed region in (Ei, E2 )-space for a given c and 

confines the region of integration over cos Bi and cos 02 to its interior. As a result, 

the integration over cos Bi depends on cos 02 and one cannot factorize the functions 

QiJ(E). It will be shown in the next section that in the case of the energy-energy 

correlations the terms in cos Bi and cos () 2 can be factorized. 

Although the functions Qij( c:) depend on the final states xi and x 2, the general 

shape is common for all the I-prong decays considered. The Q;j functions corre

sponding to the r- ~ rr-vr, r+ ~ rr+vr channel are shown in figure 2.6, and in 

figure 2. 7 those corresponding for T- ~ e-vrile, r+ ~ µ+ VrVw Figure 2.8 shows the 

Q;j functions corresponding to the r- ~ e-vrile, r+ ~ p+vn where the difference 

between Q12 (c:) and Q21 (c) is distinguishable. 

From equation 2.58, two independent observables can be defined which at the 

peak of the zo resonance only depend on Ar and Ae [25]. Once equation 2.58 is 

integrated over cos B, the normalized acollinearity distribution is given by 

1 dO' 

O' de: 

which is an observable linear in Ar· 

F(c:) +Ar G(c:) , (2.63) 

Also, the acollinearity distribution of the forward-backward asymmetry can be 

defined as 

1os8>0 

dO' 

1os8<0 

dO' 

AFB(c:) = d cos ()de: d cos Ode: 
dO' 

1os8<0 

dO' 

1os8>0 d cos ()de: + d cos Ode 

(2.64) 

At the peak of the z0, this can be written 

(2.65) 
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Figure 2.6: Functions Qij(€) for the rr-rr+ decay channel. Continuous line: Q11 ; 

dashed line: Q22; dotted line: Q21 = Q12· 

Combining expressions 2.63 .and 2.65, the observables Ae and AT can be separated. 

Alternatively, if universality is assumed, 2.63 and 2.65 provide independent methods 

to determine Ae-T. 

2.5.4 Energy-Energy Correlations 

For completeness, the expression for the energy-energy correlations is also given 

because when measuring the tau polarization dependence from the acollinearity 

distributions, since the acollinearity is kinematically correlated with both energies, 

some genuine energy-energy correlation information is measured too. 

Th l d. "b . d
4
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2.56 over c:: 

(

cos( 81 +82) d5 (j 
~~~~-~~~dcosc: 

Jcos(ti1 -fh) dDdEi dE2u COS c 

= 4rr 2 K(s) qi q2 j E;E;dcosBidcosB2 x 

{[A~i) A~2 ) + aia2 A~i) A~2)q; cos B;q; cos B;J x 

[F0 (s )(1 + cos2 B) +Fi (s )2 cos BJ 

[aiA~l) A~2)q; cos B; + a 2 Al1) A~2lq; cos B;J x 

[G0 (s)(l + cos2 B) + Gi(s)2cosBJ} . 

(2.66) 

(2.67) 

The energy-energy correlated distributions are considerably simpler than the 

angular distribution, due to the fact that the integration over cos Bi is independent 

of the integration over cos B2 • Thus for leptons 
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and for mesons 

cos ()i = cos (i ' 

with (i as given in equation 2.54. 

After integrating over the tau direction, the distribution function around the 

zo resonance for any combination of leptons and mesons in the tau decays can 

therefore be written as: 

{ H61l(Ei)H62l(E2) + 0:10:2HPl(Ei)H~2 l(E2) 

+Pr[o:1HP\E1)Ha2)(E2) + 0:2Ha1 )(Ei)H~2)(E2)J} (2.68) 
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For leptons one gets [20] 

q· 11 ) --+ ai1 
d cos Bi 

2Ai cos(, 

qi L2 R(i)(£) 1 (1 n+l •) - ·---cos (. 
2,\. n t n + 1 "' 1 n=O 

(2.69) 

q· 11 I (i) * * ~ a 2 (qi cos B; )d cos O; 
2Ai cos(, 

q· 2 1 
-

1 ~ ')(i)(E)-. -(1 - cosn+I t.) 
•)I . L....,, '- n I + 1 ',I ' 
-At n=O n 

(2.70) 

where the coefficients R~i)(Ei) and S~il(£i) are defined by writing the functions aii) 

and a~i) ( q"( cos Bi) in the laboratory frame 

2 2 

aii) = L R~i)(Ei) cosn B; a~i)(qicosBn = L s~i)(Ei)cosnBj, (2.71) 
n=O n=O 

whereas for mesons 

HJil(E;) 
1 

(2. 72) 
21/3?; 

Hfil(Ei) 
1 £; - 1iVi 

(2.73) = 
21/3Pi 1/3Pi 

Around the z0-resonance, it can be seen that the s-dependence of the energy cor

relation given by equation 2.68 is quite smooth. When this observable is integrated 

over E2 , the well known single tau decay spectrum is reproduced [26]. 
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Chapter 3 

The ALEPH Detector 

3.1 LEP Storage Ring 

The measurement of the zo and ~V boson properties to test the Standard Model, and 

searches for possible new phenomena, provided the physics motivation behind the 

construction of the Large Electron-Positron collider, LEP [27]. The LEP collider 

accelerates electron and positrons up to 55 GeV for production of zo in its first 

phase. A second phase is foreseen in which the LEP machine is expected to provide 

collisions at a center of mass energy of 200 GeV, to study W production and decay 

properties in detail. 

The LEP storage ring consists of eight arcs alternating with eight straight sec

tions. The electrons and positrons are maintained on circular orbits by mean of 

3368 dipole magnets located in the arcs. The beams are focused by 808 quadrupole 

and sextupoles magnets positioned along the straight and arc sections. The electron 

and positron beams collide at the center of four of the straight sections, where the 

detectors are installed. 

The LEP injection chain is shown in figure 3.1. It consists of a two stage 

linear accelerator (LIN AC) which accelerates electrons and positrons. In the first 

stage some electrons are first accelerated up to 200 MeV, and are used to produce 

positrons by colliding in a intermediate target. Then, in the second stage, electrons 

and positrons are accelerated up to 600 MeV, before being injected into the Electron 

Positron Accumulating ring (EPA), where they are accumulated and cooled by 

synchrotron radiation. From there, electrons and positrons are injected into the 
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Figure 3.1: Scheme of the LEP injectors and accelerators. 

Proton Synchrotron (PS), where the energy is raised up to 3.5 GeV. Then, they 

are sent to the Super Proton Synchrotron (SPS) for a further acceleration up to 20 

Ge V. Finally, bunches of electrons and positrons are transferred into the LEP ring 

and accelerated to a maximum energy of 55 GeV. Four bunches per beam circulate 

in opposite directions, and are accelerated using klystron-powered radiofrequency 

cavities. The bunches are typically 1.2 cm long with a horizontal and vertical size of 

about 250 µm and 12 µm respectively at the collision points. Other LEP parameters 

of interest are shown in table 3.1. Presently, the luminosity delivered by LEP in 

good running conditions is about 1032 cm-2 s- 1 . 
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j Parameter Value Units j 

Circumference 26667 m 

Average radius 4243 m 

Bending radius in the dipoles 3096 m 

Depth 80-130 m 

Number of interaction points 8 

Number of experimental areas 4 

Number of bunches per beam 4 - 8 

RMS Bunch length 12 mm 

Horizontal bunch sigma 200 µm 

Vertical bunch sigma 12 µm 

Injection Energy 20 GeV 

Maximum beam energy (phase I) 55 GeV 

RF Frequency 353 MHz 

Total current per beam 29 mA 

Luminosity 1032 cm-2 s- 1 

Vertical f3v 5 cm 

Horizontal f3H 25xf3ir cm 

Table 3.1: Main LEP parameters. 

3.2 The ALEPH Detector 

ALEPH (Apparatus for LEP PHysics) is a general purpose detector for e+e- inter

actions described in great detail in [28, 29]. The detector was conceived to cover 

as much as possible of the total solid angle and to collect the maximum amount of 

information per event. For this purpose, ALEPH has been designed with tracking 

detectors and a high magnetic field, to permit precise momentum measurement for 

charged particles, and calorimeters surrounding it to measure neutral particles and 

provide good particle identification. 
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The ALEPH detector has a cylindrical structure around the beam pipe as in 

figure 3.2 where an overall view of the detector with the main subdetectors is shown. 

@( 

\ 

Figure 3.2: Overall view of the ALEPH detector. (1) Luminosity Afonitor. (2) Inner 
Tracking chamber. (3) Time Projection Chamber. (4) Electromagnetic Calorimeter. 
(5) Superconducting coil. (6) Hadronic Calorimeter. (7) Muon chambers. (8) 
Superconducting quadrupole around the beam pipe. 

The electron-positron interactions take place inside the beam pipe. The first 

detector that surrounds the beam pipe is a double layer silicon strip vertex detector, 

not visible in figure 3.2, for very accurate measurement of tracks coming from the 

interaction point. 
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There are two tracking chambers in ALEPH. A small inner tracking chamber 

(ITC) using axial wires is a drift chamber. Surrounding this first chamber, a large 

cylindrical time projection chamber (TPC) is located, providing a three dimensional 

measurement for each track. Beyond the tracking chambers is the electromagnetic 

calorimeter ( ECAL) consisting of alternating layers of lead sheets and proportional 

tubes. A magnet consisting of a iron yoke and a superconducting solenoid sur

rounds the electromagnetic calorimeter. The magnet provides a magnetic field of 

1.5 T parallel to the LEP beam direction with high uniformity. The iron yoke, 

just outside the coil, serves several functions. Firstly, it shapes the longitudinal 

magnetic field. Secondly, it is used as a sampling medium for the hadron calorime

ter (HCAL). Finally, it is also used as support for most of the other subdetectors. 

Tbe hadron calorimeter consists of limited streamer tubes interleaved with the iron 

plates forming the magnet return yoke. The outermost subdetector is the muon 

chambers which consists of a two double layers of limited streamer tubes with a 

half meter separation between them. 

For the luminosity measurements there are three detectors. The original lumi

nosity calorimeter LCAL is constructed like the electromagnetic calorimeter. Re

cently, a second calorimeter based on tungsten absorber and silicon crystals (SICAL) 

is been installed with a higher acceptance than the previous one. Finally, a very 

small angle luminosity monitor (BCAL) is located after the final focus quadrupoles 

in order to provide an instantaneous measurement of the luminosity. 

3.2.1 Tracking Detectors 

Inner Tracking Detector 

The inner tracking detector (ITC) is a cylindrical multiwire drift chamber com

posed of eight layers of sense wires parallel to the beam direction (30]. The active 

volume is a cylinder of 2 m length where the radial region varies from 16 cm to 26 

cm. Inside this volume this chamber can provide up to eight coordinate points per 

track. The r<b coordinate is obtained by measuring the drift time, giving a precision 

of about 100 µm. The z coordinate is obtained by measuring the difference in the 

arrival times of the pulses at the two ends of each sense wire. The accuracy on this 

coordinate is 3 cm. 
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The ITC drift cells have hexagonal shape, with a central sense wire surrounded 

by six field wires. The six field wires are held at earth potential, except one field wire 

per cell which is insulated from the end-plate where all the others are connected, in 

order to inject a calibration pulse when needed. Four of these field wires are shared 

by neighbouring cells in the same layer as can be seen in figure 3.3. The sense wire 

is operated at a positive potential in the range of 1.8 to 2.5 KV. 

The size of the cells was kept small to reduce the drift time in order to give a 

fast signal to be used in the trigger. In addition, the cells in contiguous layers are 

offset by half a cell width, which is intended to help the left-right ambiguity in the 

track fitting. 

The sense wires are directly connected to preamplifiers. The signal coming out 

from this preamplifier is the input for the main board which contains more ampli

fiers, discriminators and latches. The signal is amplified 36 times and discriminated. 

The discriminated output from one end of the chamber is connected to a time-to

digital converter module. 

The signal from this time-to-digital converter is used to determine the drift 

time, which generates two r</> coordinates, one on each side of the anode wire. The 
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signals from both ends of the ITC go to a second time-to-digital converter. The time 

difference is used to measure the z coordinate. The ambiguity in rd> coordinates is 

solved at the tracking stage explained on the last section of this chapter. 

This main board provides two signals for each wire used for the trigger proces

sors. The first signal, a hit wire latch, is used to search for tracks in the radial 

patterns of wire cells. The second signal is a pulsed output which represents the z 

position of the hit. The trigger signal produced is available to the ALEPH trigger 

in less than 3 µs. 

Time Projection Chamber 

The time projection chamber (TPC) is a very large three dimensional imaging 

chamber, giving high precision measurements of tracks coordinates and dE/dx of 

charged particles. This detector consists of a large cylinder of 4. 7 m length with an 

inner radius of 0.31 m and a outer radius of 1.8 m. 

Inside this cylinder there are axial parallel magnetic and electric fields. The 

11 kV/ m electric drift field points from each end-plate towards the central mem

brane which is connected to a negative potential that divides the chamber into two 

halves. The TPC is filled with a a mixture of Argon and methane. 

Charged particles crossing the TPC volume produce ionization. The resulting 

electrons are driven by the electric field toward the end-caps. When the electrons 

arrive at the end-plates they induce ionization avalanches in a plane of wire cham

bers. The measurement of the point where this second ionization takes place gives 

the r</> coordinate; whereas the time needed for the electrons to reach the end-plate 

gives the z coordinate. 

The presence of a 1.5 T magnetic field produced by the superconducting solenoid 

surrounding the TPC causes the trajectory of a charged particle inside the TPC 

volume to have a helical form. The projection of a helix onto the end-plate is an 

arc of a circle. The measurement of the sagitta of this arc yields the curvature 

radius which is proportional to the component of the momentum perpendicular to 

the magnetic field. The large dimensions of the TPC were dictated by the goal of 

reaching 10% resolution in the transverse momentum for 100 GeV /c tracks. 

The TPC has a large number of end-plate sectors, 18 on each side, as can be seen 

in figure 3.4. The zig-zag geometry of the sector boundaries reduces the number of 
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Figure 3.4: View of the TPC. 

tracks not visible because they totally overlap with the dead region at the sector 

boundaries. There are three planes of wires on each chamber. Starting from the 

central membrane to the end-plates, 

• the first layer has the function of gating grid, 

• the second layer is the cathode plane, and 

• the last wire plane contain sense wires interleaved with field wires. 

This structure is shown in figure 3.5. 
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The cathode wires together with the central membrane create the electric drift 

field. The ionization avalanches created around the sense wires are read out by the 

signal induced on cathode pads at a distance of 4 mm from the sense wires. In 

addition, in the sectors there are long circular trigger pads from which a trigger 

signal is derived. 

High precision m the alignment of each chamber with the others is required 

because each radial track is measured by 2 different wire chambers. The relative 

positions of the wires in the r¢ plane within the sense/field grid are accurate to 

±0.02 mm. The overall positions in the r¢ plane of the three grids with respect to 

the references on the pad plane are better than ±0.1 mm. The pad positions have 

a tolerance of ±0.02 mm relative to the reference marks on the char:nber. 

In the avalanches, positive ions are produced near the sense wires. If they enter 

in the drift volume, they can alter the drift field and cause track distortions. In order 

to avoid this, a gating wire grid was introduced. The gating grid has two possible 

states: open and closed. In the open state, a potential Vg = -67 V is placed on 

the gate wires, so that the gate is transparent to drifting charged particles. On the 

other hand, in the closed state, potentials Vg ± 40 V are placed on alternate wires 

of the grid. The resulting dipole fields prevent the passage of positive ions. The 

gate is opened 3 µs before every beam crossing. If a positive trigger signal arrives, 

the gate is kept open, otherwise the gate is closed [31, 32]. 

The sense wires are read out to give the energy deposition dE / dx for particle 

identification. The dE / dx estimation is done by taking the mean of the smallest 

603 of the 330 possible samples associated with a track. The resolution is found to 

be around 53 for electrons coming from hadronic events [33]. 

The r¢ spatial resolution is affected by the diffusion of the drifted electrons, 

and it depends on the angles of the track with respect to the pads and wires. For 

low momenta, the effect of the angle between the track and the pads, the so-called 

angular pad effect, becomes dominant. The achieved r¢ spatial resolution is around 

200 µm [34). 

The transverse momentum resolution of a track, with the maximum possible 

number of measured coordinates, that is 21, is given by 

~P _3 (GeV)-i 
-=10 p -
p c ( < (j >) (~) 0.003 

150µm B EB ' 
(3.1) 
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Figure 3.5: View of a TPC wire chamber. 

where p is the transverse momentum, B the magnetic field, < a > is the average 

error on each r</> coordinate and the factor 0.003 takes into account the contribution 

of the multiple scattering in the gas of the chamber [35]. Owing to the angular pad 

effect, at low momenta, the momentum resolution is deteriorated. The momentum 

resolution for high momentum tracks having 21 TPC coordinates is 

~; = 1.2 10-' (G:v)-1 . (3.2) 

The momentum resolution can be improved by using the measured coordinate points 

from ITC, TPC and silicon strip detector all together up to 0.6 10-3 GeV/c- 1
. 

The achieved resolution for the acollinearity angle € in two track events is about 

1.5 mrad. 

In the case of the z component, the uncertainties come from the systematic 

differences in the transit time of the electronics, the length of cables, and the shaping 

time of the electronics. Also, the drift velocity needs a careful monitoring. The drift 

velocity is measured by mean of a laser system, which is based on the comparison 

of the reconstructed polar angles of the laser tracks with the deflection angles of the 

beam into the chamber. From the pad information, the error on the z coordinate 
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varies between 1 mm for tracks with a polar angle around 90°, and 2 mm when the 

polar angle is close to 20° or 160°. 

Microvertex Detector 

In 1991 a silicon microvertex detector was installed in ALEPH. The motivation 

for this detector is the measurement of multiple vertices for heavy quarks and 

leptons, but it also provides high precision measurement of charged tracks close 

to the interaction point and this complements the momentum measurement in the 

main tracking chambers. 

The ALEPH minivertex detector is made out of two concentric barrels of double 

sided silicon microstrip detectors positioned around the beam pipe [36]. Each silicon 

wafer has read out strips parallel to the beam on one side and perpendicular to the 

beam on the other side. The resolution in r<j> is 12 µm and in z is 10 µm. 

3.2.2 Calorimeter Detectors 

Electromagnetic calorimeter 

The electromagnetic calorimeter (ECAL) is a sampling calorimeter of lead sheets 

and proportional wire chambers designed for measuring the energy and position of 

electromagnetic showers [37]. The electromagnetic calorimeter has three parts: a 

barrel and two end-caps as can be seen in figure 3.6. The barrel surrounds the TPC 

and is divided in twelve modules, each subtending 300 in azimuthal angle. The 

barrel is a cylinder 4.8 m long with an inner radius of 1.85 m and an outer radius 

of 2.35 m. 

The entire barrel is rotated by about 2° with respect to the hadron calorimeter 

in order to avoid overlapping of crack regions. Each end-cap is 0.56m long with an 

inner radius of 0.54 m and 2.35 m for the outer radius. Each end-cap is divided in 

twelve modules. The barrel is closed at both ends with these end-caps. 

The end-cap modules have a 15° rotation with respect to the barrel modules. 

The calorimeter is highly granular and with a good hermiticity: the cracks represent 

only 2% of the barrel and 6% in the end-caps. The energy and the position of the 

electromagnetic showers is measured using small (30 x 30 mm2
) cathode pads. The 
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Figure 3.6: View of the ECAL detector. 

cathode pads are connected internally to form towers pointing to the interaction 

point. Each tower is read out in three sections in depth, called storeys. Each module 

consists of 45 layers of lead and wire chambers. The structure of a single layer is 

shown in figure 3.7. It has 3 parts: 

• a lead sheet of 0.2 cm ( 0.5 radiation lengths) thickness, 

• a wire chamber plane (anode plane), which are made of aluminium extrusions, 

• a pad plane (cathode plane). 



3.2 The ALEPH Detector 41 

In addition to the pads, all wires m a wire plane are read out together on 

a single channel. A barrel module, thus, contains 12288 pad channels but only 

4.5 wire channels. The wire signals are used for calibrating the modules and for 

triggering. The energy resolution is measured to be 

CTE 

E 

18% Gev112 

vfE EB 2%. 

The achieved position resolution is 

6.8 mm Ge V1l2 

CTx = CTy = v1E 

( :3.3) 

(3.4) 

Pion-electron separation relies on the fact that the cluster structure is quite dif

ferent in electromagnetic and hadronic showers (38]. Two estimators can be defined 

in order to separate electrons from pions. The first one compares the momentum 

measured by the TPC to the energy deposited in the four towers closest to the 

extrapolated track. The second estimator is a quantitative measure of how well the 

longitudinal shower profile matches with the longitudinal shower profile expected 

for an electron. The measured pion efficiency for an electron efficiency larger than 

9.5% is of the order of 10-3 above 10 GeV. 

Hadron calorimeter and streamer tubes 

The hadron calorimeter (HCAL) is a sampling calorimeter of streamer tubes and 

iron sheets (39, 40]. The iron serves as the absorber part of the haclronic calorimeter 

and as the magnet return yoke. This calorimeter is composed of a barrel outside 

the superconducting coil and two end-caps. These structures are shown in figure 

3.8. The barrel and each encl-cap have twelve and six modules respectively. Each 

module consists of twenty-three layers of streamer tubes separated by 5 cm iron 

sheets. The total iron thickness of a module is 1.2 m, corresponding to 7 interaction 

lengths. On both sides of the tubes, pulses are induced in external electrodes. On 

one side copper pads are placed, which are summed in order to build up 4788 

projective towers pointing to the interaction point. On the other side of the tubes, 

aluminium strips follow each individual tube. They provide a standard logic signal 

if a tube has been fired. Signals from these strips provide a two-dimensional view 

of the development of haclronic showers. This digital readout is very effective for 
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identifying muons. This digital readout is also used for the level-1 trigger. The 

energy resolution of the hadronic calorimeter is given by 

0.90 GeV1l2 

v'E 
(3.5) 

with an angular resolution of 10 mrad for the polar angle for muons. 

Outside this calorimeter structure are two additional double layers of streamer 

tubes; they serve as muon detectors. The muon chambers do not contribute to 

the measurement of the hadronic shower energy. They are used simply as tracking 

devices with two coordinates read out from each layer of tubes. 
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Figure 3.8: View of the HCAL detector. 

3.2.3 Luminosity Detectors 

43 

The luminosity is determined from the rate of Bhabha events at small scattering 

angles. At the LEP energies, the cross section is well known from the quantum 

electrodynamic theory, and the interference of the I and zo is small for small angle. 

The Bhabha events are characterized by an electron and positron in coincidence on 

both sides of the interaction region with energies close to beam energy. 

In ALEPH the main luminosity calorimeter (LCAL) is a sampling calorimeter 

of lead sheets and wire chambers located around the beam pipe on both sides of 

the interaction region. The LCAL detector is made of four semicylindrical modules. 
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The outer radius is .52 cm and the inner radius is 10 cm. The detector is placed at 

2.7 m from the interaction point. 

The total energy and the position of the electromagnetic shower are measured 

using small 30 mm square cathode pads. The cathode pads are connected internally 

to form towers pointing to the interaction point. Each tower is read out in three 

sections of depth. The energy resolution is around 

(j 15% Gev1l 2 

VE EB 11%, (3.6) 
E 

for wires and pads. The instrumental systematic error in the luminosity determi

nation is found to be of the order of 0.2%. 

In October 1992 a new luminosity calorimeter was installed in ALEPH [41]. 

This new detector consists of a compact cylindrical silicon-tungsten calorimeter 

(SICAL) mounted on each side of the interaction region, which extends the low angle 

acceptance for Bhabha events from 55 mrad down to 28 mrad. Each calorimeter 

is assembled from two half-modules enclosing the beam pipe, and consists of 12 

tungsten sheets alternating with layers of silicon pads. The successive layers of 

silicon are rotated in the azimuthal angle by one-third of the pad size. This detector 

provides a gain in luminosity statistics of a factor close to 5, and the systematic 

error is significantly reduced, approximately to the order of 0.08% [42]. 

In order to provide a fast luminosity measurement, an additionai Bhabha calorime

ter (BCAL) is installed to detect Bhabha events at very small angle, between 5 and 

9 mrad [43]. The system consists of four identical sampling calorimeters located 

symmetrically on each side of the beam pipe with respect to the horizontal (bend

ing) plane of LEP, and on each side of the ALEPH interaction region. Each of the 

four calorimeters is made with tungsten converter sheets interspersed with 5 sam

pling layers made of plastic scintillator read out by photomultipliers, which provide 

information on the energy deposited in BCAL. In addition, a layer of silicon strips, 

located at a depth of 8 radiation lengths (near shower maximum for a 45 GeV 

shower), provides information on the point of entry of the particle in the front face 

of the calorimeter. This information is used to correct the energy measurement for 

lateral leakage of the shower. The BCAL calorimeter has turned out to be a useful 

tool for the LEP accelerator in the understanding of important machine effects. 
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3.3 Trigger and Data Acquisition System 

The trigger system is designed to activate the read out of the whole detector for 

all possible zo candidate events, without bias or preference in the events, and to 

keep signals from possible new physics events, while rf'rf ucing the background to 

an acceptable level. In ALEPH there is an additional requirement that the trigger 

frequency must be small enough in order to have the gating of the TPC working 

efficiently and causing the smallest possible dead-time. The background is mainly 

due to beam-gas interactions and off-momentum beam particles hitting the beam 

pipe or the detector itself. 

The basic design of the trigger is to exploit different detector signals and to 

provide a fast decision on single particles or jets. The ALEPH trigger system is 

based on three levels of refinement. 

• Level-1 trigger: A decision is taken within 5 µs after the beam crossmg. 

The information to make the decision is taken from pads and wires from the 

electromagnetic and hadron calorimeters, and from the hit pattern of the 

ITC. In addition, LCAL tower signals or SICAL pads are used to trigger on 

Bhabha events in order to monitor the e+ e- collision rate. The level-1 trigger 

rate must not exceed a few hundred Hz. 

• Level-2 trigger: A decision is made within 50 µs at most. The level-2 trigger 

refines the level-1 trigger by looking at the TPC sector information which is 

pointed to the ITC track. In case that the level-2 trigger does not confirm the 

trigger, then this decision is broadcast to all subdetectors. The level-2 trigger 

rate is around 10 Hz. 

• Level-3 trigger: This decision is software driven. The level-3 trigger has access 

to the information that comes from all subdetectors. The aim of this trigger 

is to reject the background events that have been triggered. If the level-3 

trigger validates the previous levels, the event is recorded on storage medium. 

A typical trigger rate at this level is around 1-2 Hz. 

The trigger efficiency for hadronic, leptonic and luminosity events have been 

estimated to be at the 100% level in the acceptance region of the detector. 
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Data Acquisition System 

The modular structure of ALEPH motivates as well a modular structure of the data 

acquisition system [44, 45, 46]. In other words, each subdetector has some indepen

dence to take data and to perform in parallel other activities such as calibration or 

data consistency checks. The architecture of the data acquisition system is tree-like 

with a strong hierarchy, implemented with FASTBUS. 

Synchronized with the beam crossing by the Timing Module, the data acqui

sition activates the trigger system and the read out of the data from the different 

components of the detector. Every subdetector has an associated microprocessor 

to build its subevent. A main processor collects the pieces of an event from the mi

croprocessors, ensuring resynchronization and completeness. This main processor 

sends the event to the level-3 event processor [47, 48]. After this step, the events 

are written on disk in the main computer system. 

3.4 Event Reconstruction and Simulation 

Due to the large rate of events and their size, a large amount of computing is needed. 

The Facility for ALEPH reCONstruction (FALCON) is a dedicated computer sys

tem designed to perform online event reconstruction of the data. This computer 

system consists of two micro VAXes that act as servers, twelve diskless VAX stations 

and three dual-ported disks [49]. One disk port is connected to FALCON whilst the 

second port is connected to the data acquisition computers. The disks, that contain 

the data, are alternatively mounted on both systems under software control. The 

twelve stations run a subsets of events over the reconstruction program in parallel. 

The raw data files written on disk by the data acquisition system are reconstructed 

by FALCON within a few hours after having been taken. The reconstructed data 

is transmitted to the CERN computer centre and is stored on tape. 

The ALEPH reconstruction program, JULIA, uses all the information coming 

from the subdetectors. It reconstructs coordinates in the tracking chambers into 

charged particle trajectories. For the calorimeters, neighbouring towers which con

tain energy are joined into clusters. These clusters are associated with charged 

tracks if possible. Finally, a count of the Bhabha events is also given as a prelimi

nary luminosity estimate. 



3.5 Charged Track Reconstruction 47 

For this thesis, Monte Carlo simulated events for different processes have been 

used to evaluate the background contaminations, efficiencies. detector effects and 

other corrections. The following steps are needed to produce Monte Carlo events, 

which are included in the ALEPH simulation program (GALEPH) [50]. 

• The generation of the event kinematics according to the physics processes. 

The processes needed for this analysis are 

e+e- ---+ r+r- (KORALZ generator [51, 52]). 

e+e- ---+ µ+µ- (KORALZ generator). 

e+e- ---+ e+e- (BABAMC generator [53], [54]). 

e+e- ---+ qq (LUND generator [55]). 

e+e- ---+ t+t-(l+t-) (PHOPHO generator [56], [57] ). 

• The materials and geometries of the different subdetectors are described through 

the GEANT package [58]. The trajectory inside the detector and the gen

eration of secondary particles are described by means of the GEANT and 

GHEISHA [.59] packages. 

• Finally, the conversion of energy or charge deposition into measurable signals 

for all subdetectors is also simulated. 

The output of the GALEPH program uses the same conventions and formats 

that the real data uses. The last step in the chain generation consists of using the 

reconstruction program (JULIA) for this simulated data. 

3.5 Charged Track Reconstruction 

In this thesis, the acollinearity distribution is used to extract the couplings, and for 

this reason the explanation of the process taking place between the signals coming 

from the detectors and the reconstructed tracks is expanded. On the other hand, 

this discussion will also help to understand the systematics entering in the angular 

measurements which are given in chapter 6. 

In the TPC, as mentioned in a previous section, from the cathode pads the three 

dimensional coordinates are measured whilst from the sense wires the data is used 
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for particle identification by dE/dx [60, 61]. The raw data for pads are composed 

of pad number. pulse length, arrival time of the pulse, so-called all together 'hit 

data', and the pulse-height per time-slice (also called buckets or samples). A pulse 

is defined in a pad-row when a signal starts above a certain threshold in a bucket 

and finish at a certain number of buckets later. 

The first step in finding the coordinates is the recognition of two dimensional 

</> - z clusters in each TPC pad row. Starting with one pulse, another pulse on 

an adjacent pad is included if it overlaps the first by at least one sample. The 

second step consists of separating inside each cluster the possible contributions 

from different particles, using the pulse-height information. Looking for peaks that 

are sufficiently isolated, subpulses are tagged. In this way, a group of subpulses 

on adjacent pads that are aligned with respect to time are grouped in subclusters. 

From each subcluster a three dimensional coordinate is inferred. The r</> coordinate 

is determined by using a Gaussian model of the pad response if only few pads are 

involved. Otherwise a charge-weighted average of the pad positions is used. Such 

a case occurs for low momenta particles, and increases the coordinate error. The 

z coordinate is calculated from a charge-weighted average of the time estimates 

of the subpulses. At this point, the coordinates are corrected for misalignment or 

distortions of the drift field. 

From the established set of TPC coordinates, a search is done for those coordi

nates that are consistent with a segment of a helix with less than 71' radians [62]. 

Segments that are determined to belong to the same helix are linked together as 

a single TPC track candidate. Five helix parameters are determined by a fit to 

the coordinates within the first half turn of each track candidate. The five helix 

parameter are chosen to be: 

w = inverse radius of curvature, 

71' 
tan A = tangent of the dip angle, 0 = A - 2 , 

¢0 =emission angle in the x, y plane at the point of closest approach to the z axis, 

d0 = impact parameter in the x, y plane, 

zo = z coordinate at x 2 + y2 = d6 . 
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The TPC trajectories are projected back into the ITC and a search is made 

to find possible ITC coordinates within a road in r¢ and z. If no suitable ITC 

coordinate is found in the 2 outer layers of the ITC for a given TPC track. then 

the search is stopped. Otherwise, if more than three ITC coordinates are found 

for a TPC track a fit is performed, and the resulting ITC track is accepted if the 

x2 of the fit lies inside a certain range. In the final fit of the tracks, the multiple 

scattering of the particles is taken into account. 

Given the resolutions in section 3.2. l for the r</> and z coordinates in the TPC 

for a track with 21 z measurements and polar angle close to 90°, the expected 

statistical error for ,\ and </> resolutions inside the TPC are found to be given by 

~ tan ,\ ~ 6 · 10-4 

~</> ~ 4 . 10-4 

(3.7) 

(3.8) 

In the expressions 3. 7 and 3.8 is necessary to add in quadrature the expected 

error ~ W space from multiple scattering given by 

~\{I space ~ 
13.6 MeV 

p 

0.06 
(3.9) 

sin() track . 
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Chapter 4 

Selection of events 

Tau candidates are selected by retaining low-multiplicity events coming mainly from 

lepton-pair decays of the zo. After association of the charged particles and photons 

with one of the two hemispheres in the event, as defined by the event thrust axis, the 

identity of the charged particles and the presence of photons and/or ?T
0 s determine 

the tau decay classification. The removal of non-tau background based on the 

kinematics of the opposite hemisphere largely avoids kinematic biases and loss of 

sensitivity, except for the energy correlations between hemispheres. A typical tau 

event is shown in figure 4.1. 

The selection consists of three main parts. First of all, a preselection of the 

events is performed, as described in section 4.1. Secondly, the track type of each 

track is identified. The method used for the particle identification is described in 

section 4.2. Finally, the tau channel identification is done by defining the cuts 

for the signal and the cuts to reject all sources of background, which are given in 

section 4.3. 

4 .1 Preselection 

The events are required to pass a preselection criteria by requiring that 

• there exist at least 2 and at most 8 good charged tracks as defined below, 

• the momentum of at least one track must exceed 3 GeV, 
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• the thrust axis is calculated from the good charged tracks, and the event is 

divided into two hemispheres. The cosine of the maximum opening angle of 

all tracks with respect to the thrust axis must be larger than 0.8.5 in each 

hemisphere. 

• The absolute value of the cosine of the thrust axis polar angle must be smaller 

than 0.9, 

• there exist at most 4 bad tracks also defined below, 

• the data acquisition flag must indicates no problem in the readout of the 

event. 

A good track in the above definition must have 

• at least 4 TPC hits, 

• I cos Bl < 0.95, 

• the distance of the closest approach to the beam axis (Idol) must be smaller 

than 2 cm, and 

• the z coordinate at the point of closest approach to the beam axis (lzol) must 

be smaller than .5 cm. 

On the other hand, a track is called a "bad track" if 

• it has at least 3 TPC hits, 

• the Idol is smaller than 20 cm, and 

• the lzol is smaller than 40 cm, 

• it is not found to be a good track. 

The main source of bad tracks are tracks produced by photon conversions, nu

clear interactions or cosmic rays. Tracks with only ITC hits or from calorimeter 

backsplash tend not to pass either criteria. 

\Vith this preselection, most of the zo decays to hadrons are excluded by the 

cut that requires fewer than nine tracks coming from the interaction region and 
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0 
dP phi theta DO ZO chiq 

.20 113 85 -.07 -1.27 37 
2 +19.4 .so 284 81 .071 -1.19 22 
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Figure 4.1: Typical tau event as seen in the ALEPH detector. In this particular 
event the negative tau decays to a muon and the positive tau decays to a muon with 
a radiative photon. The minivertex and ITC hits are drawn in the xy projection, 
respectively, at the lower left corner, whereas in the zy projection are shown at the 
lower right corner. 

that tracks have an angle with respect to the axis of the jet such that its cosine is 

larger than 0.85. :Most two-photon events are excluded by demanding at least two 

charged tracks, and at least one track with momentum above 3 GeV, because the 

energetic scattered electron and positron escape through the beam pipe. The cut 
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on the thrust axis polar angle avoids Bhabha background and poorly reconstructed 

tracks. 

The remaining sample of events after this preselection consists of Bhabha events, 

muon pairs and tau pairs with low multiplicity (63]. This event preselection retains 

84% of the tau events produced, and 99% of those within the angular acceptance. 

4.2 Particle Identification 

For charged particle identification a neural network algorithm is employed. The 

particle identification neural network uses simultaneously the information from the 

tracking and calorimeter devices. The neural network input uses the available infor

mation from the TPC, ITC, ECAL, HCAL and muon chambers for all the good and 

bad tracks. The output for a charged track consists of being identified exclusively 

as electron, muon or pion. 

This neural network has benefited from a pattern recognition algorithm (HAR

BOR) to improve the muon, pion and electron separation [64]. The digital pattern 

of the calorimeter tubes from HCAL is significantly different for muons, pions and 

electrons, but it suffers from noise, dead zones and inefficiencies. This algorithm 

overcomes these problems by first constructing segments between signals from tubes 

which are close in distance and angle, which reduces the noise problem. Looking for 

possible extrapolations of the segments and constructing an outgoing tree reduces 

the inefficiency and dead zones problems. 

The input quantities associated to each track are 

• from the tracking detectors: track momentum, polar and azimuthal angle and 

dE / dx estimator for electron and pion hypothesis. 

• from the electromagnetic calorimeter: the ratio of the total ECAL cluster 

energy to the associated TPC track momentum, the ratios in each ECAL 

storey of the energy in the four towers nearest the extrapolated track to the 

total ECAL cluster energy, and the fraction of the track trajectory in ECAL 

spent within 4 cm of an ECAL crack. 

• from the hadronic calorimeter: the number of HARBOR trees associated to 

a track; the length, distance, energy and angle of the closest HARBOR tree 
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to the track. The sum of residuals for a fit of the main branch, the angular 

dispersion and the ratio of energy to length of the main tree are also used [64]. 

• from muon chambers: the inner and outer layer hit estim<>tor. 

The neural network used for this particle identification has a layered structure 

of "neurons'' having scalar numerical values [65, 66]. The neural net has an input 

layer of neurons where each neuron correspond to an input variable, two hidden 

layers of ten neurons, and an output layer consisting of three neurons. The nodes 

in each layer connect to each of the nodes in the next layer by weights. The value 

of neuron j in the layer h is given by 

(4.1) 

where Xi is the value of the neuron in the previous layer, Wij is the weight, and Tj 

is a threshold. A neural network must be trained, which means that values for the 

weights and thresholds must be found which minimize the error in the output layer 

values [67, 68]. 

Sources of Monte Carlo particles 

track ID T -+ evTJ r-+ µvv T -+ 7rl/ zo-+ e+e- zo-+ µ+µ-

e 98.9±0.1 - 1.4±0.l 98.4±0.1 -

µ - 99.2±0.1 1.2±0.1 - 99.5±0.1 

7r 1.1±0.1 0.8±0.l 97.4±0.1 1.6±0.l 0.5±0.1 

Table 4.1: Efficiency (in percent) of the neural network particle identification 
method, for tracks with p/ Ebeam above 0.05 and I cos Bl < 0.9 from Monte Carlo 
lepton pair events. The fiducial region inclurf es the cracks between calorimeter mod
ules. 

The neural net has been trained with a Monte Carlo sample of 26000 p1ons, 

10700 muons and 18600 electrons. Table 4.1 shows the efficiency of the neural net

work for Monte Carlo events with momenta above 3 GeV. The behaviour of the 

neural network with momenta below 3 GeV shows slightly higher efficiency for elec

trons, which is relevant of the reconstruction of electrons from photon conversions; 
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however, the situation is worse for muons since they tend not to penetrate the whole 

HCAL and are more often confused with pions. 

Compared to analyses based on cuts, in the crack and overlap regions of the 

detector the neural network has the advantage of providing additional acceptance 

for electrons. In the muon channel, the background has been reduced to a very low 

level due to the use of the information of the electromagnetic calorimeter. 

4.3 Channel Classification 

As explained in section 4.4 below, only the T -t evevr, T -t µvµVr and T -t 7rl/7 

channel classifications are required for the analysis presented in this thesis. In the 

next subsections the specific cuts used to identify the tau decay channels and to 

reduce the non tau-background significantly and the tau background somewhat are 

explained. 

As the event is divided in two hemispheres and all the good charged tracks are 

identified as electron, muon or pion; the presence of one charged track identified in 

one hemisphere as an electron indicates a T -t evevr decay, whereas the identifica

tion in one hemisphere of a charged track as a muon indicates a r -t µvµvr decay. 

However, the remaining backgrounds, from e+e- --t e+e-, e+e- --t µ+µ-or to 

two photon dilepton production, can be greatly reduced by imposing restrictions 

on the track type, energy, and angle of the recoil hemisphere. In the case of a 

charged track identified as a pion in one hemisphere, a closer look to this hemi

sphere is necessary to reject mainly T --t pv and T --t a1v which can also give 

single charged pions. 

In order to reduce the Bhabha background, events with one electron identified 

by the particle identification on both sides are rejected. To reduce the background 

due to zo --t µ+ µ- events, events with one muon in each hemisphere are kept only 

if the visible energy is significantly less than the center-of-mass energy. As tracks 

from Bhabha and muon pair events sometimes are misidentified as pions, events are 

rejected if in the recoil hemisphere there is an electron or muon with a large fraction 

of the beam energy. The remaining two-photon events are rejected by requiring a 

minimum energy in both hemispheres when there is either one electron or one muon 

in both sides. 
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Many tools have been developed in ALEPH to work with tau final states. In 

particular one needs an efficient photon reconstruction algorithm, since photons are 

present in many tau final states. The photon reconstruction algorithm (GAMPEK 

[69]) is used to separate photons from charged tracks, "fake" photons and overlap

ping photon pairs. The algorithm starts by looking for local energy maxima, that 

is, storeys that have an energy higher than the neighbours with which they share a 

face. Then each storey is assigned to the cluster of its neighbour of maximal energy. 

The energy of the photon is computed from the energy of the four central towers. 

The angle of the photons with respect to the thrust axis determines the hemisphere 

to which they are assigned. 

Fake photons may appear because a charged track has produced small satellite 

clusters. In order to distinguish between genuine and fake photons, the former are 

required to have a minimum total energy of 400 MeV, such that the two first stacks 

of ECAL have energy and the ratio of their sum to the total energy is higher than 

70%. In addition, to separate photons from charged tracks, the minimal distance 

between the extrapolated track through the calorimeter and the barycenter of the 

photon must be larger than 5 cm. 

The algorithm QPAIRF (70] is used to identify photons which convert to electron

positron pairs in the detector material by selecting all oppositely charged track pairs 

in which at least one track is identified as an electron by the neural net and the 

invariant mass of both tracks is smaller than 15 MeV. In addition, there is the re

quirement that the two tracks have to pass close together at a certain radius away 

from the interaction point. If such a photon is found then the criteria for fake or 

genuine photon explained above is applied to it. 

The identification of neutral pion is also crucial for the separation of several 

tau decay channels (mainly 1T', p -t 1T'1T'o and a 1 -t 1T'1T'
0 7r0

). However, due to the 

semi-inclusive categories defined in section 4.4, this identification only becomes 

important for the pion channel. A neutral pion reconstructed from two distinct 

photons is defined by a cut on the invariant mass: 0.08 < m11 < 0.23 GeV. 

From now on, only events with one good track on each hemisphere and with 

opposite charges are kept for the electron, muon and pion channel identification. 
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4.3.1 Electron Channel Classification 

The electron channel is classified with the following requirements: 

• there is exactly one track identified as an electron in the hemisphere, 

• the electron energy is smaller than the beam energy, where the electron energy 

is the sum of the ECAL cluster energy, or its energy estimated from the TPC 

when it passes within 4.5 cm of an ECAL crack, plus the energy of all the 

reconstructed photons in the hemisphere, 

• there are at most 2 photons and no 71'
0 in the hemisphere, 

• the HCAL energy over the momentum is smaller than 0.2 for tracks which do 

not go into a ECAL crack, i.e. the track passes at least at 4.5 cm from the 

edge of the second stack in ECAL. 

However the electron is not accepted if any of the following criteria is true: 

• the recoil track in the opposite hemisphere is identified as an electron, 

• the recoil track is not a muon and it goes into an ECAL crack, 

• the recoil track is not a muon and the ECAL energy in the recoil hemisphere 

is larger than 75% of the beam energy, 

• the energies of the tracks in both hemispheres are each less than .5 Ge V. 

4.3.2 Muon Channel Classification 

The muon channel is classified with the following requirements: 

• there is exactly one track in the hemisphere identified as a muon, 

• the TPC momentum is smaller the beam energy, 

• the TPC momentum is larger than 2 GeV for 1990 data (3 GeV for 1991 

data), 

• there are at most 2 photons and no 71'
0 in the hemisphere, 
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• there are associated muon chamber hits, when there are photons in the hemi

sphere. 

However the muon is not accepted if any <;>f the following criteria is true: 

• the recoil track is a muon, and the total energy in the hemisphere (track + 
photons) is larger than 65% of the beam energy in both hemispheres, 

• the recoil track is a pion, and the total energy in the hemisphere is larger than 

90% of the beam energy in both hemispheres, 

• the recoil track is not an electron, and the sum of the momenta in both 

hemispheres is smaller than 40 GeV and its difference smaller than c/4 GeV, 

where c is the acollinearity angle, 

• the recoil track is a muon, and the sum of the momenta in both hemispheres 

is smaller than 30 GeV and its difference smaller than 10 GeV and the 

I COS Bthrustl > 0.8, 

• the energy of each track in both hemispheres is less than 6 Ge V. 

4.3.3 Pion Channel Classification 

The pion channel is classified with the following requirements: 

• there is only one track in the hemisphere identified as an pion, 

• the TPC momentum is smaller than the beam energy, 

• the measured momentum in the TPC is larger than 2 Ge V, 

• there are no converted photons and no 7T'o in the hemisphere, 

• for tracks going to ECAL cracks the dE / dx estimator must be within 1.5 

sigma deviation of what it would be for a pion, 

• the ECAL energy is less than the TPC momentum, and the total calorimeter 

energy is less than twice the TPC momentum, 

• there are no genuine photons, and no fake photons of more than 5 Ge V. 
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However the pion is not accepted if any of the following criteria is true: 

• the recoil TPC momentum over the beam energy is at least 0.88 and the total 

recoil calorimeter energy over recoil TPC momentum is smaller than 0.3, 

• the momentum of the fastest track over the beam energy is smaller than 0.2 

in each hemisphere, 

• if the pion goes into a ECAL crack, and the momentum of the recoil track 

over the beam energy is larger than 0.5, and the ECAL energy for the recoil 

track over the beam energy is larger than 0.8, 

• the recoil track is an electron and, either the recoil ECAL energy over the 

beam energy is larger than 0.9, or the pion has a momentum larger than 20 

GeV with icosBI > 0.7 and the HCAL energy is smaller than 2 GeV, 

• if the recoil track is a muon, and the momentum of the pion over the beam 

energy is larger than 0.4,5, and the sum of the energies in both hemispheres 

including the energy of the photons in the recoil side is larger than 82 GeV. 

decay channel evv µvv 7rV 

acceptance (%) 48 70 61 

tau background (%) 1.9 1.3 7.0 

non-tau background (%) 1.1 1.1 1 !:'. 
1.0 

Table 4.2: Performance of channel classification and background rejection. 

The overall efficiencies and backgrounds for T --+ evev,., T --+ µvµvr and T --+ 
7rVr are shown in table 4.2. It is important to notice that those efficiencies are 

considerably higher than the previous values published by ALEPH in (71]. The 

improvements are also noticeable for the reduced amount of backgrounds in the 

electron and muon channel decays. 

4.4 Semi-Inclusive Categories 

The efficiency for identifying tau final states is typically around 50 - 70% for T --+ 
eVeVr and T --+ µvµvr and 60% for T --+ 7rVr. Thus, the requirement of identification 
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of the final state of the two taus considerably reduces the statistics of the sample. 

In addition the branching ratios are also typically low. For instance, in the case 

where both taus decay to a single pion, 

Br2
( T -t 11"Vr) x Efficiency!! ,._, 0.36 % . 

For the data collected in 1990 and 1991, corresponding to 16000 observed tau pair 

events, this results in .58 events of the class rr - rr. 

In order to avoid the identification of the two exclusive final states, ''inclusive" 

categories are introduced. The motivation is that, once the mass of the particle 

on one side is fixed, the acollinearity distribution (governed by the Q functions 

of equation 2.61) does not depend strongly on the mass of the tau decay product 

on the other side. The Q functions of the different exclusive channels going into 

the inclusive category defined below have a similar shape, thus not inducing a loss 

of sensitivity. 

Possible inclusive categories are: 

• inclusive pion: where in one hemisphere one tau decays as T -t rrvr and in the 

other hemisphere the tau decays as T -t 11"Vn T -t evevn T -t µvµvr, T -t pv, 

or T -t a1vr. 

• inclusive lepton: where in one hemisphere one tau decays as r -t lvwr ( l = 

electron, muon) and in the other hemisphere the tau decays as T -t evevr, 

T -t µvµVr, T -t pvr or T -t a1Vr. 

• inclusive hadron: where in one hemisphere one tau decays as T -t pvr or 

T -t a1vr, and in the other hemisphere the tau decays as T -t pvr or T -t a1vr. 

The inclusive pion and the inclusive lepton categories are used in this analysis. 

The inclusive hadron category has less statistical sensitivity and larger background 

and systematic uncertainties, and is thus not studied further. 

4.5 Acollinearity Event Classification 

The acollinearity analysis uses only events where both taus decay into one charged 

track and the polar angles () for those tracks satisfies I cos e1 < 0.9. The charged 
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tracks are identified, and the decay channel classified according to the description 

in section 4.3. 

The events are therefore classified into two categories, called the 

• rr - X, or "inclusive pion": at least one hemisphere is classified as T -t rrv, 

and there is no additional restriction on the other tau hemisphere 

• l - X or "inclusive lepton": at least one hemisphere is classified as T -t evv 

or T -t pvv. and neither hemisphere is classified as T -t rrv in order to avoid 

double counting. 
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Figure 4.2: Acollinearity distributions for the selected events in both samples. The 
points with error bars are the data. The solid curves are the !vfonte Carlo prediction. 
The coloured areas correspond to the total expected background. 
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The analysis described employs the tau decay modes evv, µvv, rrv, pv, and 

a 1v, together constituting more than 7,53 of all tau decays. In the a 1v decay only 

a 1 -r rrrr 0rr 0 is considered. Charged pions are not distinguished from kaons in the 

data, however, the[{* decays are treated as background. The decay modes r -r rrv 

and r -r [{ v are treated together and referred to herein as "rrv". 

The candidate events correspond to the data collected in ALEPH in the years 

1990 and 1991within150 MeV of the zo peak, where the total integrated luminosity 

was 11. 2 p b- 1
, as shown in table 4.3. 

year Energy (GeV) Int. Luminosity (nb- 1 ) 

1990 91.215 3652 

1991 91.238 4609 

1991 91.207 2937 

Table 4.3: Integrated luminosities per year and mean energy for data sets. 

The overall acceptances and backgrounds of this selection, estimated from Monte 

Carlo simulation, appear in table 4.4. 

The acollinearity distributions for the selected events in the data for both sam

ples are shown in figure 4.2, together with the predictions from the Monte Carlo 

simulation. A good agreement is found over the whole range of acollinearities. 

j item 

candidate events 1987 3699 

acceptance (%) 60 55 

tau background 6.4 6.2 

non-tau background 0.9 0.9 

Table 4.4: Summary of the efficiencies and backgrounds (in percent) for the selected 
acollinearity sample. 

The tau background in the inclusive lepton class is higher than the background 
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Figure 4.3: Efficiencies as a function of the acollinearity angle for inclusive pions 
and leptons. 

for T -+ evevr and T -+ µvµvr shown in table 4.2 because there are pion versus 

lepton events where the pion is not identified but the lepton is. According to the 

inclusive lepton classification, where in the recoil side a T -+ 7rVr decay is not 

allowed, these events are considered to be background. The non-tau background 

comes mainly from Bhabha events and from muon pair events identified as pions. 

The hadronic background is found to be completely negligible. 

The efficiencies and the tau backgrounds as a function of the acollinearity dis

tributions are shown in figures 4.3 and 4.4, respectively. These efficiencies are not 

flat for high values for the acollinearity. This is due to the fact that high acollinear

ity is correlated with low energies, where the channel and particle identifications 

become more difficult. This correlation between acollinearity and energy is shown 
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Figure 4.4: Backgrounds as a function of the acollinearity angle for inclusive pions 
and leptons. 

in figure 4 .. 5 for the lepton sample, being similar for the pion sample. 
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Figure 4.5: Correlation between energy of a tau decay product and acollinearity for 
the lepton sample. 
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Chapter 5 

Measurement of the Electron and 
Tau Couplings 

5.1 Observables Based on the Acollinearity 

The two basic observables constructed from the acollinearity are the acollinearity 

distribution of the cross section 

1 dO" 
--d = F(e) - ArG(e) , 
(}" e 

(.5.1) 

and its forward backward asymmetry 

A ( ) =~A F(e)Ar - G(e) 
FB e 4 e F(e) - G(e)Ar · (5.2) 

For reasons that will become more clear below, it is also useful to consider 

separately the acollinearity distribution of the cross section in the forward and in 

the backward hemispheres, dO"F /de and d0"8 /de, respectively. Since the acollinearity 

distribution at fixed () is given by 

1 dO" 
--d = F(e) + Pr(cosB) G(e), 
(}" e 

(5.3) 

one can obtain from them the values of Pr in the forward and in the backward 

hemispheres. 

Since Pr( cos 0) is given by 

P ( 0) 
__ Ar(l + cos2 0) + Ae(2 cos 0) 

T COS - O) l ( 1 + cos2 0) + ArAe(2 cos 
(.5.4) 
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the parameters A,, Ae and Ae-r can be derived from these forward and backward 

values of P,. This will be further explained in section .5.3.4. 
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Figure 5.1: F (continuous curve) and G (dashed curve) functions for inclusive pions. 

The inclusive samples selected for our measurements of the correlated distribu

tions were described in chapter 4. The corresponding inclusive theoretical acollinear

ity distributions are defined by weighting with the appropriate branching ratios the 

exclusive theoretical distributions. Equation 5.5 illustrates one example, that of the 

inclusive pion, 

1 dO'I 
O' de rr-X 

(5.5) 

where the normalized cross sections in the numerator are given by equation 2.63 

above, and Br( r -t vx) is the branching ratio of tau decaying to the x one prong 

decay. In a similar way, the forward-backward asymmetry as a function of the 
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acollinearity for inclusive pio·1s may be written as 

( .5.6) 

Analogous expressions can be written for the inclusive leptons with their correspond

ing branching ratios; and for the forward and backward acollinearity distributions 

for both inclusive samples. From now on, the effective observables analyzed are in 

terms of equations similar to 5.1 and .5.2 computed as in 5.5 and 5.6. 

For these observables, their inclusive F( c) and G( c) functions for the two in

clusive categories is plotted in order to illustrate the behaviour and sensitivity of 

the acollinearity distribution. Figure .5.1 and 5.2 show these functions for inclusive 

pions and leptons, respectively. 
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Figure 5.2: F (continuous curve) and G (dashed curve) functions for inclusive lep
tons. 
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From these basic observables several evaluations of the parameters .Ar , .A.e and 

.A.e-r are possible: 

dO' 
• .Ar from de: . 

.Ar can be extracted in a straightforward way from a one parameter fit 

to equation 5.1 . 

.A.e-r can also be extracted from a one parameter fit to equation 5.2. 

As explained below this value of .A.e-r is correlated with the forward

backward charge asymmetry. 

dO' 
• .Ar, .A.e and .A.e-r from de: and AFa(c:) simultaneously. 

The parameters .Ar, .A.e and .A.e-r can be extracted in a simultaneous 

fit to equations 5.1 and 5.2. With this method maximal use is made 

of the information contained in the acollinearity observables. However, 

it should be pointed out that this method gives values correlated with 

those obtained from the forward-backward charge asymmetry. This can 

be seen by considering the integral over c: of AFa(c:), which is in fact 

the forward-backward charge asymmetry. Traditionally the forward

backward charge asymmetry is also used to determine .A.e · .Ar of the 

various leptons. Therefore, care should be taken when combining the 

values of these quantities obtained from the charge asymmetry and from 
dO' 
de: and AFa(c:). However, the forward-backward asymmetry as a func-

tion of the acollinearity provides in addition further tests of the Standard 

Model as will be described in section 5.3.2 below. 

• .Ar, .A.e and .A.e-r from dO'F /de: and d0' 8 /de: . 

This method provides values of .Ari .A.e and .A.e-r that are only weakly 

correlated with those obtained from the forward-backward charge asym

metry. For this reason, these are the values that will be combined with 

those obtained from the single tau method, as discussed in chapter 7. 
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The kinematics of the decay products of a single tau and the acollinearity of 

the two taus are correlated. 'When the decay products are more energetic the 

acollinearity has a tendency to be smaller, and vice versa. Therefore, the polar

izations extracted from the acollinearity method and from the energy distributions 

are not completely independent. This correlation is smaller for larger numbers of 

particles in the final state of the tau decay. The systematic uncertainties in mea

suring angles are, however, largely independent of the systematics of the single-tau 

method described in chapter 7. 

5.2 Corrections to the Data Samples 

In the acollinearity method introduced above the zo couplings are determined by 

fitting a tree-level theoretical prediction for the acollinearity distribution obtained 

as explained in the previous sections, with no initial- or final-state radiation, to 

the observed distribution in events where both taus decay to final states with a 

single charged track. This experimental distribution is first corrected for accep

tance, background, experimental resolution and radiative effects. The acollinearity 

is defined using charged tracks only, as c = 7T' - 012 , where 012 is the opening angle 

between the tracks given by 

Pi· P2 
cosB12 = ---

IPil IP21' 
(5.7) 

where pi and p2 are the three components of the momenta, measured by the TPC 

and ITC, of the charged tracks in both hemispheres. 

The corrected number of events in a given acollinearity bin i is given by 

Ncor = crad_!:__"'"""' A··Nobs(l _ B·) 
I I L... I) J J l 

T}i j 
(5.8) 

where Nts is the number of events in bin j of acollinearity, T}i and Bj are the 

efficiency and background fraction for bin i and j respectively, and c;ad is a correc

tion factor accounting for radiative effects and the effect of accompanying neutral 

particles. No attempt is made to reconstruct these neutrals in order to keep the 

acollinearity measurement as independent as possible from the energy measurement. 

In this way the systematic uncertainties are expected to be largely independent. The 
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efficiencies and different backgrounds are shown previously in chapter 4, in figures 

4.3 and 4.4. 

The angular resolution unfolding matrix Aj has been calculated from the bin 

to bin migrations observed in Monte Carlo events with full detector simulation by 

solving the equation 

0 . - "'G·· · T· I - ~ IJ J l (5.9) 

where Oi is the number of events in acollinearity bin i, Tj is the number of events 

in bin j of the true acollinearity, and Gij is the probability that an event with true 

acollinearity in bin j will be reconstructed with observed acollinearity in bin i. The 

solution is given by Aj = (G- 1 )ij· 

This procedure involves the inverse of the matrix Gij, which can in principle lead 

to unstable results. A widely used alternative to bypass the problems connected 

with the inversion of equation 5.9 is to estimate directly from the Monte Carlo 

simulation a probability matrix Pij, which is defined by 

(5.10) 

Hmvever, since these probabilities depend on the acollinearity distribution put into 

the simulation, the unfolding result can be biased towards the Monte Carlo input, 

which is not the case with the inversion method. In this particular· analysis the 

matrix Gij is nearly diagonal resulting in a stable correction matrix Aj. The 

matrix Gij for inclusive leptons is shown in figure 5.3. 

The coefficients C[ad have been derived from two high-statistics Monte Carlo 

samples of tau pair events generated without detector simulation3 [72]. One sample 

was generated with all radiative effects disabled, and the acollinearity was defined 

using the parent hadron h for T --+ vrh. The other sample included all radiative 

effects, and the acollinearity was defined using the charged pion for T --+ vrh, 

h --+ 7rX decays with x being any number of 7r
0 . The corrections are the bin by bin 

ratio between the differential acollinearity distributions of the two samples. Figure 

5.4 shows these coefficients crad for both samples, inclusive pion and inclusive 

3 The version of KORALZ used for the generation of the tau pair events in this analysis does not 
included the transverse spin correlations, which are not relevant for the acollinearity distribution 
since they are integrated out. 
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Figure .5.3: Resolution matrix Gij applied for inclusive lepton sample. The numbers 
in each column represents the percentage of acollinearity generated lying in a bin of 
acollinearity reconstructed. 

lepton, integrated over the whole cos 0 range. Analogous corrections have been 

computed for the forward and backward hemispheres. Their shape is similar to 

those plotted in figure .5.4. 

5.3 The Acollinearity Distribution and its Forward
Backward Asymmetry 

The corrected (using expression 5.8) and uncorrected acollinearity distributions, 

for the inclusive pion and lepton samples, are shown in figure 5.5. 
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5.3.1 
da 

Extracting Ar from de 

The average tau polarization, equivalent to Ar, is extracted from each of the cor

rected distributions by a x2 fit to the theoretical acollinearity distributions where 

correlations between bins due to the unfolding procedure are taken into account. 

The x2 is defined as: 

x2 = L (Nth - Ncor)i V;jl (Nth - Ncor)j ' 
ij 

( 5.11) 
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Figure 5.5: Observed distributions integrated over the whole acceptance range (solid 
line) and corrected distributions (dashed line) for pions and leptons. 

where Nth is the predicted number of events and Near is the corrected number of 

events in bin i of acollinearity. The covariance matrix \!ij is given by 

\!ij = L Ak Ek Ak; ' (5.12) 
k 

where Aij is the angular resolution matrix (see equation 5.8) and Ek is the error 

array which is given by 

E, = ( c;:' (1 - B,) "')' , (5.13) 

where ak accounts for the statistical error of the data and the Monte Carlo. A 

range of 10 degrees in the acollinearity angle has been chosen to perform the least 
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squares fit for both inclusive samples. A wider range would increase the systematic 

uncertainties in the unfolding procedure due to the statistical fluctuations on the 

tails of the distributions, where the cross section is very small. 

The values obtained on Ar from the inclusive pion and leptons are shown in 

table 5.1. The fitted curves for both samples are plotted in figure 5.6, where the 

contributions from right- and left-handed taus are also shown. 

I event type I Ar from da I de: I x2 I ndf l 
rr-X 0.059 ± 0.065 18/19 

l-X 0.302 ± 0.099 20/19 

Table 5.1: Polarization parameters extracted from the acollinearity distribution of 
the cross section. The error is statistical. 

5.3.2 Extracting Ae-r from Aps(s) 

A fit to the forward-backward asymmetry as a function of the acollinearity AF a( E) 

(equation 5.2) is performed to extract Ae-r assuming universality, Ae = Ar. In 

this case, a one parameter fit has been chosen because the statistics do not allow 

a meaningful two-parameter fit to Ae and Ar. A similar x2 is minimized, where 

correlations between bins due to the unfolding procedure in the forward and back

ward hemispheres are taken into account. It has been assumed that there were 

not correlations between the forward and backward hemispheres. A more detailed 

description of the constructed covariance matrix can be found in appendix B. 

I event type I Ae-r from AFa(E) I x2 /ndf I 
1T' - x 0.118 ± 0.075 19/19 

l-X 0.158 ± 0.058 11/19 

Table 5.2: Polarization parameters extracted from the forward-backward asymmetry 
as a function of the aco/linearity. The error is statistical. 
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Figure 5.6: Result of the fit to the acollinearity distribution of the cross section. 
The points with error bars are the corrected data. Solid curves are the result of the 
fits. Dashed (dotted) curves are the contributions from right- (left-) handed taus. 

The values obtained from these fits are shown in table 5.2. Figure 5. 7 shows the 

measured asymmetries with the fitted curves. In order to illustrate the sensitivity 

of these asymmetries, the predicted forward-backward asymmetries for Ae = Ar = 
± 0.5 for pion and lepton samples, are drawn in figure 5.8. As mentioned in section 

5.1 these values are correlated to those obtained from the forward-backward charge 
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Figure 5. 7: Result of the fit to the forward-backward asymmetry as a function of the 
acollinearity. The points with error bars are the corrected data. Solid and dashed 
curves are the results of the fits. 

asymmetry [73], a quantity also used to determine the z0 couplings. 

It is interesting to mention that the forward-backward charge asymmetry in 

tau pairs has been analyzed traditionally integrating over the energies and the 

acollinearity. Any possible contribution in the cross section proportional to AeA1' cos() 
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Figure 5.8: Predicted forward-backward asymmetry as a function of the acollinearity 
for Ae-r = ± 0.5, dotted and dashed lines respectively, for inclusive pions and 
leptons. The solid curves are the results of the fit. 

times a function h'(c) such that 

j h'(c) de= 0 (5.14) 

will not affect the forward-backward charge asymmetry but it will be manifested 

very clearly in figure 5.7. The x2 of the fit, given in table 5.2, provides a quantitative 
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test of the agreement of the data with the form predicted by the Standard Model, 

and can be taken as a test of this model. 

Futhermore, if the forward-backward asymmetry of the acollinearity distribu

tion. given by equation 5.2, is rewritten as 

3 
Af.a F(c) - - Ae-r G(c) 

Apa(c) = F(c:) - A~-• G(c:) (.5.15) 

where Af.8 is the forward-backward charge asymmetry, a simple fit to the two 

parameters Apa and Ae-r yields 

0.013 ± 0.013 ' 

0.146 ± 0.075 . 

(5.16) 

(5.17) 

The value obtained of Ae-r from this fit is essentially independent of the information 

of the forward-backward charge asymmetry. This may be compared to [73] from 

where is taken the value of the forward-backward charge asymmetry at the peak, 

that is measured through its cos() dependence, that gives 

AFB = 0.009 ± 0.009 . 

Taking into account that roughly only 50% of the events are common m both 

samples, mainly because the acollinearity analysis is from one-prong events, the 

difference between both measurements of Af.8 is 0.004 ± 0.012, where this error is 

from the statistical fluctuation of the non-common events, 

Finally, equation 5.2 suggests a different procedure to extract the tau and elec

tron couplings to the z0 , by a simultaneous fit to the forward-backward charge 

asymmetry and to the forward-backward polarization asymmetry, taking into ac

count the correlation between them. This maximizes the information that can be 

obtained from the acollinearity angle. 

d(J' 
5.3.3 Extracting Ar, Ae and Ae-r simultaneously from dE 

and AFB(E) 

The values of Ae, A, and Ae-r can alternatively be obtained from a simultaneous 

x2 fit of the acollinearity distributions and of the forward-backward asymmetry 
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as a function of the acollinearity using expressions 5.1 and .5.2. The advantage 

of this simultaneous fit is that the forward-backward asymmetry has a quadratic 

dependence on the fitted zo couplings giving non-symmetric errors, and thus making 

it difficult to average these results. This problem is solved when all the information 

is fitted together. The same fit, with the constraint Ae = Ar gives Ae-r, which 

are shown in table 5.3. These values of Ae and Ar have a correlation coefficient 

of -0.22. 

I parameter I da/dc and Apa(c) I x2 /ndf I 
Ae 0.130 ± 0.063 

86/78 
Ar 0.162 ± 0.052 

0.148 ± 0.035 I 87/79 I 

Table 5.3: Polarization parameters extracted from the acollinearity distribution of 
the cross section and its forward backward asymmetry. The error is statistical only. 

These measurements have to be corrected in principle for the effect of the ra

diative corrections. The radiative corrections that enters in those measurements 

are mainly the initial- and final-state radiation, subtraction of the photon exchange 

and its interference with the z 0 exchange. The initial- and final-state radiative 

corrections have been taken into account by means of the deconvolution coefficients 

as explained in equation 5.8. The subtraction of the photon exchange and the in

terference effect amounts to -0.0005 for the parameters Ae, Ar and Ae-r· Finally, 

these measurements are performed at a certain average value of the center of mass 

energy that does not correspond to Afz. The integrated luminosities, that enters 

in the analysis per year and the average energies are shown in table 4.3. The effec

tive center of mass energy turns out to be 91.220 GeV. Running the measurement 

up to the center of mass energy equal to Mz one gets by means of the program 

ASYM (74] a correction of +0.0003. This correction is at the same level for Ae and 

Ar. In summary, going from the measured parameters Ae, Ar and Ae-r to the 

bare parameters A~(1\fz), A~(Mz) and A~-r(Mz) the theoretical corrections are 

negligible. 
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5.3.4 The Forward and Backward Acollinearity Distribu
tions 
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Figure .5.9: Observed distributions integrated over the forward and backward hemi
spheres (solid line) and corrected distributions (dashed line) for pions and leptons. 

This method offers perhaps the greatest advantages. In addition to measuring 

Ae and Ar separately (hence testing universality) and to improving the statistical 

power of the fit by exploiting the cos(} dependence (in two bins), without a need for 

an absolute normalization, the method greatly reduces the correlation between the 
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Figure 5.10: Result of the fit to the normalized forward and backward acollinearity 
distributions. The points with error bars are the corrected data. Solid curves are the 
results of the fits. Dashed (dotted) curves are the contributions from right- (left-) 
handed taus. 

result and that obtained from the forward-backward charge asymmetry. The latter 
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cos () range I I x2 /ndf I 
[-0.9, O.] -0.038 ± 0.078 47/39 

(0., +0.9] -0.254 ± 0.078 41/39 

Table .5.4: Af easured polari::ation as a function of polar angle, for the acollinearity 
met hod. The error is statistical only. 

is traditionally used in in global electroweak fits, and therefore the results obtained 

here can be easily incorporated in this type of analysis. 

However, it is interesting to point out that the results still have a small cor

relation with the forward-backward charge asymmetry. This is also true for the 

measurements of the T polarization and the cos() dependence of the polarization 

based on energy measurements. In fact, it is very difficult to decouple the informa

tion from the forward-backward charge asymmetry and from the forward-backward 

asymmetry of the polarization because both have a cos() dependence. This can be 

seen for instance in equation 5.4. 

The observed and corrected distributions, for pions and leptons, integrated over 

the forward and backward hemispheres are plotted in figure .5.9. The values of 

the average tau polarization in the forward and backward hemispheres, PT (cos()), 

are extracted from the corrected acollinearity distributions of the inclusive pion 

and inclusive lepton samples, shown in figure 5.10. The fit is performed with the 

same assumptions used in the previous section, to the inclusive pions and leptons 

simultaneously. 

Table 5.4 shows the values of PT( cos()) obtained in the forward and backward 

hemispheres. The solid curves in figure 5.10 show the acollinearity distributions 

corresponding to these fitted values. 

Table 5.5 shows the corresponding values of Ae and AT, or, assuming universal

ity, Ae-T, extracted using equation 5.4. The reported values of Ae and AT in table 

5 .. 5 have a correlation coefficient of 0.06. These results are combined in chapter 7 

with the corresponding values obtained from the single-tau method. 

The values in table 5 .. 5 are quite consistent with those of table 5.3. The errors 

are somewhat larger in table 5.5, because the fit does not exploit the information 
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parameter I d<7F / d€ and d<7 8 / d€ 

Ae 0.1.54 ± 0.079 

A,. 0.147 ± 0.056 

Ae-r 0.149 ± 0.047 
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Table 5.5: Polari::ation parameters extracted from polar angle dependence of the 
acollinearity distribution. The first error is statistical and the second is systematic. 

in the forward-backward charge asymmetry. It is only the error on Ae_,., where an 

induced anticorrelation coefficient appears due to the Ae · A,. term, that changes 

significantly. Figure 5.11 compares these mean values from tables 5.5 and 5.3 with 

their statistical errors, and also shows the effective value and error on Ae, A,. and 

Ae-r from the forward-backward charge asymmetry. The latter are calculated by 

estimating the values that the parameters would have to have such that combined as 

independent (neglecting correlations) with those of table 5.5, reproduce the values 

of table 5.3. 
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Figure 5.11: Comparison of the fitted values with two different set of observables. 
The error bars included only statistical errors. 
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Chapter 6 

Systematic Errors 

The measurements of Ae, A.,. and Ae-r rely on the understanding of the physics 

and the detector response. Any discrepancy between these simulations and the 

experiment can lead in principle to systematic uncertainties. 

In fact it is known that several discrepancies exist between data and Monte 

Carlo. For instance, the charge-dependent shift on the measured momentum of 

particles in either the very forward or backward regions; variation of dE / dx as a 

function of cos O; inefficiencies of HCAL tubes for muons; slight discrepancy in the 

rate of pions having muon chamber hits; poor modeling of HARBOR variables as 

described in reference [64]. 

However, not all these discrepancies, and others that will be described later in 

this chapter, have the same effect in obtaining the parameters that have been con

sidered. Equation 5.4 expanded only to first order in terms of the fitted parameters 

can be written as 

2cos0 ( 2 2) P.,.( cos 0) ;:::: A.,.+ Ae 1 2 () + 0 AeA.,., AeA.,. ' 
+cos 

(6.1) 

which shows that A.,. can be extracted from the average value of the polarization, 

while Ae is sensitive to the difference between the forward and backward values. 

The systematic uncertainties in these two parameters thus come from very different 

sources. Namely, any systematic effect leading to a forward-backward symmetric 

shift in the polarization affects only A.,., while systematic effects which depend on 

cos() can affect either A.,. or Ae. A discrepancy having the same effect on the 

polarization of positive and negative tau decays will not affect Ae, since it cancels 

out in the forward and backward difference. Even if a discrepancy with a cos() 
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dependence affecting positive and negative tau decays differently, but with no effect 

on the polarization difference between the forward and backward hemispheres, will 

not affect Ae· From now on, all the tables quoting systematic errors will refer to 

A,, unless otherwise specified. 

The different sources of systematic errors are grouped according to expression 

5.8, used to correct the observed acollinearity distributions 

1vcor = crad~ ~A·· ,uobs(l _ B·) 
• ! I ~ I); VJ J • 

'r/i j 
(6.2) 

Therefore, the systematic errors will be classified as coming from: 

• selection and acceptance, which refers to f/i, 

• backgrounds involved in the determination of Bh 

• tracking uncertainties affecting the measurement of the acollinearity angle, 

which enters in the matrix Aj, 

• branching ratios and theoretical uncertainties, which appear in the calculation 

of the coefficients c;ad and in the computation of the theoretical formulae. 

6.1 Selection and Acceptance 

As described in chapter 4, our classification relies first on the track identification in 

one hemisphere and secondly in the decay channel identification. 

Any imperfect modelling of the acollinearity dependence of the efficiency for 

identifying charged particles, photons and 7r0s can influence the measured polar

ization by distorting the shape of the observed distributions. The ideal way to 

determine the level of this systematic uncertainty is to have a sample of particles in 

the detector, whose identity is known independently of the identification procedure 

used in the analysis. The comparison of the efficiency for this sample with that in 

the simulation leads in a straightforward way to a calculation of the apparent effect 

on the polarization. 

To obtain such a sample of charged particles; electrons, muons and pions from 

the data are identified in ALEPH without using any of the information used in the 
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neural net particle identification. This is possible mainly for physics channels which 

can be selected on a kinematical basis such as: 

As explicitly written below in equation 6.3, one can infer the error induced in 

the polarization from the acollinearity dependence of the ratio of the measured 

efficiency of the particle identification in the real data to that of the simulation. 

This procedure has some advantages over using data from a test beam, because it 

uses events distributed in the overall cos f) range and takes into account the effect of 

cracks in the detector. The disadvantages are the control of the background in this 

kinematical identification and the lack of statistics in certain ranges of acollinearity. 

For our purpose the kinematically identified electrons are taken from Bhabha 

events at low acollinearity and from two-photon events for the higher acollinearity 

range. The requirements for an electron from Bhabha events are mainly to have 2 

good tracks with no photons inside the acceptance. The electron candidate must 

have a momentum larger than 38 Ge V and the other track must be identified as an 

electron. In the case of electrons from two-photon events the requirements are sim

ilar; with the difference that the electron candidates should have momenta smaller 

than 20 GeV and small angles with respect to the beam axis. For muons from 

zo decays and from the two-photon process the same procedure that is described 

for Bhabha events and for electrons from two-photons is applied respectively, but 

requiring an identified muon instead of a identified electron. For the kinematically 

identified pions, one good track and two photons with the invariant mass of the rr0 

(as defined in chapter 4 ), such that the combined mass is within one sigma of the p 
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mass resolution. is required. With these criteria the samples obtained have a purity 

larger than 99% [67]. 

In order to measure the systematic error in Ar coming from the Neural Net 

particle identification, a fit is performed which minimizes 

(6.3) 

where ryDATA (E) and ryMC ( c) are the efficiencies for kinematically-selected data and 

equivalent for Monte Carlo as a function of the acollinearity angle respectively; 

dcr /de are the theoretical cross sections for the samples under study (as given in 

chapter 2); ~ry( c) is the statistical error of the ratio of those efficiencies; and Pr is 

the value for the average polarization in the Standard Model and ~Pr is the shift 

value considered as the single free parameter in the fit. 

The efficiency ryAfC ( c) is computed as the ratio between the kinematically iden

tified Monte Carlo generated events and the identified events by the Neural Net 

algorithm. In a similar way the efficiency ryDATA( c) has been computed. 

Table 6.1 shows the fit results for the parameter ~Pr and their associated sta

tistical errors for both the 1990 and 1991 data samples. From this table one can 

infer that all the values are compatible with zero; thus the statistical errors have 

been considered as the associated systematic errors. The ratio of those efficiencies 

and the fit results for the 1991 data sample are plotted in figure 6.1. 

With a similar procedure the systematic errors coming from the particle identi

fication for AFB(c) can be inferred by minimizing 

(6.4) 

where ryDATA(c) and ryMC(c) are the efficiencies described previously; AFB(c) is 

the forward-backward asymmetry of the acollinearity distribution and ~ry(c) is the 

statistical error of the ratio of the efficiencies. 
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~PT from dO" /de 

particle 1990 1991 

e -0.015 ± 0.013 0.014 ± 0.009 

µ -0.006 ± 0.008 -0.001 ± 0.004 

7r -0.010 ± 0.013 0.012 ± 0.011 

Table 6.1: Systematic errors on the polarization coming from the effect, in dO" /de, 
of the lack of perfect modeling of the particle identification. 

The fit results for the parameter ~PT and its associated statistical error for both 

1990 and 1991 data samples for the forward-backward asymmetry are shown in table 

6.2. Again no significant discrepancy is found within the statistical precision. 

~PT from AFa(e) 

particle 1990 1991 

e -0.14 ± 0.08 -0.10 ± 0.14 

µ -0.25 ± 0.12 0.03 ± 0.09 

7r 0.56 ± 0.65 -0.48 ± 0.41 

Table 6.2: Systematic errors on the polarization coming from the effect, in AFa(e), 
of the lack of perfect modeling of the particle identification. All those numbers must 
be multiplied by 10-3 . 

Due to the nature of the analysis done it is important to check for any possible 

deviation in the efficiencies as a function of the acollinearity, but it is crucial as well 

to perform the same kind of test of these efficiencies as a function of cos(). Figure 6.2 

shows the ratio of the Monte Carlo and data efficiencies for kinematically-selected 

events in bins of cos() for pions, Bhabha electrons and muon pairs. No significant 

discrepancy is observed. 

For the T -+ evevT, T -+ µvµvT and T-+ rrvT channel classification, the simulation 

of photons is crucial. In particular for the T -+ rrvT channel, the simulation of the 

fake photons accompanying hadronic showers in the electromagnetic calorimeter 
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Figure 6.1: Ratio of 1991 data and Afonte Carlo neural network identification ef
ficiency for kinematically identified electrons, muons and pions as a function of 
the acollinearity. The solid curves indicate the fits to the functional form of the 
acollinearity distribution of the cross section. The dashed curves illustrate the shift 
induced by 6P, = 0. 06 . 

is very important. The most important properties of such fake photons are the 

number of fake photons, their energies and their distances to the charged track. 

These properties have been found to be in good agreement with the generated Monte 
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Figure 6.2: Ratio of the J\.f onte Carlo and data efficiencies as a function of the cos e 
for Bhabha electrons, muon pairs and pions. 

Carlo events. The number of events with zero, one, two and more reconstructed 

photons show a fairly good agreement between data and Monte Carlo as can be 

seen in table 6.3. 

The acollinearity distributions for identified pions and leptons with various num

bers of photons also agree between data and Monte Carlo, as shown in figures 6.3 

and 6.4. 
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Figure 6.3: Acollinearity distribution for identified pions wi-th zero, one, two and 
more reconstructed photons. 

6.2 Background 

6.2.1 Tau Background 

To see the effect of a change in the background levels on the tau polarization, the 

normalization and shape of the tau background for the inclusive leptons and pions 
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Number of photons 7r - x l-X 

MC data MC data 

0 1283 1299 2071 2064 

1 337 306 619 650 

2 214 205 563 501 

>2 153 173 444 480 

Table 6.3: Number of events with ::ero, one, two and more reconstructed photons 
for the inclusive pions and leptons for Monte Carlo and data. 

are varied by changing the tau branching ratios in the Monte Carlo by ±15%. 

Only the effect of the K* and 7r mr0 backgrounds has been evaluated by varying 

their level by ±50%. The modified background distributions were obtained by a 

reweighting procedure of the relative branching ratios. The parameters were refitted 

after subtracting the modified background distributions. The maximal change in 

the fitted parameters gives the corresponding systematic error. Table 6.4 shows the 

different estimated systematic errors for the samples considered. 

The dependence on the polarization of the acollinearity distribution of the tau 

background in both samples has been studied, using the Monte Carlo, by changing 

the polarization according to its statistical error. No significant effect was found. 

6.2.2 Non-Tau Background 

Because the backgrounds from non-tau sources have kinematic distributions which 

differ greatly from those of the tau signal, incorrect normalization or poor modeling 

of the relevant quantities used to reject these background can induce severe system

atic errors in the polarizations measured. However, as described (in the selection 

chapter 4), the background rejection was performed by cutting on the opposite 

hemisphere which reduces the non r-background contributions to a very low level. 

The systematic uncertainties should then be very small. 

There are three different sources of non r-background considered here: Bhabha 

events, muons pairs and two-photon processes. The amount of QCD background 
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Figure 6.4: Acollinearity distribution for identified leptons with zero, one, two and 
more reconstructed photons. 

is found from the Monte Carlo simulation to be completely negligible and for this 

reason it is not considered further. The Bhabha and muon pair background are 

peaked at low acollinearity, typically no more than 2 degrees, while the two-photon 

processes can extend over a wider acollinearity range. 

The acollinearity distribution for two-photon processes has been compared for 

Monte Carlo and data. A sample of two-photon events is selected requiring the in-
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variant mass of the event to be smaller than 12 GeV when using all the photons and 

good tracks inside the acceptance. Figure 6.5 shows the acollinearity distribution 

for two-photon Monte Carlo events and data up to 10 degrees. The shapes are in 

good agreement. There is, however, a considerable uncertainty on the size of the 

cross section and on the trigger acceptance for two-photon interactions. The nor

malization of the non-tau background was varied by a conservative ±20%, leading 

to variations of the measured polarizations, which are listed in table 6.4. 
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Figure 6.5: Acollinearity distribution for Monte Carlo and data of two-photon 
events. 

Selecting muon pairs from zo decays consists on simply taking events with two 

high momentum oppositely charged tracks and demanding that both tracks be 
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identified as muons; no discrepancy is found between the acollinearity distribution 

of \Ionte Carlo events and of data, as can be seen in figure 6.6. 
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Figure 6.6: Acollinearity distributions for Bhabha and dimuon events. The error 
bars are the selected data, whereas th dashed line corresponds to the Afonte Carlo. 

Concerning the acollinearity distribution of Bhabha events, it is well known 

that the cut-off of the energy of the radiated photons and that including only 

0( a) photon radiative effects shifts the acollinearity distribution for Monte Carlo 

events to slightly higher values of acollinearity [53]. A closer look at the Bhabha 
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dO' I de AFa(e) 

source rr-X l-X rr-X l-X 

T backgrounds 0.005 0.005 0.003 0.006 

non-T backgrounds 0.007 0.002 0.005 0.005 

misidentification 0.001 0.001 0.001 0.001 

Table 6.4: Systematic errors on polarization from background sources. Here the 
column labelled "dO' /de" gives the errors on Ae-r from the acollinearity dependence 
of the cross section, and the column labelled "AFa(e)" gives the errors on Ae-r 
from the asymmetry AFa(e). 

events shows that the Monte Carlo acollinearity distribution agrees with that of the 

data for Bhabha events when there is at least one charged track in the event with 

a momentum smaller than 40 GeV. Looking at the momenta distribution of the 

Bhabha background which enters in the inclusive pion and lepton samples reveals 

that most of this Bhabha background has a track with a moment•1m smaller than 

40 GeV. This is due to the presence of a radiative photon whose shower overlaps 

the one from the electron and, therefore the electron track is identified wrongly as 

a pion. The acollinearity distributions for the selected Bhabha events in Monte 

Carlo and data are plotted in figure 6.6. Conservatively, the normalization for the 

Bhabha and muon pairs background was varied by ±20%. 

In fact, the last paragraph raises an important point about the misidentification 

probabilities. Only misidentification between pions and either electron or muons 

can induce a sizeable effect. The misidentification of electrons as muons and vice 

versa is irrelevant since the samples defined are both inclusive over leptons. In 

order to check these misidentifications, the probabilities to identify an electron as a 

pion in the data and in the Monte Carlo have been computed, using the previously 

described kinematically-selected electrons that are identified as pions by the neural 

network. The same exercise is repeated for the four different possibilities. Figure 

6. 7 shows the acollinearity distribution of electrons identified as pions and muons 

identified as pions for Monte Carlo and kinematically-selected data. A discrepancy 

has been found only for the probability to identify electrons as pions. For those 

misidentified events, this discrepancy also shows up in the energy distribution. With 
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the present statistics a discrepancy is not confirmed for muons identified as pions. 

For this reason an ad hoc correction has been applied to the Bhabha background 

before fitting the polarization. This correction is varied in the fit in order to estimate 

the systematic error coming from this misidentification problem, which is shown in 

table 6.4. 
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Figure 6. 7: Acollinearity distributions of electrons identified as pions and muons 
identified as pions for Aionte Carlo and data. 
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6.3 Tracking Uncertainties 

The acollinearity angle distribution is measured exclusively from track angles. There

fore, detector effects in the acollinearity are largely independent from those of the 

single-tau measurement which relies mainly on energy measurements. 
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Figure 6.8: Projection of the difference of the azimuthal angles sin(~</>) for muon 
pairs in the forward and backward hemispheres. 

The acollinearity angle, as defined previously, depends on the measurement of 

the polar and azimuthal angles of the two charged tracks. A possible rotation of 

the TPC end plates, leading to shifts in the azimuthal angles ( </>+ for the positive 

muon track and <P- for the negative one), is studied using zo -+ µ+ µ- events and is 

found to be smaller than 0.04 mrad. Figure 6.8 shows the sin(~</>) for muons pairs 
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dr7 /de AFB(c) 

source rr-Xjl-X rr-Xlt-X 

I tracking I 0.001 I 0.003 I 0.006 I 0.003 I 

Table 6.5: Systematic errors on polarization from tracking. "dr7 / <k ., gives the errors 
on Ae-r from the acollinearity dependence of the cross section, and "AFB(c)" gives 
the errors on Ae-r from the forward-backward asymmetry. 

selected from the data, where !:::..</> = ¢+ - <P-. The systematic uncertainty from such 

a rotation of the TPC endplates has been computed by applying a rotation of 0.04 

mrad to the transverse momentum of one track and reevaluating the acollinearity 

angle. The shift observed on the value of the polarization after refitting is considered 

as the systematic error, which is found to be negligible. 

The TPC drift velocity Vdrifti which enters directly into the determination of 

the polar angle fJ, 

tan f) ex: 
1 

(6.5) 
Vdrift 

is known to an accuracy of 3.5 x 10-4
, by comparing the 8 of the track measured by 

the vertex detector with the 8 measured for the TPC track. This implies a relative 

uncertainty in the component of the track momentum along the drift direction of 

the same size and can affect the acollinearity. Therefore, the momentum component 

along the z axis has been shifted according to 

C..vdrift 
Pz -+ Pz ( 1 + ) . (6.6) 

Vdrift 

The acollinearity is computed again with the shifted Pz component, and the polar

ization is refitted. The changes of the polarization are listed in table 6.5. 

Beyond the angular range I cos fJI < 0.8 however, the data manifest a discrepancy 

between positive and negative muons such that the mean momentum for positive 

muons exceeds that of the beam by 1 GeV, and the opposite for negative muons. 

This behaviour cannot be corrected as in this the angular range there are no laser 

measurement to correct the transverse drift velocity. The effect can be written as 

1 1 Q 
--+---
p p 1/31 ' 

(6.7) 
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da /de A.Fa(E) 

source 7r - x l-X 7r - x l-X 

cRad 
I 0.007 0.004 0.007 0.004 

Branching Ratios 0.008 0.014 0.001 0.001 

theoretical 0.001 0.001 0.001 0.001 

Table 6.6: Systematic errors on polarization from the theoretical uncertainties. 

where Q is the electric charge of the particle and /3 is a constant equal to 2000 

Ge V / c. While this is a momentum effect, it causes a distortion of the azimuthal 

angles. Fortunately, as it has opposite effects for positive and negative tracks, 

the effects on the azimuthal angles produces a global shift that does not affect 

!:l</;. A study of the effect on the acollinearity, using muon pairs, shows that these 

distortions cause a negligible effect. 

6.4 Branching Ratios and Theoretical Uncertain
ties 

One main source of uncertainty arises from the slight dependence on Pr observed 

in the determination of the c;ad coefficients used in the fitting procedure. For this 

purpose a large sample of events ( 1.4 x 107 tau pairs) is produced at the genera

tor level to determine these coefficients, thus reducing the Monte Carlo statistical 

fluctuation to an insignificant level. The systematic uncertainty quoted in table 6.6 

is derived by varying the value of Pr to obtain the coefficients, by the statistical 

error of the measurement. Other effects on c;ad, such as variations in the branching 

ratios, have been found to be negligible. 

As the event samples used are inclusive, uncertainties in the branching ratios, 

needed to compute the theoretical acollinearity distributions as described in equa

tion 5.5, lead to systematic uncertainties in the theoretical predictions. These 

branching ratios are taken from the ALEPH measurements with their overall errors 

[7.5]. Allowing these branching ratios to fluctuate simultaneously inside the quoted 

errors gives an estimation of this systematic error, as shown in table 6.6. 
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Finally, the uncertainties in the input masses in the Q functions, which are not 

negligible for the a 1 case, lead to theoretical uncertainties in the computation of 

equations 5.1 and 5.2. Refitting the data with Q functions computed with shifted 

inputs masses by their uncertainties contributes less than 0.001 to the systematic 

errors. 

6.5 Summary of Main Systematic Errors 

The major contributions to the systematic errors on the polarization measured from 

the acollinearity distributions appear in table 6. 7 concerning the parameter Ae-r 

and in table 6.8 for those entering in Ae and Ar· They come from the determina

tion of the selection efficiencies, the correction coefficients, the detector effects and 

branching ratios. In addition, on these tables the Monte Carlo statistical errors 

are shown, which have been computed by fitting the data with and without the 

propagation of the Monte Carlo statistical precision in the coefficients appearing in 

equation 6.2. The quadratic difference of the errors of the fits represents the Monte 

Carlo statistical error. 

The final computation of the systematic errors on the parameters Ae, Ar and 

Ae-n for the simultaneous fit to the acollinearitv distribution of the cross section 

and its forward-backward asymmetry was done assuming that in a given inclusive 

sample the systematic error from the cross section was fully correlated with the one 

coming from its asymmetry; but completely uncorrelated with the other inclusive 

sample. The final systematic errors are shown in table 6.9, which do not include 

the contribution of the Monte Carlo statistics because it was already included in 

the statistical part of the error in the corresponding tables given in chapter 5. 

A similar procedure has been followed to determine the systematic error of 

the measurement of the polarization in the forward and backward hemispheres 

independently. It has been assumed that the systematic error in the acollinearity 

distribution of the cross section (integrated over cos 0) is the same in the forward 

and backward hemispheres; but uncorrelated from one inclusive sample to the other. 

Then a fit minimizing a x2 which includes a full correlation matrix of the two points 

entering in the fit, 

x 2 = L (Pr(cosO)i - Ai) V;j 1 (Pr(cosO)j - Aj)' (6.8) 
IJ 
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dO' I de Apa(c) 

source 1!"-X l-X 11"-X l-X 

crad( Pr) 0.007 0.004 0.007 0.004 

selection 0.008 0.008 0.001 0.001 

backgrounds 0.009 0.005 0.006 0.008 

branching ratios 0.008 0.014 0.001 0.001 

tracking 0.001 0.003 0.006 0.003 

subtotal 0.016 0.018 0.011 0.009 

MC statistics 0.017 0.023 0.015 0.012 

I total I 0.023 I 0.029 I 0.019 I 0.015 I 

Table 6. 7: Summary of systematic errors on polarization from the acollinearity 
method. Here the column labelled "dO' /de" gives the errors on Ae-r obtained from 
the acollinearity dependence of the cross section, and the column labelled "Apa ( c)" 
gives the errors on Ae-r obtained from the asymmetry Apa( c). 

where Pr( cos fJ)i is the measured polarization in bin i of cos fJ shown in table 5.4, 

A; is the predicted polarization in bin i of cos fJ given by equation .5.4 and '\!ij is the 

covariance matrix 

where 

ll; = p~tat (}'stat (}'stat + p~ys (J'~ys (}'sys 
I) IJ I J I) I J l 

sys l u · · 
Pij = ' v ZJ; Pstat = { 1 

I) 0 
if i = j, 

if i i- j. 

(6.9) 

(6.10) 

The off-diagonal elements elements simply reflect the non-random systematic errors, 

assumed to be fully correlated. The quadratic difference between the total error on 

the fit parameter A and the statistical part of that error is taken as the systematic 

error on the parameter. The results obtained were the same that those of table 6.9. 



106 Systematic Errors 

AFB(c) 

rr-X l-X 

source Ae A,. Ae A,. 

crad( Pr) 0.001 0.007 0.002 0.005 

selection 0.001 0.001 0.001 0.001 

backgrounds 0.001 0.008 0.005 0.009 

branching ratios 0.001 0.002 0.001 0.001 

tracking 0.001 o.oo.s 0.001 0.003 

subtotal 0.003 0.012 0.005 0.011 

MC statistics 0.014 0.086 0.028 0.031 

/ total I 0.014 I 0.081 I 0.0291 o.0331 

Table 6.8: Summary of systematic errors on polarization from the forward-backward 
asymmetry as a function of the acollinearity. Here the column labelled "AFB(c)" 
gives the errors on Ae and A,. obtained from the asymmetry AFB(c). 

I parameter J systematic error J 

0.011 

0.002 

0.009 

Table 6.9: Final systematic errors on polarization parameters from combined anal
ysis. 
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Chapter 7 

Electroweak Parameter Results 

7.1 Including Single-Tau Method Results 

The measurement of the tau polarization through the energy spectra and other 

kinematic variables describing the decay of a single tau is called single-tau method 

as in reference [77]. Its correlation with the acollinearity method is described in 

thi~ section. 

7.1.1 Results from Single-Tau Method 

Two other measurements of the tau polarization have been done in ALEPH using 

the kinematic variables of the decay, without correlations [77]. Five different chan

nels have been analyzed: electron, muon, pion, rho and a 1• For the lepton and pion 

decay channels only the energy spectra are used. For the rho and a 1 channels, all 

the kinematic variables describing their decay are exploited through an optimal w 

variable which has been defined in [10]. In addition to the average polarization over 

cos() for those channels, the forward backward polarization asymmetry is measured. 

Tables 7.1 and 7.2 show the results obtained for the corrected parameters Ae, Ar 

and Ae-r and the derived systematic errors for the different channels. 

It is interesting to point out that for the single-tau method, the channels that 

have the largest weights in the combination, mainly the rho and pion channels, have 

essentially reached the systematic limit. 
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J parameter I method CC method NN 

Ae 0.117 ± 0.026 ± 0.008 0.122 ± 0.026 ± 0.008 

AT 0.141±0.019 ± 0.014 0.145 ± 0.019 ± 0.014 

Ae-T I 0.130 ± 0.016 ± 0.009 J 0.137 ± 0.016 ± 0.009 j 

Table 7.1: Corrected polari::ation parameters extracted from polar angle fit single
tau methods with their statistical and systematic errors. The label CC stands for 
the classical cut method identifying particles, whereas the label NN refers to neural 
network approach. 

J error evv µvv pv 

acceptance 0.011 0.012 0.016 0.024 0.014 

tau background 0.016 0.012 0.010 0.007 0.010 

other background 0.012 0.008 0.002 0.003 -

energy calibration 0.032 0.014 0.001 0.012 0.001 

model dependence - - - - 0.012 

Monte Carlo statistics 0.021 0.017 0.008 0.010 0.020 

total systematic error 0.045 0.029 0.018 0.030 0.029 

Table 7.2: Summary of systematic errors on AT for each decay channel, for the 
single-tau method. 

7.1.2 Correlation between Single-Tau and Acollinearity Re
sults 

An important point in the measurement of PT from the spin angular correlations 

is that it is not independent from the value of PT from the energy spectra. This is 

due to the fact that the acollinearity angle and the energy of the decay products 

are correlated. This correlation is stronger when the tau decay is two-body. 

To combine both measurements the BLUE technique (Best Linear Unbiased 

Estimate) is used, which requires the calculation of the correlation coefficient [76]. 
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Given several estimates P,.; of the same physical quantity P,, and the corre

sponding error matrix Eij, the desired estimator P, is such that: 

• is a linear combination of the different estimators ( P, = Li O'i · P,,), 

• is an unbiased estimate of P,, and 

• its variance is the minimum possible. 

The problem can be solved by finding the N values of O'i which minimize the vari

ance subject to the constraint Li O'i = 1. Using Lagrangian multipliers is possible 

to derive 

E-1-
- u 
a = ifI' E- 111 ' (7.1) 

where ui = 1 for every i. The values of P, and a 2 can be determined from a. 
\Vhen there is no correlation between measurements, this method is equivalent to 

the standard method of combining results with weights equal to the reciprocal of 

the variances. 

To estimate the correlation a series of 100 hypothetical experiments are created 

by means of Monte Carlo generation of 100 independent samples of events. The 

events at the generator level were analyzed to obtain values of P, from the combi

nation of the analysis based on energy spectra of electrons, muons, pions and rhos 

and from acollinearity distributions of inclusive samples. 4 

Then, the elements of the error matrix E are given by 

1 100 

g. = - "'"""' (P.k - P·) (Pk - P·) 
IJ 100 L.J I I J J l 

k=l 

(7.2) 

where i and j refer to the method used to determine the average polarization, k 

denotes the Monte Carlo experiment and 

1 100 

Pi = 
100 

I: Pik . 
k=l 

(7.3) 

The correlation coefficient relating the errors on the acollinearity and single-tau 

measurements is calculated to be 0.5 when the measurements are performed on 

4The a 1 channel was not included because of the exclusivity of events used in the single-r 
method (3-prong a 1 decay) and the acollinearity method (1-prong a1 decay). 
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the same sample. The actual correlation coefficient between the single-tau and the 

acollinearity results is 0.3. since the acollinearity measurement is made only for data 

collected at the peak of the zo resonance. 

7 .1.3 Combined Results 

The values of Ae, Ar, and Ae-r from the single-tau and acollinearity methods can 

be combined in a weighted average, taking into account the correlations between 

them [76]. These combined values will in turn be combined with other ALEPH 

measurements, in particular the forward-backward charge asymmetry, to obtain 

electroweak parameters. It is for this reason that only the values of Ae, Ar, and 

Ae-r from the acollinearity distributions in the forward and backward hemispheres 

(given in section 5.3.4 ), which are almost uncorrelated with the forward-backward 

charge asymmetry, are used in the averaging. These are the values chosen for 

publication by the ALEPH collaboration in reference [77]. 

The correlation of the single-tau and acollinearity systematic errors is negligible. 

The following Cstat and Csys matrices summarize the correlations between statistical 

and systematic errors among the single-tau and acollinearity method results. The 

first row denotes the single-tau energy method using a neural net identification, the 

second row the single-tau method using conventional cuts, and the third row the 

acollinearity method. 

1. 0.81 0.3 

Cstat = 0.81 1. 0.24 

0.3 0.24 1. 

1. 1. 0. 

1. 1. 0. 

0. 0. 1. 

The final combined results appear in Table 7.3, where the statistical errors of 

table 7.1 have been increased by 2.3% since the helicity correlations have been 

ignored in the single-tau method, which leads to a systematic underestimation of 

the statistical error on Ae, Ar, and Ae-r· 

\Nith the present statistical and systematic errors the acollinearity method car

ries little weight in the final number. However, the method uses independent ob

servables and thus has independent systematics. Those systematics, which come 
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j parameter I combined result 

Ae 0.121 ± 0.025 ± 0.008 

Ar 0.143 ± 0.019 ± 0.013 

Ae-r I 0.134 ± 0.015 ± 0.0091 

Table 7.3: Polari:::afion parameters extracted from polar angle dependence, combin
ing the single-tau method results with that of the acollinearity method. The first 
error is statistical and the second is systematic. 

mainly from measurements of angles, are similar in size to those of the energy 

method. Therefore the value of including the acollinearity information increases 

with the increasing statistical power of the data. 

7.2 Electroweak Parameters 

The results presented so far are the basic physical quantities measured in this anal

ysis of the polarization of taus in zo decay. They are compatible with and improve 

the previous published ALEPH results [71] as well as the results from other LEP 

experiments [3]. The comparison of Ae and Ar shows that universality between the 

electron and the tau in neutral currents holds well. 

7.2.1 Electroweak Parameters from Acollinearity 

Combining in quadrature the statistical error from table 5.3 and the systematic 

errors from table 6.9 from the acollinearity distributions and from the forward

backward asymmetry measurements, one gets: 

Ae - 0.130 ± 0.063 , 

Ar = 0.162 ± 0.053 , 

Ae-r 0.148 ± 0.036 . 

(7.4) 

(7.5) 

(7.6) 

From those values one can infer 5 the ratios of the vector and axial-vector cou-
5The sign ambiguity in gv and 9A is resolved on the basis of low energy data [78]. 
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plings of the zo to leptons by using the relation 

The results obtained are 

Using the relation 

gy 
= +0.065 ± 0.032 ' gA 

+0.082 ± 0.027 ' 

+0.074 ± 0.018 . 

(7. 7) 

(7.8) 

(7.9) 

(7.10) 

(7.11) 

and the result of equation 7.10, the effective weak mixing angle at the zo mass can 

be inferred as 

sin2 a~ff = 0.2314 ± 0.0046 . (7.12) 

Notice that in equation 7.11, sin2 B~ is such that it includes all deviations 

from the tree-level couplings. This definition has been used on reference [4], and it 
' ' ' ,. . 2 ()eff . d. £r r • ? () I • { 2 \ ' " 00"'"' ·Th d (' . . f causescnevarneorsm w-to rnerrromsm~ w~1Vz)Dy-u. u1. e enmt10no 

sin 2 Bw( Af~) is in principle flavour dependent due to electroweak vertex corrections, 

but the flavour dependent corrections are small enough to be ignored here. 

7.2.2 Electroweak Parameters from Combined Results 

Combining the statistical and systematic errors in quadrature from table 7.3 for the 

combined measurements from the acollinearity method and the single-tau method, 

one gets: 

0.121 ± 0.026 ' 

0.143 ± 0.023 ' 

0.134 ± 0.018 . 

(7.13) 

(7.14) 

(7.15) 



7.2 Electroweak Parameters 113 

From those values one can infer the ratios of the vector and axial-vector couplings 

of the zo to leptons by using the relation of equation 7.7, with the results 

9v 
+0.060 ± 0.013 ' (7.16) = 

9A 

g[, 
+0.072 ± 0.012 l (7.17) 

g'A 
e-r 

9v +0.067 ± 0.009 . (7.18) e-T 
9A 

The electron-tau universality in the neutral currents is at the level of 

(7.19) 

The ambiguity in magnitude between gV-r and g~-r can be removed using the 

partial width for leptons, given by 

(7.20) 

The ALEPH values for the lepton partial widths, which have been published in 

reference (73], 

84.43 ± 0.60 MeV , 

84.09 ± 1.10 MeV , 

(7.21) 

(7.22) 

yield the solutions for the electron couplings using re and equation 7.16 and simi

larly for the 1' COUplings Using r T and equation 7 .17 

g~ +0.030 ± 0.0067 l (7.23) 

g~ +0.503 ± 0.0062 ' (7.24) 

9v +0.036 ± 0.0059 ' (7.25) 

g1A = +0.502 ± 0.011 . (7.26) 

The zo axial couplings are known to verify universality to high precision (4, 73] 

through measurement of the zo partial decay widths. This result extends the 

information to the vector couplings. Assuming universality the partial width f e-r 
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-0.496 ..----------------------. 

-0.4995 

-0.503 

-0.5065 

-0.51 
-0.05 

+ -
t t 

-0.04 -0.03 

\ 

68 % C.L. 
Lepton universality 

+ -e e 

-0.02 -0.01 

Figure 7.1: Contours of constant x2 for gv(Mi) and 9A(Mi) from the tau polar
ization and the partial widths. 

is computed as the independent average of the values of 7.21 and 7.22. 6 Combining 

with Ae-r from expression 7.15 yieids 

e-T 
9v 

e-T 
9A 

+0.034 ± 0.0045 ' 

+0.503 ± 0.00.54 . 

(7.27) 

(7.28) 

The probability contours at 68% confidence level for gv(Afi) and 9A(1'1i) for 

each lepton species are shown in figure 7.1. The results assuming lepton universality 

are also plotted. 

Using the relation given by equation 7.11 and the result of equation 7.18, the 

effective weak mixing angle at the zo mass can be inferred as 

6The correlation between these both measurements, re and r T' is found to be negligible ( 1 % ) 
for the data sample considered in this analysis. 
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sin2 o~sr = 0.2332 ± 0.0022 . ( 7.29) 

cc asymmetry 

bb asymmetry 

Tau polarization 

Quark asymmetry 

Lepton F-B asymmetry • 

0.2 0.2113 0.22:25 0.2338 

Figure 7.2: Results of ALEPH measurements of sin2 oW from asymmetries and tau 
polarization. 

Finally, the different measurements in ALEPH sensitive to sin2 oW£ are shown 

in figure 7.2. They correspond to the lepton forward-backward charge asymmetry, 

the quark charge asymmetry, the bb and cc forward-backward asymmetry. It can be 

noted that the precision on sin2 {)~ff brought by the tau polarization measurements 

compares favorably with the other determinations. 
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Chapter 8 

Conclusions 

A new method is developed to measure the tau and electron electroweak couplings 

from the angular correlations in tau pair events. Its theoretical formulation, assum

ing the V-A structure in the tau decay, is developed as a function of the acollinearity 

angle of the tau decay products. The observables of main interest to extract a mea

surement of the electroweak couplings are presented. The most relevant ALEPH 

subdetectors for the angular measurements and for the event selection are described. 

The channel classification and inclusive categories selected are also given. The cor

rections of the acollinearity distributions for the instrumental and selection effects 

and the fitting procedures employed in this analysis have been described as well. 

Several sets of observables from the acollinearity distributions are analyzed and 

their correlations discussed. The experimental and theoretical systematic uncer

tainties affecting the acollinearity distributions are presented. The combined re

sults for A1 = 2g~g~/[(g~ )2 + (g~)2] from the acollinearity distributions and the 

forward-backward asymmetry of the acollinearity distributions, using 11.2 pb- 1 of 

data collected in 1990 and 1991 in the ALEPH detector at the zo peak, are 

Ae 0.130 ± 0.063 ± 0.002 , 

AT - 0.162 ± 0.052 ± 0.014 ' 

where the first error is statistical and the second systematic. From these mea

surements it can be inferred that the universality assumption in neutral currents 

holds well. 
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Under the universality assumption, the fit yields 

Ae-• = 0.148 ± 0.035 ± 0.009. 

The corresponding values for the electron and tau couplings are 

+0.065 ± 0.032 , 

+0.082 ± 0.027 ' 

e-r 
9v 

e-r 
9A 

+0.074 ± 0.018 . 

The value of sin2 e~ff extracted from Ae-• is 

sin2 e~ff = 0.2314 ± 0.0046 . 

These are the first measurements of correlated tau decay product distributions 

at LEP. It has been proved that this method measures some additional information 

relative to the single-tau method from the independent set of defined observables. 

This method is clearly not systematics limited, and its weight in the average with 

other tau polarization measurements from energy spectra, which will soon be sys

tematics limited, is expected to become higher. 

From the forward-backward asymmetry of the acollinearity distribution an ad

ditional test of the Standard Model is presented. Furthermore, this observable pro

vides an alternative way to measure simultaneously the information of the forward

backward charge asymmetry and the forward-backward polarization asymmetry, 

thus allowing to take into account the correlation in a simple way. 

Because of the correlation of the forward-backward asymmetry as a function 

of the acollinearity with the forward-backward charge asymmetry, another analy

sis is performed using the acollinearity distribution in the forward and backward 

hemispheres independently. These results are nearly uncorrelated with the forward 

backward charge asymmetry. 
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The values obtained are 

Ae 0.154 ± 0.079 ± 0.002 , 

Ar 0.147 ± 0.056 ± 0.011 , 

Ae-r 0.149 ± 0.047 ± 0.009. 

All these measurements are in good agreement with the Standard Model predictions 

and other experimental results. 
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Appendix A 

Phase Space Integration 
Functions 

• 
Ill 

In chapter 2 the functions F( c) and G( c) were introduced as 

F(c) 

G(c) 

Qn(c) + a1a2Q22(c) 

a1Q21(c) + a2Q12(c), 

Q 

(A.l) 

(A.2) 

\vhere the subscripts 1 and 2 in the a coefficients refer to the analyzing power of 

the decays in the two hemispheres. For the Qij functions, the subscripts stands for 

the scalar( 1) or spin-dependent(2) part of the decay distribution functions, which 

also depend on the combination of the two tau decay modes. The F( c) and G( c) 

functions have the following properties derived from 2.62 

j F(c) de = 1 

j G(c) de 0. 

The functions Qij(c) are defined as in [25] 

(A.3) 

(A.4) 

(A.5) 

The A~ are the "distribution functions" [7], where n refers to the decay mode 

and m refers to first or second term of the tau partial width for that decay mode, 

and qi, Oi and Ei are the momentum, direction and energy respectively of the T 
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decay products in hemisphere i in the laboratory frame respectively. The label * 

refers to the quantities the T rest frames. 

This can be rewritten as 

where 

FJ( E2 , cos 82) 

F;( Ei, cos Bi) 

4 E * 4(2)( * ()*)j-1 
7r 2 Q2. j q2 cos 2 

4 E* A(i)( • B*)i-i 
7r 1 Qi i Q1 cos i 

The description of the functions Fi is given as follows [13, 20] 

Leptons 

The functions A~ in equations A. 7 and A.8 are given for leptons by 

(i) 
1 { (i) + (i) E* + (i) £*2} A(i) a1 

;\ E* Vo Vi i V2 i l 4rr .:\;Ei 4rr i i 
(i) 

1 {b(i) + b(i) E~} . A~i) a2 
= 

4rr.:\;E; 4 .:\·E* o i i 
7r I I 

(A.6) 

(A.7) 

(A.8) 

(A.9) 

(A.10) 

Conserving the dependence with the Michel parameters, vo, V1,v2, bo and b1 

are given by 

(i) 2 2 w v = -- p·m· + 7J·m· · 0 9 I I t I I 

Cl 2 
v1

1 
= (1 - 3 Pi) wi - rJimi 

(i) - 8 
V2 - ( 9 Pi - 1) . 

(") 1 2 
b I = - (3 - SJ·) w + - J·P 0 3 I I 9 I I 

bii) = ~ (8Ji - 3) 
3 

(A.11) 

In terms of the variables in the laboratory frame (using 2.52 ), the functions 

F}1) for the leptons are 

(I) 
Fi (Ei,cosBi) 

(/) ) F2 ( Ei, cos Bi 

. 2 

!!:_ '°' y(i) cosµ B· 
_;\.L...t µ t 

I µ=O 

2 
q; '°' B(i) cosµ(). 

- A·L..- µ i· 

I µ=0 

(A.12) 

(A.13) 
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The Vjil and B~i) came from a rewritten version of aii) and a~i), which when 

expressed in the laboratory frame takes the following form 

a(i) - v,(i) + \/,(i) cos fJ· + u(i) cos2 fJ· 
1 - 0 1 I V2 I • (A.14) 

For the sake of simplicity a~i) is written in the following way 

a(i)(q~ cos(}':) = B(i) + B(i) cos(} + B(i) cos2 (} 
2 I I 0 1 I 2 < l (A.1.5) 

where 

v,(i) 
0 v~i) + vii)/Ei + v~i) (!Ei) 2 

Vi(i) -f3~19i ( v~i) + 2v~i)I E;) 

\/(i) 
2 (/3/qi)2 v~i) 

(A.16) 

B6il -f31Ei (bbi) + bii)/Ei) 

B(i) 
1 /3qi [bbi) + bii)I Ei (1 + /32)] 

B~i) -(3 (Fqi)2 bii) . 

Hadrons 

The functions F}m) for mesons can be directly computed from equations 2.45 

and 2.54 

p(m) 1 
(A.17) --1 

/31P; 

Fi ml( E;) 
E; -1W; 

(A.18) 
(/31 P;) 2 

In order to perform these integrals for the cases where the correlated distribu

tions are for either a lepton-lepton or a lepton-hadron, it is necessary to point out 

that when measuring the acollinearity as an observable it introduces a constraint 

among fJ 1 , fJ2 and the relative azimuthal angle that is given by the equation 

cos€ = cos fJ 1 cos fJ2 - sin fJ 1 sin fJ2 cos</> . (A.19) 

The allowed region in ( fJ 1, fJ2)-space is a rectangle as defined by equation A.19. 

At the same time this rectangle defines an allowed region in (E1, E2)-space where 
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the integration over 81 , 82 is constrained to its interior. The specified area for the 

( E1 , E2 )-space depends on the decay channel, to be either a lepton or a hadron. In 

the cases of the hadrons, they are emitted with an energy E, so the angle of emission 

8 is fixed then and denoted as (, as defined in equation 2 . .54. For this reason the 

defined area will consists of a rectangle for the lepton-lepton case, whereas for the 

lepton-hadron will be reduced to a line and for the hadron-hadron to a single point 

in the (E1, E2)-space. Figure A.l illustrates the constraints from equation A.19 and 

the maxima angle emissions. 

Figure A.l: Allowed angular region for a given acollinearity angle. 

Figure A. l shows also the three regions that can be defined for convenience in 

order to perform the integration over 81 angle when the most general case, the 

lepton-lepton, is presented. The different limits of integration for every region in 

the lepton-lepton case are given in table A. In this table, the lepton-hadron case 

can be obtained too, just by fixing 82 = ( 2 for the hadron. 

From equations A.6, A.12 and A.13 it can be seen that the general form of those 
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cos fh region 

R3 -1 s; cos 02 s; cos( c + (i) cos(c + 02) cos(c-02) 

R2 cos(c: + (i) s; cos02 s; cos(c - (i) cos (1 cos(c:-02) 

R1 cos(c - (1) s; cos 02 s; 1 cos(c + 02) cos(c - 02) 

Table A.l: Limits of integration for cos01. 

integrals is 

µ=0,1,2 

In the regions R1 y R3 the following integral are obtained 

Ko(02) - rr 

K1 ( 02) - rr cos 02 cos c 

\Vhereas the results for the R2 region are 

with 

7r 
2 - X(02) 

- W ( 02) + COS 82 COS€ [ i- X ( 82) l 
1 
2( cos (1 + 3 cos 02 cos c) W( 02) 

+ ~[(3cos2 c-l)cos2 02 +sin2 c][~-X(02)], 

arcsm 
cos (1 - cos 02 cos c 

sin 02 sin c 

tV(B2) = Jsin2(1sin202 -(cosc-cos02cos(1)2 . 

(A.20) 

(A.21) 

(A.22) 

(A.23) 

(A.24) 

(A.25) 

(A.26) 

(A.27) 

(A.28) 

For the case of lepton-hadron the functions Kµ(0 2 = (2) must be evaluated. The 

integration over the energies of both particles, in the case of lepton-hadron, and 
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over both energies and the second angle of emission, in the lepton-lepton case, have 

been done numerically. 

Finally, for the hadron-hadron case the angles of emission ()i are determined by 

equation 2.54 when the energy Ei is fixed. Then, only the integration over E 1 and 

E2 is required. From equation 2.54, the two possible solutions for the energy for 

every angle of emission ()i can be derived, and are given by the following equation 

± mi { * 2 
E; = I [1 - (,B cos ();)2] Ii ± 1/3 cos ()i 

P;2 . z } 
(mnf3)2-sm ()i . (A.29) 

The limits of the integration over E 1 depend on E2 • The approach described 

in figure A.1 can be followed to integrated out E 1 , where the limits of integration 

are given by equation A.29 when substituting ()1 = J()2 - cl and ()1 = ( ()2 + c ). The 

integrations over E 1 and E2 have also been done numerically. 
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Appendix B 

Covariance Matrix for the 
Forward-Backward Asymmetry 

The forward and backward acollinearity distributions are similarly corrected, as 

described in equation 5.8, according to: 

c;ad F _!_ L AjNrs F(l - Bj) 
T/i j 

c:ad B _!_ ~ A .. Nobs B ( 1 - B ) 
I L..J IJ J J • 

T/i j 

(B.l) 

(B.2) 

From equations B. l and B.2, the covariance submatrix is derived for the forward 

and backward hemispheres, Ci~ and Ci~, respectively given by 

c! 
IJ 

cl3 
IJ 

Aik Efm A!i 

Ark Efm A!i, 

(B.3) 

(B.4) 

where the matrix Aij is the resolution matrix introduced in equation 5.8, Efm and 

Efm are the error matrixes which contains the statistical error for the forward and 

backward acollinearity distributions. Then, the matrix CN;
1 

is constructed as 

C;~ 0 
CN = •J 

(B.5) 

0 C;~ 

assuming that the forward and backward hemispheres do not have any correlation. 

This matrix will play the role of the error matrix for the next transformation. 
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The forward-backward asymmetry is given in a bin i of acollinearity by 

NF-NB 
AFa,(€) = N~ + N~ , 

I I 

127 

(B.6) 

where Nt and N;8 is the corrected number of events in this bin i for the forward 

and backward acollinearity distributions, respectively. 

So, the matrix T/j that contains the propagation of the errors due to the trans

formation expressed in equation B.6 is defined as 

T' = &AFBi 
I] &N· ' 

J 

(B.7) 

where Nj is identified to N[, · · · , N{, Nf, · · · , NP according to the j index. 

Finally, the covariance matrix C AFB for the least square fit for the asymmetry 

is given by (79] 

(B.8) 
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