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The electroweak Standard Model provides a unified description of the electromagnetic and the weak
interactions, which has turned out to be immensely successful in describing a vast amount of exper-
imental data. In contrast to pure QED, radiative corrections in the electroweak theory are sensitive
to particles with masses far beyond the range of direct production. Thus, electroweak precision
tests offer not only the opportunity to probe tiny modifications of the tree level processes, but also
to look for departures from the standard predictions due to new physics at yet unexplored energy
scales. The LEP programme offers unique possibilities for electroweak precision tests. Through the
copious production of Z° bosons in the clean environment of the e+e~ collider, a wealth of physical
observables sensitive to the electroweak couplings are accessible.

In this thesis, precision tests of the electroweak theory with the DELPHI detector at LEP are
presented. Two main areas of experimental investigation have been pursued. In the first, the Z°
resonance parameters were determined through precise measurements of the cross section for Z°
production and decay into hadronic and leptonic final states at several collision energies close to the
peak of the resonance. Precise measurements of the resonance parameters—the mass, the width,
and the peak cross section—provide interesting constraints on the electroweak theory. In particular,
the width and the peak cross section depend on the number of neutrino species in Nature. The
LEP data showed already very early that the number of neutrinos is three. This was confirmed by
the analysis presented in detail in this thesis of about 140 x 103 Z° decays collected during 1989
and 1990. In the second main area of investigation, the longitudinal polarisation of tau leptons
produced in Z° decays was determined. Like the other observable asymmetries in Z° production
and decay, the tau polarisation is sensitive to the neutral current couplings. The polarisation and
its dependence on the production polar angle was deduced from an analysis of the kinematics of
the tau decay products. About 40 X 103 tau pair events from Z° decays detected during 1990-1992
were analysed. Assuming electron-tau universality, with which the data showed good agreement,
the result of the measurement can be expressed in terms of the effective weak mixing angle as
sin2 0 ^ ' - 0.2320 ±0.0021. The consistency between this results and other DELPHI measurements
confirms the Standard Model predictions.

Combination of the asymmetry results with the accurately determined Z° resonance parameters
allows information to be extracted on the weak radiative corrections. Within the framework of the
Minimal Standard Model, this gives rise to an indirect constraint on the mass of the top quark.
A significant constraint derived from the data of 1990, 1991, and 1992 is demonstrated in this
thesis. The striking agreement between the indirect top quark mass constraint from LEP and
the recent direct measurements by the two Tevatron experiments—both methods giving masses of
about 180 GeV—--supports the Standard Model prediction that the major part of the weak radiative
corrections is due to the top quark. This observation seriously restricts all conceivable forms of
new physics beyond the Standard Model.
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Chapter 1

Introduction

The first manifestations of the weak interactions were observed in the later years of the previous
century where the radiative decays of atomic nuclei were discovered and studied by Becquerel and
Mme. and Mr. Curie. After further work by Villard and Rutherford, the radiative decays were soon
to be grouped into three distinctive classes—a-, /?-, and 7-decays—based on the type of particle
radiated in the process: a helium ion, an electron, or a photon, respectively. The nuclear /3-decays
were later to be associated with the weak interactions.

Thirty years later, following soon after Pauli's suggestion that the nuclear /3-decays were ac-
companied by a neutral massless weakly interacting particle—the neutrino—Fermi formulated the
first theory of the charged weak interactions [1]. It was, however, only in the following years af-
ter processes such as x - fi and n — e decays were discovered and found—like the /3-decays—to
have comparatively long lifetimes, that the concept of a distinctive class of interactions began to
emerge. In the 1950's, the surprising discovery of parity non-conservation in /^-decays [2] led to the
eventual formation of the V-A theory of weak interactions, in which only the left-handed fermions
are present in the weak currents [3]. Like the original Fermi theory, the V-A theory is an effective
theory, where the interaction between the fermions is described through a so-called four-fermion
or current-current interaction. Although very successful in describing a vast amount of low energy
weak interaction data, such theories have problems with renormalisability and, even worse, with
unitarity at higher energies. Inspired by the success of QED, several attempts were made to describe
the charged weak interactions by a Yang-Mills gauge theory, where the interactions were mediated
by massive intermediate vector bosons—the W* bosons. The massiveness of the gauge bosons,
which is required in order to yield the desired low-energy four-fermion theory, turned out to be a
problem; the introduction of a mass term in the Yang-Mills theory tended to spoil its renormal-
isability. This serious contradiction was finally resolved with the emergence of the spontaneously
broken gauge theory, in which the gauge boson masses were generated by the Higgs mechanism.
This renormalisable theory [4,5], which has come to be known as the Glashow-Salam-Weinberg
theory or the Standard Model of the electroweak interactions, involves the unification of electro-
magnetism and the weak interactions. This was the first—and until now also the only—successful
unification of two apparently distinctive forces of Nature since the unification of the electric and
the magnetic forces by Maxwell 100 years earlier. The GSVV theory predicted the existence of weak
neutral current interactions mediated by the so-called Z° boson. This prediction was confirmed
experimentally six years later with the observation of v^ interactions without a charged lepton in
the final state [6]. A further dramatic success of the GSW theory came in 1983 with the observation
of the W* and Z° bosons at the CERN pp collider [7]. The observed masses and production cross
sections of both intermediate bosons were found to be in perfect agreement with the predictions
of the theory. Simultaneously, many precision experiments, particularly those on deep inelastic
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Introduction

neutrino scattering [8], contributed to establish the theory in considerable detail [9,10] by testing
its basic relations.

Despite the spectacular success of the Standard Model, there are strong reasons to believe that
it is not a fundamental theory of Nature, but rather a manifestation of a deeper-lying structure
which reduces to the Standard Model at presently explored energies and precisions. One reason is
the large number of fundamental parameters which are left undetermined and have to be inserted
by hand. If these parameters are truly determined by theory, then a more fundamental structure
must be found. Many schemes, which have been explored, predict new physics below an energy
of about 1 TeV. Future experiments covering this energy range, in particular the scheduled LHC
experiments, should therefore reveal its existence through the direct discovery of new physical
states. However, already at lower energies, particles, which are too heavy to be openly produced,
can affect the properties of the Z° boson through weak radiative corrections. This follows from the
fact that the decoupling theorem [11], which states that heavy particles should not affect the physics
at energy regimes much below their masses, does not hold in a spontaneously broken theory [12].
The virtual presence of heavy physical states affect the theoretical predictions of the Standard
Model in a calculable way. Thus, high precision measurements offer not only the opportunity
to probe tiny modifications of the tree level processes, but also to look for departures from the
standard predictions due to new physics at energies beyond the range of direct production.

Among electroweak precision tests, e+e~ annihilation experiments at the Z°-pole are in a unique
position, in that a wealth of physical observables sensitive to the electroweak couplings can be
measured with very high accuracies. The studies profit from the clean environment of the e+e~
collider and the large event rate at the Z° resonance. In 1981 decision was taken at CERN to
build the large electron-positron storage ring, LEP, which in its initial phase is optimized for the
production of Z° bosons. The operation of LEP and its four large general purpose detectors—
ALEPH, DELPHI, L3, and OPAL—started in August 1989. Since then, a total of about 3.5 X 106

Z° decays have been observed in each of the four experiments. Very precise investigations of the
properties of the weak neutral current interactions have been carried out. An important part of
the LEP programme is a precise determination of the mass of the Z° and its total decay width.
For this purpose several energy scans with center-of-mass energies within ±3 GeV of the Z° mass
have been performed. Another important class of measurements are those of asymmetries. The
various observable asymmetries of the Z° decay products are sensitive to the difference between the
strengths of the left- and right-handed couplings of the Z°.

The work of this thesis includes two main areas of electroweak precision tests with the DELPHI
detector [13] at LEP: i) determination of the Z° resonance parameters from the data collected
during 1989-1990, and ii) measurement of the longitudinal polarisation of tau leptons in Z° decays
from the data collected during 1990-1992. Under ii), also results on exclusive branching fractions
of the tau lepton were derived.

An outline of the electroweak Standard Model is presented in Chapter 2. The experimental
observables for electroweak precision tests at LEP are derived with main emphasis on the mea-
surement of the Z° lineshape and the tau polarisation. Short introductions and summaries of the
achieved results for the two measurements are given in Chapters 3 and 4. Chapter 4 also presents
an interpretation of the achieved results within the framework of the Standard Model. For this, the
tau polarisation results are combined with the results of the lineshape measurement for the same
data taking period. Finally, conclusions from current data and an outlook to future measurements
are given in Chapter 5. The main content of the thesis consists of a series of experimental papers,
conference proceedings, and internal notes of the DELPHI collaboration. The total of nine papers
and notes are collected in Appendices A I, and referred to in the thesis with these respective capital
letters. The included material consists of:



A. A Precise Measurement of the Z° Resonance Parameters through its Hadronic Decays,
DELPHI Collab., P. Abreu et a/., Phys. Lett. 241B (1990) 435;

B. Determination of Z° Resonance Parameters and Coupling
from its Hadronic and Leptonic Decays,
DELPHI Collab., P. Abreu et ai, Nucl. Phys. B367 (1991) 511;

C. Theoretical Uncertainty on the Luminosity Measurement,
Mogens Dam and Alex Read, DELPHI Note 91-08 PHYS 84 (1991);

D. A Study of the Decays of Tau Leptons Produced on the Z° Resonance at LEP,
DELPHI Collab., P. Abreu et ai, Z. Phys. C55 (1992) 555;

E. r Physics at LEP,
Mogens Dam, Preprint CERN-PPE/92-82 and UIO-PHYS/92-16, 1992.

F. Measurement of the T Polarisation in Z° decays,
DELPHI Collab., P. Abreu et al., Preprint CERN-PPE/95-30 (Mar. 1995),
submitted to Z. Phys. C;

G. Measurement of the Tau Polarisation in ev9 and irv Final States,
Mogens Dam, DELPHI Note 95-53 PHYS 490 (1995);

H. A precise empirical calibration of the dE/dx in one-prong tau decays,
Mogens Dam, DELPHI Note 95-41 PHYS 484 (1995);

I. Measurement of the T Leptonic Branching Fractions,
Mogens Dam, Proc. of the Third Workshop on Tau Lepton Physics (Montreux 1994),
Nucl. Phys. (Proc. Suppl.) B40 (1995) 227.

The published papers A and B describe the determination of the Z° resonance parameters from
measurement of cross-sections for Z° production and decay. There is a certain degree of overlap
between the two papers, since the data of 1989, which was first analysed for A, is also included
in B, where it was reanalysed together with the about ten times larger data volume of 1990. The
inclusion of both analyses gives a good illustration of the development between the two years. In
addition to the smaller statistical uncertainty following from the larger data sample, the systematic
precision was significantly improved primarily through a reduction of the systematic uncertainty
on the luminosity determination by more than a factor two. Whereas A describes exclusively the
lineshape measurement based on the multihadronic decay mode of the Z°, B includes, in addition,
the analysis of the leptonic decay modes, where the Z° couplings to charged leptons were determined
through cross-section and forward-backward asymmetry measurements. A similar analysis of the
1989 data was published in a separate paper [14], which is not included in this thesis. Also not
included is the very first DELPHI measurement of the resonance shape [15], which was based on the
observation of about 1000 multihadronic Z° decays during the first three weeks of LEP operation.
The 1989-1990 lineshape analysis was a team work involving several tens of physicists. Here, the
author had main responsibility for the luminosity determination, which forms the foundation of
all absolute cross-section measurements. The luminosity analysis is described in the two included
papers. Complementing this, a detailed account of the theoretical uncertainty on the luminosity
determination, and, in particular, of the developments from 1989 to 1990, which allowed a reduction
of the theoretical uncertainty by a factor two, is found in C in form of an internal note of the
DELPHI collaboration.
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The measurement of the tau polarisation is described in the published paper D and the recent
preprint F. Like the other asymmetries, the longitudinal polarisation of tau leptons produced in
Z° decays is sensitive to the neutral current couplings. In D, which is based on the relatively small
data sample of 1990, results are given on the polarisation averaged over all polar production angles
using the decay modes r —• ei/v, r —• fiuis, r —+ TTJ/, and r —*• pi/. In addition, branching fraction
results are given for these modes. These studies are compared to similar studies from the other
LEP collaborations in the conference proceedings I, which reviews the status of tau physics at LEP
by March 1992. In the preprint F, which is based on the ten times larger data sample of 1991 and
1992, the tau polarisation is measured as a function of the production polar angle in the same four
decay modes and in the r —> &iv mode. In addition, a so-called inclusive hadronic analysis was
performed, where the tau polarisation was extracted simultaneously from all one prong hadronic
decays without the traditional separation into exclusive channels. The measurement of the angular
dependence of the tau polarisation provides a simultaneous determination of the Z° couplings to the
initial state electrons and the final state taus. The DELPHI note G gives a detailed account of the
analyses of the r —> evi> and r —> -KV decay modes, for which the author had primary responsibility
(for the 1990 analysis, only the icv mode). An important tool for particle identification in tau decays
was the specific ionisation measurement from the Time Projection Chamber—the main DELPHI
tracking device. A precise calibration of this signal is described in the DELPHI note H. Finally, in
the conference proceedings I, a precise measurement of the leptonic branching fractions of the tau
are presented. From a combination of these results with the DELPHI tau lifetime measurement, a
test of lepton universality in charged weak current reactions was performed.



Chapter 2

The Standard Electroweak Model

A brief review of the Standard Model of the electroweak interactions is presented in this chapter.
The experimental observables for electroweak precision test at LEP are derived with main emphasis
on the measurements of the Z° lineshape and the tau polarisation.

2.1 Electroweak interactions

In the Standard Model, electromagnetism and the weak interactions are unified by combining gauge
invariance and spontaneous symmetry breaking. The theory is invariant under the SU(2)x®U(l)y
gauge group of weak isospin, T, and weak hypercharge, Y. The gauge bosons and the fermions
acquire masses, without spoiling the renormalisability of the theory, through the introduction of a
new scalar field, the Higgs field, with a non-vanishing vacuum expectation value.

2.1.1 The Fermion Matter Fields

The fermions are described by four-component Dirac spinor fields accounting simultaneously for
particles and anti-particles. For reasons still unknown, fermions appear in (at least) three families,
each containing two quarks and two leptons. The massive quarks, which together with gluons are
the constituents of hadrons, have fractional electric charges and three possible colours; the charges
of the strong interactions. The leptons, which are colourless, are either massive with unit charge,
or, in the case of the neutrinos, very light (or massless) and neutral. The first family is composed
of the electron, its neutrino, and the up and down quarks; the second of the muon, its neutrino,
and the charm and strange quarks; and the third of the tau, its neutrino, and the top and bottom
quarks. The fermions of the three families carry identical quantum numbers and differ only through
the large increase in mass between subsequent families.

Experimental evidence shows that only left-handed fermions are present in the charged weak
currents. This calls for a separate treatment of the left- and right-handed components of the fermion
fields

}• (2.1)

Whereas the left-handed components are arranged into SU(2)j doublets of weak isospin

the right-handed components eR, UR, and d'R are singlets. Since no evidence of right-handed
neutrinos or left-handed anti-neutrinos exists, a i>eR field has been omitted. In this notation, the
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The Standard Electroweak Model

| Fermion

f e

e
u
d

»n
M
c
s
vT

T

t
b

Mass [MeV] ]

< 7.0 X 10~6

0.511
2 - 8
5 - 1 5
< 0.27
105.66

1000 - 1600
100 - 300

< 24
1777.0 ±0 .3

(180±12)x 103

4100 - 4500

Table 2.1: Fermion masses. The quark masses are so-called 'current-quark-masses'. All values
are taken from Ref. [16], except the updated [17] r lepton mass from the BES experiment and
the new vT limit [18] from the ALEPH experiment. The quoted top quark mass is a weighted
average of the measured masses from the CDF (176 ± 8 (stat.) ± 10 (syst.) GeV) [19] and the D0
(199 ^21 (stat.) ± 22 (syst.) GeV) [20] experiments at the Tevatron in their recent announcement
of the top quark discovery.

fermion fields are denoted by their first family components (ue, e, u, d). The same structure applies,
however, to the heavier families of(v^, (i, c, s) and (i/T, r , t, b). Based on the observed transitions
between quark families in the charged weak interactions, it is concluded that the mass eigenstates
and the weak eigenstates of quarks are not the same. Thus, the lower components of the quark
doublets are written as unitary combinations of the mass eigenstates,

d'
s'
b'

= U (2.3)

where U is the unitary Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix [21].
The SU(2)x gauge symmetry leads to the isospin triplet of weak currents,

J£ = |*L7M
ra*L, a = 1,2,3, (2.4)

where the r 's are the Pauli matrices, and # L denotes the isospin doublets l\a and qL. Similarly, the
U(l)y gauge symmetry leads to the weak hypercharge current

g = (2.5)

where the weak hypercharge, Y, is related to the electromagnetic charge, Q, and the third compo-
nent of the weak isospin, T3, through the relation

Q- r3. (2.6)

2.1.2 The Gauge Fields

The gauge fields are the mediators of the interactions between quarks and leptons. In order to
maintain the gauge invariance and thus the renormalisability of the theory, the fields, which will



2.1 Electroweak interactions

eventually describe the massive Z° and W* bosons, mediating the weak interactions, and the
massless photon, mediating the electromagnetic interaction, are introduced into the theory as the
massless weak isospin triplet W*, which couples to the weak isospin current J° with coupling
constant g, and the likewise massless singlet flM, which couples to the weak hypercharge current
j ^ with coupling constant g'. The interaction term in the Lagrangian, thus, takes the form

3yB • (2.7)

2.1.3 Generation of masses

In order to provide masses to the gauge bosons and the fermions without breaking the SU(2)rlg>
U(l)y gauge symmetry, scalar Higgs fields are introduced [22]. In the so-called Minimal Standard
Model, the Higgs fields take the form of a single weak isospin doublet with hypercharge Y — | ,

(2.8)

where the superscripts denote the electric charges of the two complex components. By giving
the Higgs field a non-zero vacuum expectation value, v, such that the vacuum state, through an
appropriate choice of gauge, can be written as

0 \

the symmetry of the Lagrangian is spontaneously broken. Due to the structure of the interactions
between the Higgs fields and the gauge fields, as dictated by the gauge symmetry, the three resulting
would-be-Goldstone bosons appear as longitudinal polarisation states of three of the gauge bosons,
which become massive. The two fields W^ = -jz(W^ ^ iW2) represent the charged W* bosons of
mass

Mw = \vg. (2.10)

By diagonalising the mass matrix of the neutral fields W^ and By, which no longer correspond to
mass eigenstates, through the orthogonal transformation

(2.11)

(2.12)

the physical fields ZM and Ay, appear. Here 0w, which is referred to as the weak mixing angle, is
given by the ratio of the coupling constants of the two independent U(l)y and SU(2)x groups,

tan9V/=g'/g. (2.13)

Because the vacuum state of the Higgs field is electrically neutral, the U(l)em symmetry associated
with electromagnetism is left unbroken, and the photon, which is described by the Ay field, remains
massless. The mass of the Z° boson, which is represented by the ZM field, is given by

+ 9'2, (2.14)

and is therefore related to the W* mass through the simple relation cos#w = A/yv/A/z- In other
words, in the Minimal Standard Model, the p parameter, which specifies the relative strength of
the neutral and charged current weak interactions, is fixed to unity:

P= .f2
M\a = 1 - (2.15)

M4 c o J #
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Boson Mass [GeV]

7 < 3 X 10-36

Z° 91.187 ±0.007

W* 80.22 ± 0.26

Table 2.2: Gauge boson masses [16].

This is a result of the choice of Higgs doublet fields, and does not hold for more complicated
structures. An interesting test of the electroweak theory is therefore the experimental measurement
of the p parameter.

Fermion masses are generated through Yukawa couplings between the Higgs doublet and the
fermion fields. Introducing into the Lagrangian, for each fermion species f, a gauge invariant term
of the form

-Gf [*L<W>R + V > R < ^ L ] • (2.16)

(2.17)

leads, after symmetry breaking, to fermion masses given by

_ Gf_y

Unfortunately the coupling constants Gf are unconstrained by the theory and have to be determined
through the experimental measurement of the fermion masses.

The leftover degree of freedom of the Higgs doublet after symmetry breaking appears in several
terms of the Lagrangian. It describes the still undiscovered Higgs boson, which in some form is
a necessary consequence of the theory. The Higgs boson mass, M H , depends on the unknown
Higgs self coupling and is therefore not predicted by the theory. The lower bound from the LEP
collaborations of MH > 60 GeV is, nevertheless, complemented by a theoretical upper bound of
about 1 TeV from arguments having to do with the self-consistency of the theory. The coupling
between the Higgs boson and the fermions, which is proportional to the fermion masses, is very
weak for all the light fermions accessible at LEP (mf <C Mz). In the annihilation process e+e~ —• ff,
the Higgs boson can, therefore, be ignored except for its appearance in loop diagrams, by which it
influences the theory through radiative corrections.

2.1.4 The electroweak interaction terms

After spontaneous symmetry breaking, the interaction Lagrangian reduces to a form where the
contributions from the electromagnetic and weak interactions can be easily identified.

Requiring that the electromagnetic interaction takes its usual form

/'em _ _
H i (2.18)

where e = y/4xa is the electric charge of the positron, the gauge couplings have to satisfy the
requirement

</sin#vv = y'cosOw = e. (2.19)

With T+ and T~ being the weak isospin raising and lowering operators, respectively, the
charged-current weak interaction takes the form
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Thus, the coupling of the W* to the up and down components of a weak isospin doublet, for
example v^ and [i, is

7" ( l -7 5 )d l , (2.21)
2>/2sin0w

where the V — A structure, which was, of course, imposed on the theory, is manifest.
The neutral-current weak interaction term can now be written as

(2.22)

where, for each fermion species f, the vector and axial-vector couplings are defined in terms of its
electric charge and third isospin component, as

gf
y = T3

f-2Qfsin20w,
9A = Tl (2.23)

Since, for charged leptons and quarks, g\j and g{
A have different magnitudes, the neutral couplings

have unequal contributions from the vector and axial-vector amplitudes, as distinct from the charged
current V — A coupling.

2.1.5 Free parameters and inputs

Neglecting the masses of the fermions and the Higgs boson, the Minimal Standard Model has only
three free parameters which are not fixed by the theory. In terms of the definition of the theory,
these are the two coupling constants g and g', and the vacuum expectation value, u, of the Higgs
field. The three parameters can be related to various sets of physical observables. Having chosen
a specific set, other observables can be calculated allowing verification or falsification of the theory
by comparison with the corresponding experimental results. In order to minimize the theoretical
uncertainty on the predictions from the theory, it is clearly advantageous to choose physical inputs
which are precisely measured.

Through the incorporation of QED, the relation to the fine structure constant, a, as determined
with an impressive precision from Thomson scattering [16],

a = 1/137.0359895(61), (2.24)

has already been demonstrated. The strength of the charged weak interaction is determined with
high precision through the measurement of the muon lifetime. Expressed through the Fermi cou-
pling constant, the result reads [16]

GF = 1.16639(2) x 10~5 GeV~2. (2.25)

In fact, the muon lifetime has been calculated within the framework of the effective V — A theory
of four-fermion interactions. Requiring that the GSVV theory reduces to the effective theory at low
momentum transfers, where the VV propagator reduces to l/Myj, the following relation is obtained

(2.26)
v/2 8M&

By inserting M\y from Eq. (2.10), the vacuum expectation value of the Higgs field is now given in
terms of Gp, as

v = (V2GF)~* ^ 246 GeV. (2.27)
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e ' - f

Figure 2.1: Feynman diagram for the Born level process e+e~ —• ff.

After having constrained experimentally two of three input parameters, a precise measurement of
the Z° mass fixes the theory through the relation

2

sin
where the precisely known constant A is

/ Trrv \ 2
A = -=— 1 = 37.2802 ± 0.0003 GeV.

VV2GF/

(2.28)

\ Zi t ZitJ )

For physics at the Z° resonance, the most natural choice of input parameters to the Standard
Model is, thus,

a, GV, and, Mz, (2.30)

where Mz is obtained from a precise scan of the Z° resonance shape. With these parameters
as inputs, predictions for other observables can be made and confronted with experiment. In
particular, the Z° couplings ^y and g*A, as defined in Eq. (2.23), can be calculated and inserted
into expressions predicting, for example, the Z° partial decay widths and various asymmetries of
the Z° decay products.

2.2 Lowest order Cross Section for e+e ff

For collision energies close to the Z° mass, the cross section for the process e+e —+ ff has a Breit-
Wigner resonance shape. At Born level, the cross section, which is dominated by the production
and subsequent decay of a Z° boson, can be written as

where Fz is the Z° total decay width, and a1 and a7Z are small 0(1%) contributions from photon
exchange and 7Z°-interference. The pole cross section a^, at collision energy ^/s = Afz, can be
written in terms of Fee and Ffj, the Z° partial widths for decays into e+e~ and ff final states, as

127T ff (2.32)

with the partial widths given by the vector and axial-vector couplings of the Z° to fermion f, as

(2.33)
6x\/2

Lf2
ffA
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Here N{
c is a colour factor which takes the value 1 for leptons and 3 for quarks.

As compared to the photon annihilation cross section,

(2.34)

the cross section at the top of the Z° resonance is about 200 times higher for leptons and about
1000 times higher for hadrons. This, however, is somewhat reduced due to initial state radiation.

2.3 Radiative Corrections

The simple relations between physical observables in the Standard Model are modified by radiative
corrections. Through much effort [23] these have been calculated to a precision which should
allow the full exploitation of the experimental accuracy of the LEP data. The corrections can be
conveniently separated into two classes [24]:

1. Photonic corrections, which comprise all Feynman diagrams with an extra photon added to
the Born level either as a real bremsstrahlung photon or as a virtual photon loop. Being
process specific and dependent on the experimental details, they are generally regarded as an
annoyance and are, therefore, removed from the data. In the case of LEP physics, however,
they are very large and hence need a lot of attention.

2. Electroweak corrections, which comprise all electroweak loop diagrams which are not of pho-
tonic origin. Included are propagator self-energy diagrams, vertex diagrams (where the virtual
photon contribution has been removed), and box diagrams with the exchange of two massive
bosons. These higher order processes lead to calculable shifts in the physical observables (e.g.
M\ —> M\ + 6M2), which depend on the detailed internal structure of the electroweak theory.
They can therefore potentially reveal signs of new physics beyond the Standard Model. Inside
the framework of the Minimal Standard Model, the corrections depend, in particular, on the
top quark and the Higgs boson masses.

In this section, the electroweak corrections to the process e+e~ —• Z° —> ff will be discussed.
However, before turning to that discussion, the radiative corrections to the muon decay process are
reviewed. With the use of the Fermi coupling constant, Gp, derived from the muon decay rate, as
one of the inputs to the electroweak theory, these corrections are important for the interpretation of
the LEP results. The discussion of the photonic corrections to the e+e~ —>• ff process is postponed
to Section 2.4, which deals with the Z° lineshape.

2.3.1 Muon decay

As previously stated, the Fermi coupling constant is defined in terms of the rate of the muon decay
process fi —> ev^i>e. Taking into account electromagnetic corrections, the expression for the muon
lifetime, r^, takes the form [25]

2 5 "' ' ' (2.35)

where f(x) is a phase space factor given by

f(x) = 1 - 8a- + 8a-3 - x4 - 12a:2In a-,
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and a(m 2 ) is the fine structure constant evaluated at the the muon mass scale

a(ml)-1 = a-'-^ In ̂  + ± ^ 136.M 37r roe 6TT

The full lifetime expression is given here for reference, since it will be needed later for the discussion
of tau decays. Here, however, the important point is that the electroweak radiative corrections,
contrary to the electromagnetic corrections, have not been factorised out but are included in the
definition of Gp.

After accounting for the electroweak radiative corrections to the muon decay process, the formal
expression for Gp takes the form

G s i n 2 0 l A r ' ( 2 l 3 6 )

where Ar is a calculable quantity which depends on the definition of sin20\y Whereas, at tree
level, any definition of the weak mixing angle in terms of the physical observables is equivalent,
this is no longer true at higher orders. A definition is therefore necessary. A popular choice, among
many, is given by the so-called on-shell scheme, in which sin2 By/ is defined in terms of the ratio of
the physical masses of the W and Z° bosons, as

(2.37)

As indicated, in this scheme, sin2 #\y is referred to as Syj to clearly distinguish it from other schemes.
With Cyv = cos2#w, the relation between the gauge boson masses and the couplings can now be
written as

^ 2 M%s2
wc2

w = Y 3 ^ ' (2-38)

where A is defined in Eq. (2.29).
The calculation of Ar has received much attention, see for example Ref. [27]. Several contribu-

tions have been calculated beyond the leading order. To keep the current discussion as transparent
as possible, however, only leading order contributions will be mentioned. To leading order, the
result for Ar takes the form [27]

Ar = Aa - ^-Ap + Ar r e m , (2.39)
s

where the two major contributions are discussed subsequently, and the small remaining term, Ar r e m ,
will not be mentioned further.

The largest contribution to Ar is given by the running of the electromagnetic coupling constant
from zero momentum transfer, where it is defined, up to the Z° mass, which is the scale relevant
for electroweak interactions,

The energy dependence of a is caused by so-called photon self-energy diagrams, where a fermion
loop is inserted in the photon propagator, as illustrated in Fig. 2.2. With the contribution from
each fermion species depending on the fermion mass, the leptonic part can be calculated with a
negligible uncertainty. Because of our ignorance of the precise definition of the light quark masses,
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f
Figure 2.2: Photon self-energy diagram.

however, the hadronic part is obtained by a dispersion relation over measured total hadronic cross
sections in e+e~ annihilations. The uncertainty on the present value of [26]

AQ = 0.0596 ± 0.0009 or a(Af|) = 128.87 ± 0.12 (2.41)

stems mainly from imprecise cross section measurements in the energy region 1-10 GeV.
The second contribution to Ar, which is written in terms of the quantity Ap enhanced by the

factor c^v/syy, is caused by the breaking of the SU(2)j weak isospin symmetry, which stems mainly
from the widely different masses (as compared to the scale of the weak interactions) of the third
family quarks: the top quark, with mass mt > Mw, and the bottom quark, with mass mb C M\y-
As opposed to the effective electromagnetic coupling, which does not depend on particles much
heavier than the energy scale considered, the weak couplings are affected by heavy fermions with
light isospin doublet partners. The contribution to Ap from the top quark reads [24]

The divergence for mt —> oo is a reminder that the theory would be non-renormalisable without
the top quark, and thus with the bottom quark appearing as an isospin singlet. In the same way as
the (t,b) doublet, Ap would be affected by any new weak isospin fermion doublet (e.g. new heavy
quarks or leptons) with non-degenerate partners. Also the Higgs mass contributes to Ap. However,
due to what is referred to [24] as an accidental SU(2)R symmetry in the Minimal Standard Model
Higgs sector, there is no quadratic dependence. The leading dependence on the Higgs mass,
is, thus, logarithmic [24]

5 I
ApHi,

24TT2\/2
In

6
(2.43)

With the coefficient in front of the bracket approximately equaling 0.00145, the Higgs mass depen-
dence is very weak.

2.3.2 The process e + e " -> Z° -* ff

The dominant contribution to the electroweak radiative corrections to the process e+e~ —+ Z° —+ ff
is due to propagator corrections. The Z°-propagator self-energy diagrams, shown in Fig. 2.3 (a),
give rise to an energy dependence of the weak neutral-current coupling most of which is accounted
for by the running of a. As in the case of the muon decay, the weak isospin breaking gives rise to
an additional contribution. The Z°-propagator correction thus takes the form [24]

Hz = -Ao + C^~S^Ap + • • • , (2.44)
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Figure 2.3: One-loop Feynman graphs contributing to the weak corrections to the Z° pole process
e+e ff: (a) Z° self energy, (b) 7Z0 mixing, (c)-(f) vertex corrections.

where the ellipsis indicates small additional terms. With the expression for the Z°-propagator
correction being very similar to that of Ar, most of the self-energy effects are absorbed by inserting
into the neutral-current amplitude the charged-current coupling strength, G'F,

1
4c?,w"w Lwsw nz

1 - Ar

(2.45)

The appearance of the so-called effective />-parameter, p = 1 + Ap, is caused by the different
coefficients to the Ap term in Eqs. (2.39) and (2.44). The weak isospin breaking thus generates a
difference between the strengths of the neutral and charged current interactions, c.f. Eq. (2.15).

By connecting a photon line to a Z° line, fermion loops create, in addition, mixed photon-Z°
propagators, as illustrated in Fig. 2.3 (b). These so-called 7Z0 mixing diagrams lead to a further
correction of the weak couplings. However, contrary to the diagonal self-energy diagrams of the
photon and Z° propagators, the mixing diagrams affect the relative strengths of the vector and
axial-vector couplings, leading to a natural redefinition of the weak mixing angle [24]

with
AK =

(2.46)

(2.47)
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As indicated, the leading contribution to this correction is also proportional to Ap.
The corrections considered so far have been universal in that they are independent of the fermion

species coupling to the Z°. In contrast, Z°ff vertex corrections, as depicted in Fig. 2.3 (c)-(f), are
non-universal. The vertex corrections are small for all fermion species except the bottom quark,
where diagrams involving a virtual top quark lead to yet another quadratic m t dependence. As
distinct from other electroweak corrections, which receive contributions from the Higgs boson and
from possible new physical states, the Z°bb vertex correction depends essentially only on the top
quark mass. Thus, a precise measurement of the Z° partial width into bb allows to disentangle the
effect of the top quark from other physical effects.

Box diagrams involving the exchange of two heavy bosons are non-resonant and therefore sup-
pressed by a large factor. Since their effect on physical observables at the Z° resonance is tiny, they
will be ignored in the rest of the current discussion.

2.3.3 Effective Couplings and Mixing Angle

The effect of the electroweak radiative corrections to the process e+e~ —> Z° —> ff can be conve-
niently absorbed into so-called effective coupling constants, replacing the definitions in Eqs. (2.23)
by

f f o f

<7v = \fp~l (^3 — 2Qi sin 8eff),

gA = y/piTi, (2.48)

where the effective weak mixing angle, sin2 #£ff, is defined as

(2.49)
The form factors pt = 1 + Apf and Kf = 1 + AfCf contain all effects of the electroweak radiative
corrections including the non-universal vertex corrections. The effective coupling constants as well
as the effective mixing angle are therefore different for different fermion species. Separating out
the non-universal part of Kf, the flavour dependent effective mixing angle sin2 #£ff is related to the
mixing angle of Eq. (2.46) via

sin2< f f = (1 + AK?rtex)s2
w. (2-50)

where for leptons ArfeTtex ~ 0.0007.
An effective mixing angle, which corresponds to sin2 6^ for leptons, is used by the LEP collab-

orations for reporting results on various asymmetries of the Z° decay products [28]. It is defined
as

sin tfefr = 1 ,
4 \ 9A

where the ratio gy/ge
A is extracted from the asymmetries at the top of the Z° resonance. This

definition accounts for the vertex corrections for leptons, but not for quarks. The determination of
sin2 O^ff1 from quark asymmetries, thus, requires the knowledge of the corrections particular to the
hadronic vertex.

2.3.4 The Improved Born Approximation

For precision tests of the electroweak theory, the complete set of one-loop radiative corrections (plus
for some terms, higher orders) are applied. For many purposes, however, it is useful to know [24]
that, to a very good approximation, the effects of the electroweak loop corrections can be obtained
by the so-called 'improved Born approximation1. In this approximation, the Born level formulae
are essentially retained, but with the following changes:
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1. The electromagnetic coupling constant is evaluated at the Z° mass scale; a —>

2. With the weak neutral-current coupling being expressed through the Fermi coupling constant,
the isospin breaking loop corrections to the Z° propagator are introduced through the effective
p parameter; Gp —* pGp with p = 1 + Ap.

3. The 7Z0 mixing diagrams are accounted for by the introduction of the effective mixing angle;

4. An -s-dependent total width of the Z° is introduced. Originating from the imaginary part of
the Z° propagator correction, it can be approximated by

rZ(*) = ^ r z ( M | ) . (2.52)
z

In the following, Fz will signify the total width at the Z° mass: Fz = Fz(M|) .

Via Eq. (2.48), points 2 and 3 are, clearly, equivalent to replacing the coupling constants g[p and
g\ by effective couplings.

2.4 The Z° lineshape

2.4.1 Improved Born level

After accounting for radiative corrections, expression (2.33), for the Z° partial decay widths into
massless fermions (rrif <C Mz), takes the form

} 1 + *QED)(1 + «5QCD). (2.53)

Here the corrections <SQED and SQCD account for the effect of photon and gluon radiation, respec-
tively, from the final state fermions. For an inclusive measurement, i.e. a measurement with no
angular constraints on the final state particles, the QED correction is given by

SQED = ^Qh (2.54)

which, in the case of leptons, amounts to 0.17%. The QCD correction, which is zero for leptons,
has been computed [29], for massless quarks, to third order in the strong coupling constant, a s ,

1-409 f ^ M ) y _ 1 2 . 8 0 5 f ^ M ) y + .... 12.55,

With as(jV/z) = 0.123 ± 0.006 [30], this amounts to a 4.1% enhancement of the hadronic partial
widths1. The predicted partial decay widths are given in Table 2.3. The modifications due to
finite fermion masses have been left out here for the sake of simplicity, but are included in the
parametrisations used for the extraction of the electroweak parameters from the LEP data.

'Indeed, this correction allows the extraction of os(A/|) from a precise measurement of the ratio Rt = Phid/T^
between the hadronic and leptonic partial widths. This is complementary to the traditional event shape methods,
which exploit the fact that gluon radiation from the final state quarks lead to multi jet events.
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| Decay mode
vv
rt+
up type quarks
down type quarks
Hadronic
Total

Width [MeV] ||
166.0
83.7

296.9
386.3

1752.5
2503.2

Table 2.3: Predicted Z° decay widths. For the total width, three neutrino species have been
assumed. Fermion masses and vertex corrections for the bottom quark have been neglected. Input
values: M z = 91.2 GeV, sin2 0 $ = 0.23, aa(M%) = 0.123, and Ap = 0.

The Z° total decay width, Fz, is obtained by summing over all fermion species which are light
enough to be pair-produced in Z° decays. With Fhad denoting the total hadronic decay width,
which for a heavy top quark (m t > Mz) is

r j _ r - _ i _ r _ i _ r ' _ i _ r - lo z,a\
uu ' l dd > L cc + A ss + 1 bb> (£.OV)

(2.57)

the Standard Model total decay width can be written as

r z = rhad

where N,, is the number of light neutrino species (m,, <C Mz). By subtracting from the observed to-
tal width the hadronic and leptonic partial widths, which are derived from the measured production
rates via Eq. (2.32), the so-called invisible width is obtained,

1 inv — 1 Z 1 had 1 ee ' ( i u *• TT • (2.58)

In the Minimal Standard Model only vv final states are undetectable. The number of neutrino
species is, therefore,

N , = r i n v /rv P . (2.59)

With F^p being calculable according to Eq. (2.53), a precise determination of the invisible width
is, thus, equivalent to a determination of the number of (light) neutrino species in Nature. This
was one of the main initial goals of the LEP programme. Beyond the Minimal Standard Model,
any Z° decay into new particles which go undetected would contribute to the invisible width. A
precise determination of Nu is, thus, probing, in an inclusive way, the existence of new 'invisible'
particles which couple to the Z°.

Including electroweak corrections, the cross section for the process e+e~ —+ ff can be expressed
in the following form, which is the improved' version of the Born level expression (2.31),

a(s) = (2.60)

Here the pole cross section, <7°=, which is still given by Eq. (2.32), but now with the partial widths
evaluated according to Eq. (2.53), is divided by the term 1 -MQED in order to avoid double-counting
of the QED final state corrections. The introduction of an s-dependent width leads to a decrease of
the apparent Z° mass by 34 MeV and is, thus, clearly an important effect. Expression (2.60) allows
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Y

(e)

Figure 2.4: Lowest order Feynman diagram contributing to the photonic corrections to the process
e+e~ —> ff: (a) initial state radiation, (b) final state radiation, (c) and (d) vertex corrections,
(e) box diagram.

for an almost model-independent [31] fit of the observed Z°-resonance shape in terms of the three
parameters, Mz, Fz, and FeeFj-f, where the last parameter enters via the expression for the pole
cross section. In practice, the lineshape is measured in the hadronic and the three leptonic decay
channels separately. Clearly, the hadronic channel with its far superior event rate provides the
most accurate determination of the lineshape parameters. The leptonic channels, however, provide
additional information on the leptonic partial widths from which the quadratic sum of the vector
and axial-vector couplings can be derived.

2.4.2 QED corrections

For the measurement of the Z° lineshape it is mandatory to consider in detail the effects of photonic
radiation. The effects are dominated by the emission of real photons from the initial state electron-
positron system. Such radiation results in a reduction of the effective collision energy and thus in
a substantial modification of the Z°-resonance shape. The effect of initial state radiation is taken
into account by convoluting the improved Born cross section by a radiator function, G(s, z), which
describes the probability of radiating one or more photons so that the square of the collision energy
is reduced from s to s' = zs. The observed cross section for the process e+e~ —• ff, thus, takes the
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Figure 2.5: Cross section for the process e+e —* hadrons as function of the center-of-mass energy.
The dashed line represents the 'improved' Born cross section without photonic corrections. The
solid line includes photonic corrections.

form

= C G{z,s)o(-t(zs)dz.
JAm,

(2.61)

In this prescription, QED effects which do not factorise into initial and final state contributions,
have been ignored. Such effects, which arise from the interference of the initial and final state
radiation and from QED box diagrams, are very small at or close to the peak of the Z° resonance.

Much effort has gone into the evaluation of the radiator function G(s,z). It can, in general, be
written as the expansion [31]

G{z,s) = -

( a
-

(a22L
2 + a21L + a20)

n n

(2.62)
t=O

where I is a shorthand for the large logarithm \ns/ml, which takes a value of about 24.2 for
\/s ~ Mi. All first- and second-order terms, which involve the radiation of up to two real photons,
are known exactly. Higher leading and next-to-leading order contributions from soft and hard
collinear photons are obtained by an exponentiation of the lower order results [31].

The theoretical accuracy on the treatment of the initial state photon radiation through the
procedure described above has been estimated to be 0.1% or better for s-channel processes [31].

The expected Z° lineshape with and without initial state radiation is depicted in Fig. 2.5. The
radiation leads to a lowering of the peak cross section by about 26% and an upwards displacement
of the peak position by about 110 MeV. In addition, a strong enhancement of the visible cross
section above the resonance is observed. This so-called radiative tail is caused by radiative return
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to the Z° peak. In fact, the observed radiation probability is strongly dependent on the center-of-
mass energy. At or below the peak, radiation is damped, since it would take the effective collision
energy away from the resonance. Above the peak, the situation is exactly opposite and radiation
which takes the effective collision energy back to the resonance is strongly favoured.

2.5 Asymmetries at the Z°-pole

The parity violating nature of the neutral-current weak interactions gives rise to various observable
asymmetries of the final state particles in the e+e~ —> ff annihilation process. At the peak of
the Z° resonance the asymmetries take particularly simple forms in terms of the neutral-current
couplings. However, as the energy dependence of the asymmetries, especially in the case of the
forward-backward asymmetry, plays an important role in their measurement, also close to the Z°
peak, the current discussion will include also the effect of photon exchange and, more importantly,
its interference with Z° exchange.

2.5.1 General Formalism

Ignoring O{m\lM^) mass effects, helicity conservation at high energies assures that the Z° (or
photon) couples to pairs of fermions with opposite helicities. The annihilating electron-positron
pair will, thus, be either a e^e^ or a e^e£ combination. Similarly, the final state fermions will be
either a iyfa. or a fR?L combination. The four possible helicity state configurations are shown in

e e

f f
— + . f c

Figure 2.6: Helicity state combinations in the process e+e~ —* ff.
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Fig. 2.6. With * being the angle between the initial state electron and the final state fermion, the
corresponding differential cross sections, in the improved Born approximation, take the form

(eLeR ~dcos*
d<7

fRfL) =

+ 2ReX(s)Q

+ 2ReX(s)Q

+ 2Rex(s)Q

+ 2Rex(s)Q

eQ(gtgL +

eQtglgR +

eQtgy{ +

eQf^R +

\x(s)\2gl2

\x(s)\2gi2

\X(S)\2?R2

\x(s)\2gtf

/L
2 |(i +

—f 2 1 1 1
0RJ \ l -

/ L 2 ] ( 1 -

; /R 2)(1 +

cos*)2,

cos*)2,

cos*)2,

cos*)2,

(2.63)

with

( 5 ) ( 2 " 6 4 )

Here gf
L and 5^ are the (effective) neutral-current chiral couplings, which can be expressed in

terms of the vector and axial-vector couplings through the standard relations gf
v = g{

L -f g
{^ and

g(
A = g\ — g!

R. To compare these expressions to the experimental data they still have to be
convoluted with a radiator function which account for photonic radiation. In the case of quarks,
also final state QCD corrections must be applied.

For unpolarised e+e~ beams, with A being the helicity of the final state fermion, the differential
cross section now takes the form

) = {I + cos2 0)F<i(s) +2cos6F{{s)
COIb

-A [(1 + cos2 0)F{
2(s) + 2 cos*F3

f(5)] , (2.65)

with the four form factors

2Rex(s)QeQ(g
e
vgA + \x(s)\2(gey2 + ge

A
2) ]

( 2 { 2 + gA
2)}. (2.66)

From this form, it is clear that the asymmetries, in the case of pure Z° exchange, will be given in
terms of the particular combination of neutral-current couplings

2 f f _gj2-g{
R

2
 ( 2 6 7 )

"# + #'
which for obvious reasons is referred to as the chiral coupling asymmetry.

2.5.2 Forward-Backward Asymmetry

For decay channels where no information on the helicity of the final state fermions is available,
only the form factors FQ and F\ can be extracted from the data. Whereas FQ is related to the total
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production cross section through the relation

<7f(s) = -ft(s), (2.68)

Fi is related to the forward-backward asymmetry, which is given by

Af , ,x _ ^f(cose > 0) - <7f(cos 6 < 0) = 3 Fjjs)
> 0) + <Tf(cos(9 < 0) 4fo

f(s) ' [ '

Neglecting the small pure photon exchange term, at the Z° peak (s = M| ) , where the interference
term cancels, this reduces to the form

A F B = ^A-4f. (2.70)

2.5.3 Polarisation asymmetries

Additional observables are available for decay channels in which the helicities of the final state
fermions are experimentally accessible. The longitudinal polarisation, V{, of fermion f is defined as

where <Tf(A = +1) and <7f(A = -1 ) are the cross sections for the production of positive and negative
helicity fermions, respectively. In terms of the form factors, the polarisation as a function of cos#
takes the form

a + c°s2^(*) + 2cosfli^)
(2.72)

which, at the Z° peak, neglecting the pure photon exchange contribution, reduces to

(l + COS20).4f + 2 COS M e
V({C°Se) ( I + «*»«) + 2 cos

Measurement of the longitudinal polarisation as a function of cos 6, thus, provides a simultaneous
determination of the Z° couplings to the initial state electrons and the final state fermions. This
can be made explicit by noticing that the polarisation averaged over all production angles is

whereas the angular dependence, expressed through the so-called forward-backward polarisation
asymmetry, A¥

l
E, is

A% = (Pt)co.e>o ~ (Pf)cosM = - | ^ j * --4Ae- (2.75)

Here, in both cases, the approximate relations are valid for pure Z° exchange at the peak of the
resonance, where the average polarisation is, therefore, sensitive to the final state fermion couplings,
whereas the angular dependence is sensitive to the electron couplings, and thus to the polarisation
of the intermediate Z°'s, which is given by

Vz = -Ae. (2.76)

Up to now, the polarisation of the final state fermions has only been measured for tau leptons,
where the polarisation can be deduced from an analysis of the tau decay products.
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2.5.4 Sensitivities

It is interesting to notice that, at the Z° peak, the forward-backward asymmetry appears as the
product of the two polarisation observables,

(2.77)

This is, of course, related to the fact that the parity-even forward-backward asymmetry results
from two parity violating processes—the production and the subsequent decay of the Z°—which
are accessed individually through the helicity measurement. Being linear in the chiral coupling
asymmetries, the polarisation observables, as distinct from the forward-backward asymmetry, de-
termine the relative sign of the vector and axial-vector couplings.

The neutral current couplings and the derived variables A{ and AeAi, together with their
sensitivities to sin2#w> are presented in Table 2.4 for the four fermion types. An input value of

f

V

e
u
d

13

1/2
- 1 / 2

1/2
- 1 / 2

Qt
0

- i
2/3

- 1 / 2

A
1/2

-1/2
1/2

-1/2

/v
1/2

-0.04
0.19

-0.35

At

1
0.16
0.67
0.94

dA,
9 sin2 #w

0
-7.9
-3.4
-0.6

A*At

0.16
0.03
0.11
0.15

d sin

- 7
_2
- 5
- 7

.9

.5

.8

.5

Table 2.4: Numeric values of quantum numbers, neutral current couplings, chiral coupling asym-
metry A{, and sensitivity of A{ to the weak mixing angle for the four types of fermions. Also
given is the product AeA{, which appears in the forward-backward asymmetry, and its sensitivity
to sin2 #w- The input value of sin2 #w is 0.23.

sin2#vv = 0.23 has been used. From the table, the Standard Model predictions for the various
asymmetries and their sensitivities to the weak mixing angle can be readily obtained. Because, for
leptons, the vector coupling is much smaller than the axial-vector coupling, the leptonic asymmetries
are relatively small. This is especially true for the forward-backward asymmetry, which depends
quadratically on At. Taking into account the coefficient 3/4 in the definition of the forward-
backward asymmetry, the sensitivity of the tau polarisation measurement to sin2 #w is more than
four times better than that of the leptonic forward-backward asymmetry. Even with the limited
statistics of the tau decay channel, the tau polarisation measurement, thus, potentially provides a
competitive determination of the mixing angle.

The highly sensitive forward-backward asymmetries of quarks depend much stronger on the
initial state electron couplings than on the quark couplings. Their exploitation poses an experi-
mental challenge, since it, in general, requires the identification of specific quark final states and the
measurement of their charge. Heavy quark flavours, like b and c quarks, can be tagged by means of
their semi-leptonic decays, b(c) —* IX. Because of the large b quark mass, leptons from b-flavoured
hadrons are characterised by a high momentum, /;, and a high transverse momentum, pi, with re-
spect to the direction of the accompanying hadron jet. Leptons from c-flavoured hadrons, on the
other hand, tend to occupy the region of low p and pp. In addition, b-flavoured hadrons can be
tagged by their lifetime through a precise reconstruction of decay vertices. Finally, it is possible to
gain information on sin2#vv by measurement of the forward-backward charge asymmetry, (QFB)?

in inclusive hadronic decays of the Z°.
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Figure 2.7: Energy dependence of the leptonic forward-backward asymmetry and the tau polarisa-
tion. The dashed line represents the 'improved' Born cross section without photonic corrections.
The solid line includes photonic corrections.

2.5.5 Energy dependence

The expected energy dependence of the tau polarisation, VT, and of the leptonic forward-backward
asymmetry, Ae

FB, in the region around the Z° resonance, is shown in Fig. 2.7. The energy de-
pendence is caused mainly by the interference between photon and Z° exchange. Because of its
much stronger variation with energy, ApB is more susceptible than VT to the effect of initial state
radiation. In fact, close to the Z° peak, the downwards shift of the mean collision energy due to
radiation causes a shift of the observed asymmetry, which is of the same order as the on-resonance
asymmetry itself. Above the resonance, where the radiation is strongly enhanced, the effect is even
larger. A detailed treatment of higher order photonic corrections, as described in Sec. 2.4, is there-
fore crucial. For the tau polarisation measurement, due to the much reduced energy dependence,
initial state radiation results in a rather modest shift of SVT ~ +0.002 at the peak of the resonance.

2.6 The Tau Lepton

Since its discovery in 1975 by Perl et al. [32], the tau lepton has been subject to extensive study.
All experimental results obtained so far [33 3fi] are consistent with the tau being the third family
charged lepton with its own quantum number and associated neutrino. This assignment of the tau
as a "sequential" lepton has immediate consequences for its properties. In particular, it should
couple to the weak currents of other fermions in the conventional way via the exchange of a Z°
(pair production) or a W* (decay). While the Z° couplings were discussed in detail above, this
section will concentrate on the decay characteristics. It is interesting to note that these were first
established by Tsai [37] already four years before the discovery of the tau.
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hadrons
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Figure 2.8: Feynman diagrams for the decay of the tau lepton into (a) leptonic, and (b) hadronic
final states.

With a mass of 1777 MeV, the tau is distinct from its lighter sisters, the electron and the
muon, in that it decays to hadronic final states. Apart from the purely leptonic decays, its mass
allows coupling to the first family quark doublet, consisting of the u quark and the Cabibbo-rotated
d' quark fields. Assuming, as throughout this discussion, that the decay process can be described
via the Standard Model W-exchange diagram, shown in Fig. 2.8, with universal couplings, there
are five equal contributions (remembering the colour degree of freedom of the quarks) to the decay
width, when final state fermion masses and gluonic corrections are neglected. To lowest order, one
therefore expects branching fractions of 20% for each of the leptonic modes and of 60% for the
sum of hadronic modes. The current world average values of the main tau branching fractions are
presented in Table 2.5.

2.6.1 Leptonic Decay Modes and Universality

The partial widths for the leptonic tau decays, r~ —• l~t>evT with £ = e,/i, can be obtained from
expression (2.35), for the muon lifetime, by the trivial replacement of masses: mM —* mT and
me —• m(. In particular, the electromagnetic coupling constant at the tau mass scale takes the
value

a(m2
T)-1 ~ 133.3. (2.78)

For the muonic decay mode, the phase space correction is non-negligible. The predicted ratio of
the muonic and electronic partial widths is, thus,

T(T-

T(T-
= 0.9726 ( *£

v5e
(2.79)

where lepton flavour dependent weak couplings ge and g^ have been introduced here to allow for
non-universal coupling strengths. Universality is assumed in the Minimal Standard Model so that

The tau lepton lifetime, r r , can only be predicted when all partial decay widths are known.
However, it is related to the electronic branching fraction, B{T~ —> e~'i>ei/T), and the muon lifetime,
rM, through the expression

B(T- T&= 1-0004 x f V f f ^ (2.80)
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1 Decay mode
e~uei/T

K~vT

p~vT

K*-uT

h~2-K°uT

h~ > 2~KQVT

h~h~h+vT

h-h~h+ > \TC°V

Branching fraction [%] ||
17.79 ±
17.33 ±
11.09 ±
0.68 ±

24.91 ±
1.36 ±
9.18 ±
1.31 ±
9.24 ±
5.16 ±

0.09
0.09
0.15
0.04
0.21
0.08
0.14
0.16
0.21
0.16

Table 2.5: Main branching fractions of the tau lepton. /i± stands for ic^ or K±. Results are taken
from the recent review [38].

where the numeric factor deviates slightly from unity due to mass effects and radiative effects not
included in the definition of the Fermi coupling constant. Assuming universality and inserting the
current [41] world average tau lifetime

rT = 291.6 ± 1.6 fs, (2.81)

an electronic branching fraction of 17.87 ± 0.10% (or equivalently a muonic branching fraction of
17.38 ± 0.10%) is predicted, where the uncertainty stems mainly from the lifetime measurement.

Accurate measurements of the tau leptonic branching fractions and lifetime, thus, allow a precise
test of the fundamental assumption of e — ft — T universality in the Standard Model.

2.6.2 Hadronic Decay Modes

The total hadronic decay width of the tau is affected by significant QCD corrections due to the
low energy scale involved in the decay process. The perturbative correction is known [29,39] to
third order in as(m^.). Non-perturbative corrections are small and argued by some authors [39] to
be known to a very high accuracy, while other authors [40] are slightly less optimistic. In addition,
there are small precisely known electroweak corrections [25]. From a measurement of the ratio RT,
defined as

—>• vT + hadrons)
RT =

Y{r-

which to lowest order takes the value 3, the strong coupling constant at the tau mass scale can, thus,
be derived. Even without relying on the most optimistic estimates of the theoretical uncertainties,
this method provides a competitive determination of the strong coupling constant [16].

In the absence of a theory of strong interactions in the limit of small momentum transfers,
the exclusive hadronic decay widths of the tau cannot be calculated from first principles. The
hadronisation of the ud' quark pair is dominated by resonance production. Thus, naively, hadronic
tau decays can be envisioned as having simple two-body final states which consist of the tau
neutrino and a single accompanying meson, which may then itself decay. The meson may be
a pseudo-scalar, vector, or axial-vector particle in either the Cabibbo-favoured (7r~,/?~,aj~) or
the Cabibbo-suppressed (K~,K*~,Kj~) mode. The estimation of exclusive decay widths relies on
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experimental input from other physics processes combined with symmetry arguments such as time-
reversal invariance and the conserved vector current (CVC) and partially conserved axial-vector
current (PCAC) principles. The application of the CVC and PCAC principles relies on the fact
that, according to G-parity, the vector part of the hadronic current is responsible for decays into
an even number of final state pions, while the axial-vector part is responsible for the decay into an
odd number of pions. In general, where definite predictions exist, good agreement is observed with
experimental results.

Stable Mesons

The simplest hadronic tau decays are those into a tau neutrino and one stable (with respect to the
strong interactions) hadron: r~ —* TZ~VT and T~ —* K~uT. To lowest order, the partial widths can
be written as [37]

r<2 n\\f .|2™3 / ™2 \ 2

(2.83)

(2.84)

where the products /^|Vud| and /K|VUS | of form factors and CKM matrix elements can be obtained
via time-reversal from the well measured decay processes 7r —• fiv^ and K —• fiv^. Based on the
current lifetime and branching fraction values [16] for these processes, the following predictions are
obtained

-->e~i/e!/T) = 0.610, (2.85)

r (T" -f K~i/T) / r ( r- ->e~i>evT) = 0.0397, (2.86)

where the partial widths have been expressed in units of the electronic decay width.

Vector States

The CVC principle, which relates the vector part of the strangeness conserving charged weak current
to the isovector part of the electromagnetic current, can be invoked to predict the partial decay
widths into an even number of pions from measured exclusive production rates in low-energy e+e~
annihilations. Specifically, the decay T~ -+ p~vT —> 7r~7rOfT is related to the annihilation process
e+e~ —• p° —> 7T+7r~, while the decays r~ — 27T~x+7r°^r and r~ —+ TV~3TT°I'T are related to the
processes e+e~ —> 27r+27r~ and e+e~ -+ 7r"l"7r~27r0. From a study of the low energy e+e~ data the
following predictions have been obtained [42]

- -» e~i>evT) = 1.23, (2.87)

Y{T~ - 7r-37r°f r)/r(r- -f e~0euT) = 0.055, (2.88)

T(T~ — 27r-7r+7r°^ r)/r(r- -^ e~i>evT) = 0.275. (2.89)

The uncertainties on these predictions, which are dominated by the statistical and systematic errors
on the e+e~ data, are of about 10% for the 7r~7T° final state and somewhat larger for the four pion
final states. The predictions are, thus, less precise than the current results on exclusive branching
fraction measurements.
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Predictions for the corresponding Cabibbo-suppressed decays, in particular r —* K* —>
(K?r)~, have to rely on theoretical assumptions concerning the breaking of the SU(3) flavour sym-
metry. Assuming the symmetry to be exact, the following prediction has been obtained [42]

K - i / T ) / r ( r - -> e~i>evT) = 0.047. (2.90)

Axial-Vector States

The theoretical predictions for the decays into an odd number of pions, which are mediated by the
axial-vector current, are much less accurate. The PCAC hypothesis poses only very weak bounds
on the decay rates. From experiment it seems that the three pion final state is dominated by
the aj~ resonance. If, indeed, all tau decays into three pions originate as â [", isospin conservation
decrees that, modulo phase space considerations, the 2ir~7r+ and the n~2n° modes have equal
decay widths.

2.6.3 Tau Decays as Polarisation Analysers

It was emphasised already by Tsai [37] that because parity is violated maximally in the charged-
current weak decay of the tau lepton, the angular distributions of the decay products depend
strongly on the spin orientation of the tau. Tau decays can, therefore, be used as spin analysers.
This feature allows the measurement of the longitudinal polarisation of tau leptons produced in
e+e~ annihilations. In the following the differential distributions for the dominant decay modes of
the T~ will be reviewed. The expressions for the corresponding r + decays can be obtained from
these via CP conservation by simply changing the sign of the spin-dependent term.

Hadronic decay modes

In the case of the two-body decay r~ —*• TV~VT to a pseudo-scalar meson and a neutrino, the
situation is particularly simple, as illustrated in Fig. 2.9 (a). With vT being left-handed, it prefers
to be emitted opposite to the r~ spin direction in the tau rest frame, in order to conserve angular
momentum. The TT~ is thus emitted preferentially in the direction of the T~ spin. With 0 denoting
the angle between the polarisation axis and the momentum of the final state pion, and VT the
degree of polarisation, it follows from simple spin projection rules that the decay distribution is
given by

For the decays r —• TT Tr°vT and r —+ (37r) i^r, which proceed via spin-1 resonances2, the
situation is similar, but the helicity of the hadronic system can assume the values 0 or — 1, as
illustrated in Fig. 2.9 (b). For helicity 0, the cos# distribution takes the same form as for the pion.
For helicity — 1, on the other hand, the cos#-term has the opposite sign. Therefore, with a mixture
of the two helicity states, the dependence on cos# is reduced, with a resulting loss of sensitivity
to VT. The differential distribution takes the form

i ar I r
r~A « = ;; l + « P r C O 6 0 , (2.92)
I d cos u I

with a depending on the mass, m/,, of the hadronic system, as [37,43]

m\ - 2m\
m2

T
(2.93)

In fact, only the spin-parity assignment and not the resonance structure matters for the current discussion.
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w « 1 + cose

(a) x -» VJI

W«IA 0 r( l+cos6) W « IA,I2 (1 - cosG)

(b) T —* v + vector meson X

Figure 2.9: Kinematics and spin combinations for hadronic tau decays.

For the p and ax resonance, respectively, a takes values of approximately 0.46 and 0.12. Most
of the lost sensitivity can be recuperated by the use of additional kinematic variables which are
sensitive to the helicity of the hadronic resonance. In the case of the p~, use can be made of the
angle 0, in the p~ rest frame, between the n~ emission and the p~ direction of flight [44], In terms
of the laboratory observables, V ' s given by

cos ^ = _ ^ £ E«~ - E*° i (2.94)

y/ml-4ml\P*-+P*°\

where E^- (p^—) and Eno (p^o) are the energies (momenta) of the charged and neutral pion,
respectively, and mp is the invariant mass. Thus, approximately, cos0 is the energy asymmetry of
the two pions. For the a! decay mode, up to six kinematic variables are used for the extraction
of the tau polarisation [45,46]. More complete discussions of the spin analysis in multipion final
states can be found in Refs. [44-47].

When, in the case of longitudinal polarisation, the tau decays are Lorentz boosted along the
polarisation axis, the angular distribution in the center of mass system is transformed into an energy
distribution and a boosted angular distribution in the laboratory frame. Since, normally, the tau
direction cannot be unambiguously reconstructed, only the energy distribution is experimentally
observable. For hadronic tau decays, where there is only one undetected neutrino in the final
state, the decay angle is directly related to the laboratory energy, E)t, of the hadronic system. The
relation takes the form

Eh/ET-l- m2
h/m

2
Tcos 8 = (2.95)

where j3 = y/1 — m2
TjE^ is the velocity of the tau, which at LEP energies can be safely approximated

by unity. Neglecting, for the decay T~ —» ir~vT, also terms of order m2
wjm2

T, the differential
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distribution in the laboratory frame takes the simple form

- 1 i p (Or — 1 ̂  with r — — (9 Q6̂

In this case, the tau polarisation can thus be deduced from the slope of the pion momentum
spectrum.

Leptonic Decay modes

For leptonic tau decays, there are two undetected neutrinos in the final state. In contrast to the
hadronic decay modes, the observable decay product does, therefore, not carry away a fixed energy
in the tau rest frame. Neglecting the mass of the final state lepton, the rest frame differential decay
distribution reads [37]

i d2r

where yi is the lepton energy in units of the maximally allowed, £ m a x = \mr. Boosting along the
polarisation axis, the laboratory frame distribution takes the form

Sensitivity

It is interesting to compare the sensitivities of the different decay modes to VT. For each decay
mode, using the symbol £ to designate the set of n kinematic variables used for the extraction of
the polarisation, the decay distribution can be written in the generic form [37,44]

where the functions / and g satisfy the normalisation conditions / /(£)dn£ = 1 and / <7(£)d™£ = 0.
Asymptotically, the uncertainty on VT from a fit to the W(£) distribution is then AVT = 1/S\/N,
where N is the number of decays contained in the distribution and the sensitivity S is given by [48]

• / •

Q2
J ~ - d"£- (2.100)

The weight of a given decay channel in an ideal polarisation measurement is then the product of
the sensitivity squared times the branching fraction for the particular mode: W — S2B. Table 2.6
presents the ideal sensitivities of the most commonly employed decay modes. In the case of the
•KV mode, where the complete kinematics is reconstructed, the sensitivity reaches its ideal value
S = l / \ /3 ~ 0.58 for VT — 0. However, because of its about twofold higher branching fraction,
the 7T7r° decay mode contributes with a higher weight to the total measurement. The rather low
sensitivities of the leptonic decay modes are due to the two final state neutrinos.

Tau polarisation measurement in e+e~ annihilations

The measurement of the tau polarisation in e+e~ annihilations relies on the fact that, modulo
radiative effects, the energies of the pair-produced taus equal the beam energy. The polarisation
can thus be deduced from the energy distributions of the decay products.
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Decay mode

et/t>

\ivv

nv
nir°v
3TTU

Sensitivity
S

0.22
0.22
0.58
0.49
0.45

Branching Fraction
B

0.18
0.18
0.12
0.25
0.09

Relative Weight
<xS2B
0.06
0.06
0.30
0.44
0.13

Table 2.6: Sensitivity, branching fraction and relative weight for the tau decay modes most often
employed for the VT measurement. An input value of VT = —0.15 has been used. The relative
weights are normalised to add up to unity. For all decay modes, all available information, except
the direction of the tau, has been used. The sensitivities for the multi-pion final states are taken
from Refs. [45,46].

Ignoring O(m^./E^eAm) effects, helicity conservation at high energies assures that the pair-
produced T+ and r~ have opposite helicities. Conventionally, VT is defined as the polarisation of
the T~ , so that VT = VT- = — VT+. The opposite sign of the spin dependence for the r+ and
r~ decay distributions, which follows from CP invariance, is thus compensated so that the decay
distributions for the oppositely charged taus have the same dependence on VT:

WT±(£) = f(t) + VTg(Z). (2.101)

As a result, the r + and r~ decays can be used together for the VT measurement without discrimi-
nating between the charges.

Another consequence of helicity conservation is that the polarisation measurements performed
on the r"1" and T~ of the same event are correlated. In an obvious notation, the double decay
distribution takes the form

)] . (2.102)

(2.103)

In the case of two single pion decays, this reduces to

T+,Xir-) = 2 - 2 ( z x + + xx-) + 4x^xr- +2VT[xn+ - - 1 ] ,

from which it appears there is a positive correlation between the momenta of the two pions. For
VT ~ 0 the correlation equals 1/3. Taking the correlation into account, the sensitivity per event
is 0.71 (i.e. AVT = 1/(0.71 v/N^t)) to be compared to S = \Z2Sn ~ 0.82, which is obtained if one
forgets about the correlation and treats the two measurements as independent. It can be noted
that in case the correlation is observed and not just corrected for a posteriori a slightly increased
sensitivity of S = 0.73 can be obtained. In real life, where the average sensitivity per tau decay is
considerably less than that of the r —> -KV mode, and where one has to take into account effects like
selection efficiency (not all decays are used for the measurement), the effect of the correlation is
quite a bit smaller. The a posteriori correction of the statistical uncertainty, if one measures first
without taking the correlation into account, is typically of the order of 2-3%.

2.7 Summary and Conclusions

In this chapter it has been recalled how the electroweak Standard Model provides a unified descrip-
tion of electromagnetism and the weak interaction. Neglecting the fermion masses, the minimal
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model has only three free parameters. These can be chosen as the electromagnetic fine structure
constant, a, the Fermi constant, Gp, both of which are known to high precision from low energy
experiments, and the Z° mass, Mz, which can be determined through a precise scan of the Z° reso-
nance. With these parameters as, inputs, specific predictions for other physical observables can be
made allowing verification or falsification of the theory by comparison with the corresponding ex-
perimental results. The LEP programme offers a rich choice of tests of the electroweak theory such
as the measurement of the hadronic and leptonic cross sections, leptonic forward-backward asym-
metries, tau polarisation and its angular dependence, partial decay widths and forward-backward
asymmetries of heavy quarks flavours, and the inclusive qq charge asymmetry. Beyond tree level,
the Standard Model predictions for each of these observables are affected in a calculable way by
the virtual presence of heavy physical states like the top quark and the Higgs boson. For presently
favoured top quark masses, the quadratic m t dependence of most of these observables is relatively
large. The Higgs mass dependence, on the other hand, is only logarithmic and much smaller.
Within the framework of the Minimal Standard Model precise electroweak measurements can be
used to infer information on the masses of these particles.



Chapter 3

The Z° Lineshape Measurement

This chapter gives a brief introduction to the DELPHI lineshape measurement based on the data
collected during 1989 and 1990. A complete description of the analysis is included in this thesis
in form of the publications A and B. In addition, the internal DELPHI note C presents detailed
information on the status of the theoretical uncertainty on the luminosity determination at the time
of the publication of the 1990 lineshape analysis. After a very brief outline of the experimental
problem, a few comments on the luminosity measurement will be given. Then the precision of the
achieved results will be compared to later measurements.

3.1 Outline of the Problem

The Z° resonance shape can be determined with very high precision in e + e~ annihilations at LEP.
By varying the collision energy in several steps across the resonance and observing the absolute
cross section for the production and subsequent decay of the Z° boson into well defined final states,
the Z° mass, total decay width and peak cross section can be determined. Most of the statistical
precision comes from the hadronic decay channel, which corresponds to about 70% of the total
decay width. Only about 10% of Z°'s decay to a charged lepton pair; the remaining fraction decays
into a neutrino pair and goes undetected. The separate measurement of the hadronic and leptonic
lineshapes allows the determination of the corresponding partial decay widths and, thus, more
rigorous tests of the Standard Model. The lineshape is sensitive to the number of light neutrino
species in Nature. Each additional neutrino family causes a decrease of the peak cross section, <r°,
by 13% and an increase of the total decay width, Fz, by 6.5%.

The experimental determination of the Z° lineshape relies on cross section measurements. For
each center-of-mass energy, >/s, the cross section is determined via the relation

T
N b g , (3.1)

L

where Nse] and Nbg, respectively, refer to the number of candidate Z° decays passing the selection
criteria and the number of background events in the selected sample; cz ' s the overall efficiency
accounting for the trigger efficiency, the geometrical acceptance, and the efficiency of the selection
criteria; and L is the time integrated luminosity. The selection of leptonic and hadronic Z° decays
is conceptually simple, since the different decay channels have very distinct signatures in terms
of charged particle multiplicity, deposited energy, and energy balance. High efficiencies and low
background rates are therefore typical features.

From the measured cross sections, the Z° resonance parameters are extracted via a fit to a
theoretical expression, which, in particular, have to provide a detailed description of the large

33
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effects of initial state radiation. For the determination of the Z° mass and width, a good knowledge
of the collision energies and the spacing between the energy points is necessary. For later years, a
high precision calibration of the LEP beam energies was performed through resonant depolarisation
of transversely polarised beams [49]. Since polarised beams were not available during the 1989-
1990 data-taking periods, the calibration had to rely on indirect methods. These involved flip coil
measurements in a reference magnet connected in series with the magnets of the LEP ring, the
calibration of the magnetic field by flux loops mounted on the pole faces of all dipole magnets, and
the measurement of the revolution frequency of 20 GeV protons circulating on the same orbit as
the positrons. Accuracies of 20 MeV on the absolute energy scale and 5 MeV on the point-to-point
energies were obtained this way. This gave rise to the completely dominant uncertainty on the 1990
measurement of Mi.

A precise normalisation is important for the determination of the peak cross section. By the
use of Eq. (2.32), the total Z° decay width can be expressed as

/i2irr.erhad
Z ~ \\ M2a° - l

V iWCT

where Ttf denotes the average leptonic decay width and Re is defined by Re = Fhad/r#. The
invisible decay width, then, takes the form

= F z - Fh a d - 3T(f = T(f . 2 o
e - Re - 3 , (3.3)

LV Ma J
from which the number of light neutrinos species, N^ = Finv/r^p, follows by inserting the Standard
Model prediction F^p/F^ = 1.992 ± 0.003. It is interesting to note that, expressed this way, the
invisible decay width depends only on on-peak observables (given Mi). In practice the uncertainty
on Ny is dominated by the error on the absolute cross section measurement. Its approximate
numerical dependence reads

^ ^ (3.4)

where the symbol © signifies the operation a © b =

3.2 Luminosity Measurement

The purpose of the luminosity measurement is to provide an absolute normalisation for cross section
measurements. The time integrated luminosity is, in general, defined through the relation

J (TX

where Nx is the number of events produced in the reaction e+e~ -+ A', and ax is the corresponding
cross section. At LEP, the luminosity is determined through the observation of small angle Bhabha
scattering, e+e~ —• e+e~. This process is chosen because of its large cross section and because the
small angle scattering process is highly dominated by ̂ -channel photon exchange. The predicted
theoretical cross section can, thus, be calculated from QEI) with, in principle, any required precision
and with only small electroweak corrections. Complications due to higher order corrections are
discussed below.

Luminosity monitors consist of electromagnetic calorimeters positioned on either side of the
experiments around the beam pipe. In these detectors, Bhabha events appear as two back-to-back
electromagnetic showers, carrying the full beam energy.
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The main experimental challenge comes from the steep angular dependence of the Bhabha
scattering cross section. With 6 denoting the scattering angle, the lowest order differential cross
section takes the form

327ra2 1
~r, (3-6)

resulting in an integrated cross section of

16xa2

O"Bhabha ~ (3.7)
mm "max

where 6m\n and #max define the limits of the acceptance. An uncertainty on the inner radius, Rmm,
of the acceptance, thus, induces an error on the estimated cross section, of

Aflmin

^Bhabha

3.2.1 The Experimental Situation

From the LEP startup in 1989 until the end of the 1993 run, where new hardware was installed [50],
the primary luminosity determination for the DELPHI experiment was based on the SAT (Small
Angle Tagger) calorimeters. The set of two calorimeters covered the polar angular range from
approximately 43 to 135 mrad corresponding to a visible cross section of about 27 nb after selection
cuts. The precise definition of the acceptance was originally foreseen to have been provided by a set
of two silicon trackers positioned in front of the calorimeters. As it became evident that the trackers
would not be ready for the LEP startup, an alternate solution was implemented. In front of one of
the calorimeters a precisely machined ring-shaped mask was installed, in order to define precisely
the inner radius of the acceptance. With a thickness of 12 radiation lengths the mask reduced
the energy deposited in the calorimeters by an average of 85% over a ~0.4 mm wide transition
region. The exploitation of the mask technique improved gradually with additional experience.
From an initial experimental uncertainty of 5% after the first few weeks of operation [15], the
uncertainty was reduced to 2.1% for the complete 1989 data analysis, and later to 0.8% for the
1990 analysis. Part of the improved precision originated from improvements to the experimental
setup; in particular, from the change of mask during the 1989 run from 12 to 13 cm outer radius
and from the installation of the so-called </>-mask, which covered the vertical junction between the
two calorimeter half-barrels, in 1990.

For the later lineshape analyses, the uncertainty could be reduced further. During the 1991
data taking period a two-plane silicon tracker with a 1 mm radial pitch was installed in front of the
unmasked calorimeter enabling a detailed mapping of the calorimeter geometry. One of the most
striking features of the calorimeter response were the so-called 'big pulses' observed as occasional
energy depositions far above the beam energy. The big pulses were caused by soft photons and
minimum ionising particles hitting the active part of the readout system and causing spurious
signals. This effect was greatly reduced later by the installation of additional masking on the
inside of the calorimeter barrels. With the improved statistics, the calorimeter response could be
subjected to more precise checks. In particular, it became apparent that the energy response was
slightly non-linear [51]. Following the hardware improvements and the better knowledge of the
calorimeter response, experimental uncertainties of 0.6% and 0.38%, respectively, were estimated
for the 1991 [52] and 1992 [53] analyses.
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3.2.2 Theoretical cross section

The lowest order expression for the Bhabha scattering cross section is very simple and can be
easily integrated over the acceptance of the experimental setup. The higher order cross section,
however, depends on the interplay between the more complicated final states with one or more
additional photons and the experimental cuts. Its estimation, therefore, relied on Monte Carlo
simulation techniques, where events were produced by an event generator and passed through
a detailed detector simulation program. The theoretical cross section, then, followed from the
number of events remaining inside the detector acceptance after subjecting the simulated data to
the same analysis as the real data To obtain the required precision, a high statistics sample of
simulated data was required. The simulated events were produced at a fixed center-of-mass energy
of y/s = Mi. The extrapolation to other energies was based on the BABAMC event generator [54]
which contains a full O(a) calculation including weak effects. The energy dependence of the cross
section is dominated by the \/s QED behaviour. For the SAT geometry, the contribution from
s-channel Z° exchange is only about 0.03% at the peak of the resonance. The interference between
^-channel photon exchange and s-channel Z° exchange adds a typical interference pattern, which
changes the cross section up (down) by about 0.8% at the negative (positive) Z° half-widths. Initial
state radiation leads to a non-negligible change of the shape of the interference pattern (like for
any rapidly changing pattern). In particular, the enhancement of the cross section below the peak
is shifted slightly towards higher energies causing a net increase of the cross section by about
0.3% at ,/s = Mi- Due to the slope of the interference term across the resonance, it affects the
determination of the Z° mass.

The analysis of the 1989 data relied exclusively on the use of BABAMC. A 1% uncertainty on
the absolute cross section was estimated mainly due to the lack of higher order QED corrections.
Before the publishing of the 1990 data, semi-analytical calculations [55] became available to test the
precision of the BABAMC calculation of the O{a) photonic ^-channel contribution. Simultaneously,
the Monte Carlo program LUMLOG [56] appeared, which allowed an estimation of the higher order
QED corrections to leading order in the large logarithm L = log(|(|/mg). A detailed description of
the application of these tools for the DELPHI luminosity measurement can be found in C. Following
this work, a theoretical uncertainty of 0.5% was estimated.

For the later luminosity determinations [52,53], the QED corrections were calculated with the
multi-photon event generator BHLUMI V2.01 [57], which is based on an exclusive exponentiation of
the O(a) expression (many radiative photons are generated, assuming successive occurrence of the
first order process). This has allowed a further reduction of the theoretical uncertainty to 0.3%.

3.3 Results

The results from the 1989 and 1990 lineshape analyses are given in the respective publications
and will not be repeated here. The general conclusion is that the results are in good agreement
with the predictions of the minimal Standard Model with three neutrino species. This conclusion
holds also for the later lineshape analyses which are characterised by increased statistical and sys-
tematic accuracies. Table 3.1 illustrates the evolution of the precision of the DELPHI lineshape
measurements. With comparable results arriving from all four LEP collaborations, the Z° reso-
nance parameters are determined by an overall precision which is about twice that of the DELPHI
measurements alone. This is of course not true for measurements which are limited by common
systematic uncertainties such as A/z, which is limited by the knowledge of the beam energy scale,
and by now also the peak cross section, which is limited by the theoretical uncertainty on the small
angle Bhabha cross section.
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Year

1989
1990
1991
1992

Number of
Energy points

10
7
7
1

Number of
Z°-+qq[xlO 3 ]

11
140
400

1100

AL/L
[%]
2.45
0.94
0.70
0.46

AMZ

[MeV]
42
22
9
9

Arz
[MeV]

65
20
12
12

[nb]
1.7
0.45
0.28
0.20

AN,

0.26
0.10
0.06
0.041

Table 3.1: Achieved precision on Z° lineshape parameters. For each year, the data of the previous
years are included.
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Chapter 4

The Tau Polarisation Measurement

The tau polarisation measurement constitutes the other major part of the work reported on in this
thesis. The analysis is described in the published paper D, based on the data of 1990, and the
recent preprint F, based on the roughly tenfold larger data sample of 1991 and 1992. In addition,
the internal DELPHI notes G and H give a detailed account of the analysis of the r —• evi> and
r —• -KV decay modes, for which the author had main responsibility. Branching fraction results for
the major tau decay modes are included in D. Much improved results on the leptonic branching
fractions, from the more recent data sample, are included in the conference proceedings I.

In this chapter the results of the tau polarisation measurement will be presented and interpreted
within the framework of the Standard Model. For this, they will be combined with the results of
the Z° lineshape measurement for the same data taking period. Before turning to this discussion,
however, the implications for the tau polarisation measurement of giving up the important assump-
tion of the tau decay process having a V — A structure will be investigated. Finally, although not
completely contained under the title of this chapter, the results on lepton universality from tau
decays will be summarised.

4.1 Lorentz Structure of the ri/TW vertex

For the extraction of the tau polarisation, the V - A structure of the charged weak current decay
has been assumed exact. Of course, the V — A theory, which is part of the Standard Model, has
been tested in considerable detail in muon decays [16,58]. Direct confirmations of the theory in tau
decays are, however, much less precise. Violation of the V — A structure would lead to changes in
the decay kinematics which could perturb considerably the determination of VT.

For hadronic decay modes, the decay distribution can be written generally as

w(t) = M)-hvT-vT-g(i), (4.1)

where hVr is the helicity of the tau neutrino, which in case of V — A takes the value — 1. This
form is identical to Eq. (2.99) except for the replacement of VT by the product -hUT • VT. Thus,
what is actually measured in the tau polarisation analysis is this product. Constraints can be put
on hVr by studying the correlations between the decays of the pair-produced r + and r~ in e+e~
annihilations. Recent analyses have been carried out by the ARGUS [59] (at the DORIS II storage
ring at DESY) and ALEPH [60] collaborations, yielding

hUT = -1.022 ±0.028 ±0.030 (ARGUS),

KT = -1.006 ±0.032 ±0.019 (ALEPH).
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This confirms beautifully that the tau family has the same multiplet structure as the electron and
muon. If one uses this empirical value for hVT, an additional uncertainty on the tau polarisation of
about ±0.004 should be included for the hadronic modes.

For leptonic decays, the situation is slightly different. The decay distribution (2.98) takes the
general form [61]

§ + 4a:/ - 6iJ + | i ? + |*(1 - 12i< + 27z? - 16xf)] , (4.2)

where p, £, and 6 are the Michel parameters, and where terms of order rrif/m* have been neglected.
Also the determination of the Michel parameters are dominated by ARGUS [62] and ALEPH [60]
through recent measurements. From these, the following averages can be derived

p = 0.743 ±0.029;

£ = 1.06 ±0.11;

£6 = 0.76 ±0.09,

which agree nicely with the V — A predictions: p — | , £ = 1, and 6 = | . From a Monte Carlo
study, where the Michel parameters were made to vary within their allowed ranges, it was found
that their measurement uncertainties propagate into an uncertainty on VT of about ±0.040. This
larger uncertainty for the leptonic decay modes is partially compensated by their lower weight in
the overall measurement.

In summary, if one would give up the assumption of the TI/TW vertex being described by the
V — A theory and instead relied on the empirical determination of the decay structure, an additional
uncertainty on the tau polarisation of about ±0.006 has to be included. A departure from V — A
would affect the determination of ^(cosfl) in a multiplicative way, and thus the determination
of the tau couplings, AT, and the electron couplings, Ae, identically. The additional uncertainty
would be common to all tau polarisation measurements.

4.2 Results

From the analysis of the 1991-1992 data, the tau polarisation has been measured as a function
of the production polar angle using the five exclusive decay modes evv>, ni>i>, nu, pv, and &\V. In
addition, a so-called inclusive hadronic analysis has been performed, in which the tau polarisation
was extracted simultaneously from all one prong hadronic decays without the traditional separation
into exclusive decay modes. By including the result of the 1990 analysis, where only the average
polarisation was determined, the following results were obtained

AT = 0.148 ±0.017 ±0.014,

A = 0.136 ±0.027 ±0.004,

where the first uncertainty is statistical and the second contains all systematic effects including
Monte Carlo statistics. The two values have a correlation coefficient of 0.04. The measurement
supports the hypothesis of lepton universality in the Z° couplings:

gLjg\ = +0.074 ±0.011 ] ql/qlV , } => ^ 4 ^ = 1.09 ±0.28.
4V/<7A = +0-068 ± 0.014 J g% g\
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Assuming lepton universality, the following result was obtained

,4, = 0.144 ±0.015 ±0.008,

which is equivalent to a measurement of the effective weak mixing angle of

sin2 e1^1 = 0.2320 ± 0.0021,

where the statistical and systematic uncertainties have been combined in quadrature. In Table 4.1,
this result is compared to other DELPHI measurements, which are all based on forward-backward

Tau Polarisation '90-'92
Leptonic forward-backward asymmetries '90'92
Heavy quark forward-backward asymmetries '90-'92
Inclusive quark forward-backward asymmetry '90-'91

0.2320 ±0.0021
0.2306 ± 0.0020
0.2292 ±0.0019
0.2345 ± 0.0040

Average 0.2308 ±0.0011

Table 4.1: Summary of DELPHI measurement of sin2 O^1 from data collected up to the end of
1992. The \2 per degree of freedom for the average is 1.9/3.

asymmetries: using leptons (AF'B) [53], heavy quarks (AF'B, AFB, and AFB) [66], and inclusive
quarks ((QFB)) [67]. It should be noted that the inclusive quark asymmetry includes only the
1990-1991 data, whereas the other measurements include all data collected up to the end of 1992.
The consistency between the four measurements confirms the Standard Model prediction.

The DELPHI tau polarisation results are compared to those from the other LEP collabora-
tions [63-65] in Table 4.2. Good agreement between the four experiments is observed. For a

ALEPH
DELPHI
L3
OPAL
LEP Average

'90-
'90-
'90-
'90-

'92
'92
'93
'92

0.136
0.148
0.150
0.149

0.

±
±
±
±

AT

0.012
0.017
0.013
0.019

144 ±0 .

±
±
±
±

0.009
0.014
0.009
0.013

009

0
0
0

129
136
157

0.119
0

±
±
±
±

Ae

0.016
0.027
0.020
0.029

.137 ±0

±
±
±
±

0.005
0.004
0.005
0.012

.011

Table 4.2: LEP tau polarisation results. The first error is statistical, the second is systematic.
The x2ls per degree of freedom for the averages are 0.5/3 for AT and 1.5/3 for Ae.

comparison of the results, it should be noted that the L3 collaboration, contrary to the other
collaborations, has already managed to finish their analysis of the 1993 data, so that their mea-
surement is based on an initial data sample which is nearly twice as large as those of the other
collaborations.

4.3 Interpretation of Results

By combining the asymmetry results with the accurately determined Z° mass from the lineshape
measurement, information can be extracted on the weak radiative corrections. Since, within the
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0.225 0.23 0.235 0.24

sin2eeff
p

Figure 4.1: Comparison of the sin2 6^' result from the tau polarisation measurement with the
Standard Model prediction as a function of the top quark mass. The cross-hatched area shows
the variation of the Standard Model prediction with the Higgs mass spanning the interval 60 <
rriH [GeV] < 1000, with a central value of 300 GeV. The vertical band indicates the experimental
uncertainty.

Minimal Standard Model, these are dominated by the top quark contribution with a significant
mass dependence, this information can be interpreted as an indirect measurement of the top quark
mass. This is illustrated in Fig. 4.1, in which the sin2 6^ result from the tau polarisation analysis
is confronted with the Standard Model prediction as a function of the top quark mass. An input
value of Mi = 91.187 GeV has been used. At this level, the data favours a top quark mass in the
approximate range from 110 to 230 GeV, where especially the lower limit depends significantly on
the Higgs boson mass.

To obtain more detailed information on the top quark mass favoured by the DELPHI data, the
tau polarisation result has been combined not only with the Z° mass measurement, but with the
complete set of results of the hadronic cross sections and the leptonic cross sections and forward-
backward asymmetries of 1990, 1991, and 1992. From a 5-parameter fit to this data, in which
flavour independence of the Z° couplings was assumed, the following results had been obtained [53]

Mz =

A0,/
FB

91.187 ±0.009 GeV,

2.483 ±0.012 GeV,

41.23 ± 0.20 nb,

20.62 ±0.10,

0.0177 ±0.0037.

In particular, the result from the leptonic forward-backward asymmetry appearing in Table 4.1
has been extracted from this analysis. In Ref. [53], a Standard Model fit to the cross section and



4.4 Lepton Universality from Tau Decays 43

leptonic forward-backward asymmetry data using as a constraint the value a^M^) = 0.123 ±0.005,
as determined by DELPHI [68] from topologies of multi-hadronic Z° decays, yielded a top quark
mass of

mt = 157 tfs (expt.) I™ (Higgs) GeV,

where the first uncertainty is due to experimental effects and the second corresponds to the variation
of the result due to variations of the Higgs boson mass in the range from 60( —) to 1000(+) GeV,
with a central value of 300 GeV.

Using, as in Ref. [53], the ZFITTER package [69] to repeat the Standard Model fit, but now with
the tau polarisation result as an additional constraint, led to an improved top quark mass limit of

rot = 164 i | J (expt.) ±% (Higgs) GeV.

The x2 per degree of freedom for the fit was 4.7/4 showing that the data is well described by the
Standard Model. Finally, including in the fit also the quark asymmetry results, as reported in
Table 4.1, led to a top quark mass of

m t - 184 + £ (expt.) +2* (Higgs) GeV.

It should be noted that this fit does not include all available electroweak data from the DELPHI
collaboration. In particular, the result on the partial decay width of the Z° into bb, which provides
an important independent constraint on the top quark mass, has not been included.

The top quark mass values resulting from the above fits are in excellent agreement with the
weighted average of the direct mass measurements recently reported by the CDF [19] and D0 [20]
experiments: rat = 180 ± 12 GeV. This supports the Standard Model prediction that the major
part of the weak radiative corrections to the electroweak observables is indeed due to the top quark.
This observation seriously restricts the possibility of new physics beyond the Standard Model.

The data presented here does not allow any significant indirect constraint to be placed on the
mass of the Higgs boson. This is true even if one uses the top quark mass from the Tevatron
experiments as a constraint in the Standard Model fits.

4.4 Lepton Universality from Tau Decays

The precise measurement of the leptonic branching fractions of the tau, presented in I, was
used for a test of lepton universality in charged weak current reactions. The observed ratio
B(T —> \IVV)JB{T —>• evO) between the two leptonic branching fractions was found to agree with
e-// universality at the 1.3% level, confirming the about ten times more precise result from pion
decays [70]. By combining the phase space corrected average of B(T —> evi>) and B(T —>• fiui>) with
the precise DELPHI measurement of the tau lifetime, a test of/i-r universality was carried out, as
described in Sect. 2.6.1. The result

flr/S/i = 0.984 ±0.010

agrees with lepton universality within about 1.7 standard deviations. By combining this results
with all available data on the tau lifetime and leptonic branching fractions it has recently been
demonstrated [41] that /i-r universality holds to a precision of 0.33%.
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Chapter 5

Conclusions and Outlook

The Standard Model of the electroweak interactions provides a unified description of electromag-
netism and the weak interactions, which has turned out to be immensely successful in describing
the data from a vast amount of electroweak precision experiments. Despite its spectacular suc-
cess, there are arguments which indicate that the Standard Model is not a complete description of
physics. One reason is that it does not provide an explanation for the existence of fermion families,
and that the fermion masses, therefore, have to be inserted into the theory by hand. Today, most
work in particle physics is directed towards the search for new physics beyond the Standard Model.

The LEP programme offers unique possibilities for electroweak precision tests. Through accu-
rate measurements of the production cross section at several center-of-mass energies around the
Z° resonance peak, precise determinations of the Z° mass and total decay width are carried out.
The precise Z° mass measurement seriously constrains the standard theory so that accurate pre-
dictions for other physical observables can be made and confronted with experiment. Very early
measurements of the invisible decay width of the Z° unambiguously determined the number of light
neutrino species in Nature to be three. Later more precise measurements put very severe limits
on the Z° partial decay width into any new 'invisible' particle. Measurements of the partial decay
width into charged lepton pairs and of the leptonic forward-backward asymmetries allow tests of
lepton universality in neutral current reactions with an unprecedented precision. Additional infor-
mation on the neutral current couplings is extracted from measurements of the tau polarisation
and its angular dependence, the partial decay widths and forward-backward asymmetries of heavy
quarks flavours, and the inclusive qq charge asymmetry.

In this thesis, tests of the electroweak theory with the DELPHI detector at LEP have been
demonstrated. This includes detailed accounts of the measurement of the Z° lineshape and of the
tau polarisation. It has been shown how the tau polarisation measurement, when combined with the
precise Z° mass measurement, allows information to be extracted on the weak radiative corrections.
Within the framework of the Minimal Standard Model, this gives rise to an indirect constraint on
the mass of the top quark. The tau polarisation result was found to be in good agreement with the
results of other DELPHI asymmetry measurements, i.e. forward-backward asymmetries of leptons
and quarks. From a Standard Model fit to the combined asymmetry results and the results of the
lineshape measurement for the data of 1990, 1991, and 1992, a significant constraint on the top
quark mass was established:

mt = 184 t\\ (expt.) t\\ (Higgs) GeV,

where the central value and the first uncertainty refer to a Higgs boson mass of M\\ = 300 GeV, and
the second uncertainty refers to Higgs masses spanning the interval 60 < MH [GeV] < 1000. This
result is in striking agreement with the direct mass measurement from the Tevatron experiments,
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mt = 180 ± 12 GeV, restricting seriously all conceivable forms of new physics beyond the Standard
Model.

The DELPHI results are regularly combined with the results of the other LEP collaborations
within the framework of the LEP Electroweak Working Group. The latest update based on pub-
lished and preliminary results was released by March 1995 [71]. The general conclusion is that
the LEP data agree well with the Standard Model. The number of light neutrino species is now
determined with an astonishing precision and the consistency with three neutrinos prevails:

N,, = 2.987 ±0.016.

A Standard Model fit to all available LEP data yields a top quark mass limit of

mt = 176 ± 10 (expt.) t\l (Higgs) GeV,

which is, again, in excellent agreement with the Tevatron results. The \2 per degree of freedom
of the fit is 8.8/9. The same set of electroweak data provides simultaneously a determination of
aa{M^) which is complementary in all aspects of experimental and theoretical uncertainties to the
event shape methods used in traditional QCD analyses and of a similar accuracy

as{Ml) = 0.125 ± 0.004 (expt.) ± 0.002 (Higgs).

For this result, the main constraint comes from the experimental ratio R( = Fhad/T^.
Up to now, electroweak precision tests have not allowed any significant indirect constraint to be

placed on the mass of the much wanted Higgs boson. This is caused in part by the weak logarithmic
dependence of the electroweak observables on the Higgs mass, and in part by the correlation for
most observables between the effects of M\\ and mt, which weakens the determination of MH
without a precise direct measurement of mt. However, the most recent combined LEP data begin
to show some sensitivity to MH- From the change of \2 °f the Standard Model fit, when repeated
with different values of MH as input, it appears that low values of MH are favoured. It is pointed
out, however, that the entire range of MH values up to 1000 GeV is currently accommodated within
an interval of \2 difference which corresponds approximately to a 95% probability range.

During the 1993 running period, LEP continued its energy scan programme with frequent energy
calibrations based on the method of resonant depolarisation [49]. From the combined analysis of
the about 0.7 X 106 Z° decays collected per experiment during this period, precisions on Mz of
2.2 MeV and on Fz of 3.2 MeV have been achieved [71]. It can be noted that the relative precision
on Mz now compares to that of the Fermi constant. These results have been included already
in the combined LEP data discussed above. During the 1994 running period, where LEP was
being operated at the peak of the Z° resonance, the LEP collaborations approximately doubled
their event statistics, with about 1.5 X 106 Z° decays observed per experiment. It is expected
that the LEP machine will deliver a luminosity of about 100 pb~x in 1995, which is foreseen to
be the last year of LEP I operation. If this number holds, it means an increase of roughly 50%
relative to 1994. The final decision on how this luminosity will be distributed between on-peak
and off-peak running has not yet been taken. In any case, an increase in statistics of the complete
integrated data sample of at least a factor five relative to the data of 1990-1992, which have
been discussed in detail in this thesis, seems likely. The increased statistics will in many areas be
followed by an improved systematic precision. The experiments have upgraded their luminosity
monitors and have reached an experimental precision of AC/C = (9(0.1%) [71,72]. In the case of
DELPHI, this has been achieved by the replacement, prior to the 1994 running period, of the SAT
by the the Small angle Tile Calorimeter (STIC) system [50]. Important progress has also been
achieved for the theoretical uncertainty associated with the luminosity determination [73]. With
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the increased statistics, systematic uncertainties associated with the asymmetry measurements will
undoubtedly also be reduced. In particular, for the DELPHI tau polarisation measurement, the
increased statistics will allow more detailed studies of the detector response to the various particle
types. In addition, improvements to the muon chamber coverage and to the HCAL segmentation
will enable a better muon-pion separation. The tau polarisation measurement is therefore likely,
also in the future, to provide an interesting contribution to the determination of the electroweak
couplings.

After 1995, it is planned to operate LEP above the W-pair production threshold. A precise
scan of the threshold behaviour and reconstruction of the invariant mass of four jet events [74]
should allow the measurement of the W mass with a precision of about 30 MeV when combining
the four experiments. At the same time, it seems likely that, with the planned injector upgrade, the
Tevatron experiments will be able to provide a measurement of the top quark mass to a precision
of about 2 GeV and of the W mass to a precision of about 50 MeV around the turn of the century.
The combination of this information with the improved LEP I results will seriously constrain the
allowed range for the Higgs boson mass. Of course, the best thing to do is to find the Higgs
boson. The high energy programme of LEP offers a good chance of finding it up to a mass limit
of M\i = 2i?beam — 100 GeV. Here the maximal energy that can be reached by LEP is a critical
parameter. With or without the direct observation of the Higgs boson, there is a good chance that,
in the near future, the extremely precise electroweak measurements will be able to reveal physics
beyond the Standard Model.
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A measurement of the cross section for e *e -• hadrons using 11 000 hadronic decays of the Z boson at ten different center-of-
mass energies is presented. A three-parameter fit gives the following values for the Z mass Mz, the total width Fz, the product of
the electronic and hadronic partial widths / W and the unfolded pole cross section o0:

Mz =91.171 ±0.O30(stat.)+0.030(beam) GeV. r z =2.511 ±0.065 GeV ,

r ,T h =0.148 ± 0.006(stat.)±0.004(syst.) GeV2, <ro=41.6 + 0.7(stat.)± 1.1 (syst. > nb .

Good agreement with the predictions of the standard model is observed. From a two-parameter fit the number of massless
neutrino generations is found to be Av = 2.97 ±0.26. Thus the hypothesis of a fourth neutrino with mass less than 40 GeV is
excluded with 95% confidence level. Combining the cross section measurements with the ratio r t//"h reported in another DELPHI
paper (Phys. Lelt. B 241 (1990) 425], the hadronic. leptonicand invisible widths are found to be

r h = 1741 ±61 MeV, r , =85.1 ±2.9 MeV, rjT, = 20.45 + 0.98. Tmv = 515 + 54 MeV .

in good agreement with the standard model.

1. Introduction

The first "fine" scan of the Z-resonance at the
CERN large electron positron collider (LEP) has
been completed. The measurement of the Z produc-
tion cross section performed by the DELPHI Collab-
oration at ten different collision energies is presented
here. The measured line-shape is interpreted in the
context of the standard model. The data correspond
to an integrated luminosity of 573 nb"1, about 10
times more than the integrated luminosity for which
results were reported in our previous publication [ I ].
Other measurements of the Z properties obtained in
e + e~ collisions may be found in ref. [2].

The selection criteria for both multihadronic and
small angle Bhabha events are similar to those used
in ref. [ 1 ]. However, for the selection of multihad-
ronic events an alternative set of cuts was added in
order to reduce the systematic uncertainties (section
5). The uncertainties of the luminosity measure-
ments were reduced by a modification of the detector
as well as by a more elaborate analysis (section 3).

2. Apparatus

The features of the DELPHI apparatus which were
relevant for the present analysis are listed in ref. [ 1 ].
For completeness they are recalled here, with the
modifications necessary to cover the longer running
period. Many different subdetectors are involved in
this measurement.
- The inner detector (ID) is a cylindrical drift cham-
ber (inner radius = 12 cm. outer radius = 28 cm ) cov-

ering polar angles between 29° and 151c. A jet-
chamber section providing 24 r<p coordinates is sur-
rounded by 5 layers of proportional chambers pro-
viding r<$> and longitudinal coordinates. These five
layers were used in the trigger.
- The time projection chamber (TPC) is a cylinder
with 30 cm inner and 122 cm outer radius and a length
of 2.7 m. For polar angles between 21 • and 159" at
least 4 space points are available for track reconstruc-
tion, while for angles between 39° and 141" up to 16
space points can be used.
- The outer detector (OD) has five layers of drift cells
at a radius between 198 and 206 cm and covers polar
angles from 42 ° to 138"-. All layers provide precise m>
coordinates and were used in the trigger.
- The high density projection chamber (HPC) meas-
ures electromagnetic energy with high granularity over
polar angles from 40 ; to 140°. It has a segmentation
in depth of nine layers. For fast triggering, a scintil-
lator layer is located behind the first five radiation
lengths.
- About one third of the data were taken with the su-
perconducting solenoid (SS) operating at a reduced
field of 0.7 T. The rest of the data were taken at the
design value of 1.2 T.
- The time of flight (TOF) system is composed of a
single layer of 1 72 counters surrounding the sole-
noid, and covering 41= to 139c in polar angle. It was
used in the fast triggering.
- The electromagnetic calorimeter in the endcaps
(FEMC) consists of 2x4500 lead-glass blocks
(granularity = 1 : X 1 :) with phototriode read out,
covering polar angles from 10" to 35.5= and from
144.5 to 170;.
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- The small angle tagger calorimeters (SAT) cover
polar angles from 43 to 135 mrad in both endcaps.
They are composed of alternating layers of lead sheets,
concentric with the beam axis, and scintillating fibres
running parallel to the beam. Behind each calorime-
ter the fibers are collected into 288 bundles, each read
out by a photodiode. The resulting segmentation is
shown in fig. 1. The calorimeters have inner and outer
radii of 10 and 34.5 cm. The inner six rings of read-
out elements have radial extensions of 3 cm. the outer
two 3.25 cm. Theazimuthal coverage is In except for
a small dead region, 2 cm wide, which appears at the
vertical junction of the two half-cylinders. The inner
four rings have an azimuthal segmentation of 15%
the outer four rings of 7.5= . In order to define the
inner radius of the acceptance region with high pre-
cision, one of the calorimeters was masked off by a
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Ring 1

, I , I , , . , ! , i , .

225 230
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235 240 Z [cm]
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Fig. I. The small angle tagger calorimeter, ( a ) Side view showing
the 12 cm lead mask in front of calorimeter 2. ( b ) Segmentation
of calorimeter in one quadrant . The border of the acceptance in
calorimeter 2 is indicated by a thick line (dashed line for 12 cm
mask) .

10 radiation length thick lead ring. The first third of
the data were taken with a mask of maximum outer
radius of 12 cm, whereas the remaining two thirds
were taken with a 13 cm mask. The data taken with
the 12 and 13 cm masks will be referred as samples A
and B, respectively. The masks had conical outer sur-
faces pointing back to the nominal interaction point.
The diameters of the masks are known with a preci-
sion of better than 100 microns.

3. Luminosity measurement

The luminosity measurement relied on the detec-
tion of small angle Bhabha events in the SAT. The
triggers were based on analog sums of 24 channels ar-
ranged in 24 overlapping sectors of 30" per endcap
(fig. 1). The primary trigger required coplanar coin-
cidence of energy depositions larger than about 15
GeV. A second trigger, based on an alternative set of
discriminators, was operated at a threshold of about
35 GeV and did not include the coplanarity require-
ment. Two data taking periods were dedicated to the
study of the luminosity trigger efficiency, with a sin-
gle arm trigger (requiring only energy deposition in
one calorimeter) added to the normal triggers.

Comparison of the performance of the first two
triggers showed that the electronics and logic of the
primary trigger were more than 99.9% effective. All
422 Bhabha events observed during the single arm
runs satisfied the primary trigger condition. It fol-
lows that the trigger efficiency was greater than 99.4%
at the 90% confidence level. A conservative value of
0.6% was taken as systematic uncertainty on the 100%
trigger efficiency, since it was not measured directly
during normal data taking.

The first step of the event selection was the forma-
tion of energy clusters in the calorimeters. Clusters
were composed of at least three neighbouring read-
out elements, each with an energy response more than
three standard deviations above the pedestal (typi-
cally 0.5 GeV). In case several clusters were found in
one calorimeter, the cluster with the maximum num-
ber of elements (referred to later as the primary clus-
ter) was used in the subsequent event selection. The
energy barycentre was used to define the radial (r)
and azimuthal (0) coordinates of the shower. An
acoplanarity cut of 20" was applied by using the azi-
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muthal coordinates of the primary clusters detected
in the two calorimeters.

Due to the steep angular dependence of the Bhabha
cross section, a precise determination of the mini-
mum scattering angle is crucial. In this experiment
this was defined by the outer radius of the mask de-
scribed in section 2. The other borders of the accep-
tance (fig. 1) were defined by the requirement for
the primary energy cluster in the masked calorimeter
to be more than one 15D sector away from the verti-
cal dead region and within the first 7 rings of the cal-
orimeter. It has been estimated that the uncertainties
in the knowledge of the internal geometry of the cal-
orimeter introduce a 1% systematic uncertainty as-
sociated with these last two cuts. The 0-cut is by far
the most important one. The systematic error of 1%
would correspond to a shift of about 2.5 mm on the
azimuthal position of the border between cells.

The purpose of the mask is to prevent electrons be-
low a precisely defined scattering angle from depos-
iting their full energy in the calorimeter. Monte Carlo
studies show that already 300 microns inside the outer
edge of the mask, it absorbs more than 60% of the
energy of 45 GeV electrons. In order to reject elec-
trons which hit the inner surface of the calorimeter
after passing through the central hole of the mask, the
quantity R was introduced. It is defined as the ratio
between the energy deposited in the first ring of the
masked calorimeter (calorimeter 2) to the total en-
ergy E : of the corresponding shower.

The distributions of the fractional energy E2/Ebcam

versus R are shown in figs. 2a and 2c. for samples A
and B. respectively. They were made after an energy
cut in calorimeter 1 of 0.75^/r,/£bcam^: 1.5. The
Monte Carlo prediction for the conditions of sample
A (12 cm mask) is plotted in fig. 2b. The cluster of
events at R^0.9 and £\/£t>cam*0-4 is due to elec-
trons which hit the mask. The band of events at R * 1
which extends to large energies is due to electrons
which passed through the hole of the mask. The com-
bined cut in R and E2/EbC!int indicated by the dashed
line rejects both types of events. The separation be-
tween the signal and the background is better for
sample B. shown in fig. 2c. since the 13 cm mask
completely covers ring I of the calorimeter.

For both samples a distributed background of
events is observed. This is understood as being caused
by showers which leaked through the back corner of

the calorimeter into the photodiodes. simulating high
energy depositions. In region I. this was estimated to
be (0.5 ±0.5)% of the total number of Bhabha events
(the same in both samples). However, in sample A
the signal extends up to R^Q.9, as predicted by the
Monte Carlo. The background in region II is larger
and was subtracted using the signal-free data of sam-
ple B in region II. Fig. 2d shows the energy distribu-
tions of the events of sample A (continuousline) and
B (dots) for 0.50s:/?^0.90 normalized to the same
luminosity. The background of sample A is well re-
produced by the data of sample B. This procedure
leads to a statistical background subtraction of 2.5%
in the region II for sample A. A conservative system-
atic uncertainty of 1.3% was assigned to this subtrac-
tion. In summary, the background subtraction for
sample A amounts to (3.0± 1.5)% and for sample B
to (0.5 ±0.5)%, when selecting the events within the
limitsO.75< (£ , /£ ,«„ . E H y E ^ K 1.5.

A 1% total uncertainty on the integrated luminos-
ity was estimated to originate from the above energy
cuts by considering the following:

- The overall and cell to cell calibrations of the cal-
orimeters were performed with a sample of Bhabha
events. Applying different algorithms resulted in 0.3%
variations in the integrated luminosity.
- Variation of the minimum energy cut (viz. 75% of
the beam energy) by ± 5% changed the integrated lu-
minosity by 0.5%.
- Based on an analysis of the single arm trigger data
and the acoplanarity distribution of the full data
sample, the background of off-momentum electrons
was estimated to be less than 0.2%.

Due to the asymmetric geometric acceptance cri-
teria and the azimuthal symmetry' of the acceptance
region, the sensitivity of the visible cross section to
possible variations of the position of the interaction
point in the transverse plane is negligible. However,
the visible cross section is linearly sensitive to longi-
tudinal displacements along the beam axis (i.e. r
axis). The average ^-position of the interaction re-
gion was measured with tracks from the hadronic Z-
decay sample and was used to correct the data for each
LEP machine fill. The corrections were typically 0.5%
or less. A remaining 5 mm uncertainty on the abso-
lute position of the mask relative to the interaction
region would result in a 0.5% uncertainty on the vis-
ible cross section.
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The visible cross section for the luminosity events
was evaluated by a detector simulation [3] ofBhabha
scattering events. An event generator that includes
electroweak and radiative corrections to first order in
a was used [4]. The hadronic vacuum polarization
was updated according to ref. [ 5 ]. The lack of higher
order corrections in the generator is assumed to give
a 1 % uncertainty on the theoretical cross section. The
energy dependence of the cross section was evaluated
by generating events at the 10 energy points of the
scan with an approximate simulation of the event se-
lection. These cross sections were renormalized to the
value obtained at v

/5 = 91.1 GeV, the center-of-mass
energy at which the full detector simulation was per-

formed. The visible cross sections at this energy were
found to be 32.5 nb for sample A and 26.6 nb for
sample B. An uncertainty of 1% was estimated due to
imperfections of the Monte Carlo modeling. The lu-
minosity was computed assuming a Z mass (which
enters the yZ interference term) of 91.1 GeV. The
uncertainty on Mz has a negligible effect on the lu-
minosity calculation.

A summary of the systematic uncertainties on the
luminosity measurement is given in table 1. The
overall uncertainty is 2.7% for sample A (6964 se-
lected events), and 2.3% for sample B (9749 selected
events), which results in a 2.4% uncertainty on the
total sample. This is less than the 5% uncertainty re-
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Table I
Contributions to the uncertainty of the luminosity measurement.

Contribution

trigger efficiency
0-CUt

energy cut

interaction point position

background subtraction B (A)
MC modeling

MC statistics

theory

total, sample B (A)

%

0.6
1.0
1.0
0.5
0 . 5 ( 1 . 5 )

1.0
0.6
1.0

2 . 3 ( 2 . 7 )

ported in ref. [ 1 ] mainly because of the new mea-
surement of the trigger efficiency, the improvement
in the data quality resulting from the increase of the
mask radius from 12 to 13 cm. and the correction for
the vertex position.

4. Hadronic event trigger

In the barrel region, the trigger for hadronic events
was based on two independent components:

(a) A "track trigger" was made by coincidences of
the ID and OD chambers. Each detector provided
signals for charged particles with hits in 3 out of 5
layers. A back to back coincidence of OD quadrants
together with any signal from the ID formed a trigger.

(b) A "scintillator trigger" was made by coinci-
dences of the HPC and TOF scintillation counters.
Individual counters of both detectors were arranged
in two groups of four quadrants placed symmetri-
cally upstream and downstream of the crossing point.
The HPC counters were sensitive to electromagnetic
showers with an energy larger than 2 GeV while the
TOF counters were sensitive to minimum ionizing
particles penetrating the electromagnetic calorimeter
and the coil. The "scintillator trigger" was the OR of
the following subtriggers:
- Coincidences of back to back TOF quadrants.
- At least 3 TOF quadrants.
- At least 2 HPC quadrants.
- Coincidence of any TOF with any HPC quadrant.

The exact knowledge of the trigger efficiency for
events with sphericity axis between 50 : and 130= is
crucial for the determination of the overall accep-

tance (section 5). Having recorded the trigger pat-
tern event by event, we determined the efficiency of
each subtrigger in the barrel region for hadronic
events by using its redundancy with other subtrig-
gers. From this measurement the following efficien-
cies for hadronic events with a sphericity axis be-
tween 50° and 130c were obtained:
- "track trigger": 99.1 ± 0.1 %,
- "scintillator trigger": 99.6 ± 0.1 %.

The inefficiency of the overall trigger in the barrel
region was therefore less than 0.1%.

To enhance the number of Z events with a spher-
icity axis pointing to the endcaps a calorimeter trig-
ger based on the FEMC was added. It required a min-
imum energy deposition of 3 GeV in each endcap. Its
contribution was included in the calculation of the
global detection efficiency as described in section 5.

Approximately 9% of the date were recorded with
one of the trigger components missing. The corre-
sponding correction applied to the overall accep-
tance was 2.0 ±0.2% in events taken with a missing
ID, OD or TOF trigger and 1.0±0.1% when the HPC
or the FEMC triggers were absent. The resulting losses
in trigger efficiency are larger for events with a spher-
icity axis outside the range from 50c to 130".

Hadronic and Bhabha events were recorded with
the same trigger- and data-acquisition system in or-
der to ensure equal live times.

5. Hadronic event selection

Two different analyses have been performed:
The first analysis (A) relied only on charged par-

ticle tracks, whereas the second (B) used the energy
deposition in the barrel electromagnetic calorimeter
(HPC) in addition.

Both methods used the following selection criteria
for charged particles:
- Polar angle 8 between 20 ; and 160c.
- Momentum p between 0.1 GeV/c and 50 GeV/c.
- Track length above 30 cm.
- Relative error on momentum measurement below
100%.
- Projection of impact parameter in the AT plane be-
low 4 cm.
- : coordinate at the origin below 10 cm.
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Analysis.4
Hadronic events were selected by requiring at least

3 tracks in one hemisphere (viz. 0<9O° or 6>90°)
and a sum of the p\ of all tracks relative to the beam
axis greater than 9 GeV2.

The multiplicity cut removed cosmic events and
leptonic decays with the exception of a small fraction
of T + T~ events. The p\ cut rejected the contamina-
tion by beam gas and two photon interactions. Its
value was chosen in order to be least sensitive to the
experimental uncertainly of the charged particle mo-
menta. Fig. 3 shows the distribution of the square root

of the sum of the p\ for the events with at least 3
charged tracks in one hemisphere.

By analysing the events originating far from the in-
teraction point (viz. 10 < | r | < 30 cm) the contribu-
tion from beam gas events was found to be less than
0.1 %. The two photon contribution was calculated by
Monte Carlo simulation [6] and was also less than
0.1% THe T + T~ background was determined to be
(1.3 ±0.3)% using a Monte Carlo simulation per-
formed with the event generator KORALZ [ 7 ].

For about 10% of the data some of the 12 sectors
of the TPC were not read out by the data acquisition
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system. The selection criteria were chosen such that
the results are rather insensitive to the incomplete-
ness of these events. The events collected with the full
TPC were used to determined a correction of
(11 ± 1)% for this sample.

A detailed Monte Carlo simulation of the detector,
which included secondary interactions, the collec-
tion of electronic signals and their digitization was
performed. The event generation relied on the MUS-
TRAAL event generator [ 8 ] and on the Lund parton
shower fragmentation model [9]. The simulation
describes well the distributions of various topological
variables of the hadronic data of DELPHI [10]. The
same analysis was applied to the simulated and to the
real events and good agreement between the two
samples was observed.

For events with sphericity axes at small polar an-
gles a lower efficiency was expected than for those in
the barrel region (viz. |cos0\ < 0.65) where the effi-
ciency was larger than 99.9%. The selection effi-
ciency for the full solid angle was obtained by extrap-
olating the theoretical shape [ 1 + (1 - 8 / 3 aj
7r)cos20s] "' [11] of the sphericity axis distribution
from the barrel region to small angles with a s = 0.12.
Fig. 3b shows the sphericity axis distribution for data
and Monte Carlo together with the fit to the data for
| cos ft, | < 0.65. Due to track losses in the forward re-
gion, the measured value of |cos#s| was underesti-
mated. The Monte Carlo simulation was used to cor-
rect the number of events in the barrel region for this
effect by 3%. From this a total efficiency of
(93.5 ± 1.0)% was obtained. The various contribu-
tions to the uncertainty are summarized in table 2.

The formula is calculated for the thrust axis. We checked with
the Monte Carlo that it is also valid for the sphericity axis.

Analysis B
For the second method, which consisted of a more

severe selection than the previous one. charged par-
ticles were selected as above. In addition, clusters in
the HPC which were not associated to charged parti-
cles were kept provided their energies were in the
range 0.1 <£<50GeV.

Hadronic events were accepted if the total charged
multiplicity was at least 5 and if either the invariant
mass of all charged particles was larger than 12 GeV,
or the total energy (including the HPC clusters) was
greater than 16 GeV. Figs. 3c and 3d display the
charged mass distribution for events having at least 5
charged tracks and the final charged multiplicity,
compared with the same Monte Carlo simulation as
above.

As in the previous analysis, the multiplicity cut re-
moved cosmic and leptonic events, but the T+T^ con-
tamination was reduced to 0.3 ±0.1%. The charged
mass cut rejected the remaining contributions from
beam gas and two photon interactions. The total en-
ergy cut improved the selection efficiency for full TPC
data by 1%. and helped to recover most of the partial
TPC runs. The efficiency correction for this data
sample was (13 ± 1 )%. The different sources of un-
certainty are listed in table 2.

The selection efficiency was derived from the sim-
ulation in the barrel region (| cos ft, | < 0.65) and was
then extended to the full acceptance. For this com-
bined analysis, the total efficiency was (92.1 ± 1.1 )%.

The uncorrected number of hadronic events se-
lected by the two analyses are given in table 3 for each
ccnter-of-mass energy. Once corrected for the global
efficiency and for the T + T~ contamination the num-
bers of selected events for both analyses agree within
0.7% on average for each energy. The cross sections
computed in section 6 are based on the average re-
sults of both analvses.

Table 2
Contribulions to the uncertainty on the hadronic event selection efficiency.

Error [%] Analysis A Analysis B

theory and Monte Carlo
data statistics
uncertainty on momentum measurement
T + T~ contamination

0.4
0.8
0.3
0.3

0.5
0.8
0.5
0.1

total 1.0 1.1
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6. Results

The hadronic cross section was computed at each
energy from the relation:

(1)
Lt

where Az stands for the number of selected hadronic
events. A'B is the number of background events (viz.
T + T" events). L stands for the time integrated lumi-
nosity and ( is the overall efficiency for hadronic
events.

The integrated luminosities and the cross sections
for each centre-of-mass energy are listed in table 3.
The quoted errors are statistical only. There is an ad-
ditional energy independent normalisation uncer-
tainty of 2.6%. of which 2.4% is due to the luminosity
measurement and 1.0% is due to the determination
of the total efficiency. The centre-of-mass energies are
known with an absolute systematic uncertainty of 30
MeV and a point-to-point uncertainty of about 10
MeV [12]. The former is the main systematic uncer-
tainty on Mz in all the fits below whereas the effect
of the latter is negligible.

The experimental line-shape was fitted with theo-
retical formulae in order to test the validity of the
standard model and to determine the parameters of
the Z resonance. We shall describe one of these for-
mulae, viz. that of ref. [13]. It consists of an "im-

proved Born approximation" made of the sum of the
two following terms:
- The pure continuum cross section. ay(s), which in-
cludes its leading radiative correction.
- The cross section for the resonance and interfer-
ence terms, which can be expressed in a compact form
as follows:

(2)

where Fc and Fh stand for the electron and hadron
partial widths of the Z. fz is its full width and A/z its
mass. Two-loop self-energy corrections to the vector-
boson propagator are taken into account by the s2/
M\ and s/Mz terms. The function R includes mainly
the contribution from the real part of the yZ interfer-
ence computed to lowest order plus its leading loga-
rithmic and leading top-quark mass corrections. De-
pending on the top quark and Higgs masses, it ranges
from 0.07 to 0.12. A departure of the observed cross
section from the standard model prediction (due for
instance to an additional Z boson) should manifest
itself by an unexpected value of R. The functions F
and G include mainly the radiative corrections: the
soft part of the initial state photon radiation is taken
into account by the exponentiation formalism of ref.

Table 3
DELPHI Z scan with hadrons.

Collision energy
[GeV]

88.284
89.284
90.283
91.036
91.283
91.536
92.286
93.284
94.284
95.042

total

# Hadronic events

Analysis A

241
427

1094
1987
2392
2984

785
587
280

95

10872

Analysis B

236
416

1060
1930
2321
2918

768
575
270

93

10587

Integ. L
[nb-1]

54.4
49.8
61.8
73.3
81.9

106.3
39.8
54.2
35.0
16.3

572.8

Cross section "
[nb]

4.7410.32
9.4210.50

19.51 10.73
29.1510.89
31.0210.89
29.9710.76
20.9210.96
11.5710.55
8.54 + 0.57
6.1910.69

" The errors do not include an additional systematic uncenaintv of 2.6% on the overall normalization
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[ 14 J: the hard part is computed to second order in
a: final state radiation as well as its interference with
the initial state radiation is taken into account at low-
est order. The QCD corrections to the quark partial
widths are computed to second order in a s and
amount to 4.0% (assuming a s = 0.12). A top quark
mass of 130 GeV and a Higgs mass of 100 GeV were
assumed.

Three fits were performed, starting with the least
model dependent one and ending with the one most
constrained by the standard model.

In the first fit Tz. Mz and the product of the partial
widths fcfh were left free to vary, in order to deter-
mine the total width without constraint from the
overall normalisation of the data. The value of R was
fixed to 0.095. corresponding to the top-quark and
Higgs masses assumed above. The fits gave the fol-
lowing results:

/^ = 2.511 ±0.065 GeV .

Mz = 91.171 ± 0.030 (stat.) ± 0.030 (beam) GeV .

rcrh= 0.148±0.006 (stat.) ±0.004 (syst.)GeV : ,

/ 7 D O F = 4.0/6

The quality of the fit is good. The value of the Born
cross section at the pole <?„= \27iFcrh/'M\r\ corre-
sponding to the fitted values of Tz, \fz and fcrh is

<T0 =41.6±0.7 (stat.)± 1.1 (syst.) nb .

The systematic errors on FJTh and aa follow from the
2.6% systematic error on the overall normalisation.
The correlation between fz and o0 is illustrated in
fig. 4 where the fitted values of both parameters are
shown with their 68% and 99% confidence level
contours.

When the fit above was repeated with R free, the
values of F7. ,UZ and Tt.rh remained essentially iden-
tical and R was found equal to — 0.16 ± 1.02. Al-
though this agrees with the expectations from the
standard model, much higher statistics are needed for
a conclusive test.

In the second fit / y h is fixed to the value predicted
by the standard model (viz. 0.146 GeV :). The re-
sults are

rz = 2.494 ± 0.020 (stat.) ± 0.039 (syst.) GeV .

,\/z = 91.17010.030 (stat.) ± 0.030 (beam ) GeV .

Fig. 4. Contours of Fz versus IT,, for 68% and 99% confidence level.
Also shown are the expecied values for ihe number of massless
neutrino species with their errors due to the uncertainty of the
top quark mass (90-230 GeV) and the Higgs mass ( 10-1000
GeV).

= 4.0/7.

The systematic error quoted for Fz originates from
the 2.6% overall normalisation uncertainty. Using the
partial widths from the standard model [ 15 ], we ob-
tain an invisible width of r,nv = 495 ± 20 (stat.) ± 39
(syst.) MeV and a corresponding number of light
neutrino species of

A\. = 2.97 + 0.12 (slat.) ±0.23 (syst.) .

The error originating from the experimental uncer-
tainty on the mass of the top quark and on the strong
coupling constants amounts to less than 0.05 and has
therefore been neglected. Combining the errors in
quadrature, the fit excludes a fourth generation of
massless neutrinos at a confidence level of 99.9%. A
fourth neutrino with a mass smaller than 40 GeV is
excluded at the 95% confidence level.

Finally a fit was performed where only A/z and an
overall normalisation factor A' were left free to vary.
All the other parameters were computed from the
standard model assuming 3 massless neutrino gener-
ations. The results are

My =91.171 ±0.030 < stat.) ± 0.030 (beam) GeV .
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Fig. 5. Cross section fore+e~ — hadrons as measured at ten dif-
ferent energies together with the two parameter fit (,V/Z and over-
all normalization). Also shown is the cross section as predicted
b> the standard model assuming two (dotted line) and four
(dashed line) massless neutrino species.

A= 1.005 ±0.013,

r / D O F = 4.0/7

The quality of the fit shows that the standard model
reproduces the data well. Fig. 5 displays the cross sec-
tion measured at each energy together with the result
of the last fit (full line). The cross sections predicted
by the standard model for the same value of A/z but
for two and four massless neutrino species are also
shown. One clearly observes that the data greatly fa-
vour three light neutrino species (as indicated by the
fitted value of A). Due to radiative corrections, the
peak maximum is about 100 MeV above the mass
value. Thus the cross section measured at 91.28 GeV
can be considered as an experimental determination
of the peak cross section, viz. 31.02 ±0.89
(slat.) ±0.81 (syst.)nb. the systematic error origi-
nating in the overall normalization uncertainty.

Combining the results of the first fit with out mea-
sured ratio of the leptonic (flavour averaged) to had-
ronic widths rs/Th = 0.0489 ± 0.0023 [ 16 ], we deter-
mined the leptonic and hadronic partial widths to be:

rt= 85.1 ±2.9 MeV. rh = 1 741 ±61 MeV ,

r ,n v=515±54MeV, rjrt-=20.45±0.98 .

The errors include the systematic uncertainties
taking into account all correlations. All values are in
good agreement with the standard model. With the
ratio rv/fe predicted by the standard model we de-
rive the number of light neutrino species to be

A\. = 3.05 ±0.28.

In this determination of A',., the theoretical uncer-
tainty, which originates mainly from the unknown top
quark mass, is negligible.

All the fits above were repeated with a different
formulation of the cross section [17] "2. The last fit
was also performed with a more complete computa-
tion [ 18 ]. No difference was observed.

7. Summary

On the basis of total samples of about 11 000 had-
ronic decays of the Z boson and 17 000 Bhabha
events, corresponding to an integrated luminosity of
573 nb~' recorded from October until December
1989 with the DELPHI detector, we have measured
the line-shape of the Z boson at 10 different center-
of-mass energies ranging from 88.28 to 95.04 GeV.
The experimental line-shape has been compared to
that predicted by the standard model. No disagree-
ment was observed. Our results are also in agreement
with other measurements [2].

The mass and the total width of the Z resonance
are found to be

Mz = 91.171 ± 0.030 (stat.) ± 0.030 (beam) GeV ,

r z = 2.511 ±0.065 GeV.

The product of the electronic and hadronic partial
widths and the corresponding unfolded cross section
at the pole are

r c r h = 0.148±0.006 (stat.) ±0.004 (sysDGeV2 ,

(7,,= 41.6 ±0.7 (stat. )± 1.1 (syst.) nb .

The number of massless neutrino generations, as-
suming standard model couplings is

A'v = 2 . 9 7 ± 0 . I 2 ( s t a t . ) ± 0 . 2 3 ( s y s t . ) .

*" The computer program was provided by courtesy of G. Burgers.
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The hypothesis of a fourth massive neutrino genera-
tion of less than 40 GeV is excluded with a confi-
dence level of 95%.

From our measurement of / y h we derived the
hadronic. leptonic and invisible widths:

rh = 1 741 ± 61 MeV ,

r t = 85.l±2.9MeV,

rjTt = 20.45 ±0.98.

r inv = 515 ± 54 MeV .
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From measurements of the cross sections tor e * e —> hadrons and the cross sections and
forward-backward charge-asymmelries for e ' e -» e * e , fi * fi ~ and I * T at several centre-
ol-mass energies around the Z" pole with the DELPHI apparatus, using approximately 1501KX)
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hadronic and leptonic events from 1989 and 1990, one determines the following Z" parameters:
the mass and total width A/z = 91.177 +0.022 GeV. l'?• = 2.465 ±0.020 GeV. the hadronic and
leptonic partial widths l\ = 1.72h±0.019 GeV. r, = 83.4±0.8 MeV. the invisible width /„„ =
488± 17 MeV. the ratio of hadronic over leptonic partial widths R7 = 20.70 + 0.29 and the Horn
level hadronic peak cross section w,, = 41.84 + 0.45 nb. A flavour-independent measurement of
the leptonic cross section gives very consistent results to those presented above (/', = 8.1.7 + 0.8
MeV). From these results the number of light neutrino species is determined to be ,V, = 2.94 ±
0.10. The individual leptonic widths obtained are: Tc = 82.4+ 1.2 MeV. l'v = 8fi.9 + 2.1 MeV and
/'. = 82.7+ 2.4 MeV. Assuming universality, the squared vector and axial-vector couplings of the
Z" to charged leptons are: F2 = 0.0003 + 0.0010 and A} = 0.2508 + 0.0027. These values corre-
spond to the electroweak parameters: peff = 1.(103 ±0.011 and sin:fl^' = 0.241 +0.009. Within the
Minimal Standard Model (MSM). the results can be expressed in terms of a single parameter:
sin"flw

R= 0.2338 ±0.0027. All these values are in good agreement with the predictions of the
MSM. Fits yield 43 < m l op < 215 GeV at the 95°r level. Finally, the measured values of I'v and
/ ' are used to derive lower mass bounds for possible new particles.

1. Introduction

LEP experiments have the unique ability to measure the Z" resonance parame-
ters with great precision. This allows not only a determination of the Z° mass, one
of the cornerstones of the Minimal Standard Model (MSM), but also severe
consistency checks of the MSM predictions and the possibility to detect new
features beyond it. As the size of any departure from the MSM is expected to be
rather small, the Z" resonance parameters have to be determined with very high
precision. This calls for the maximum possible LEP luminosity and for a thorough
study of the systematic uncertainties affecting the parameter measurements.

The total and the invisible widths are very sensitive to the production of new
particles predicted by extensions of or alternatives to the MSM. In the absence of
direct observation of a new particle, their measured values can be used to derive
lower mass bounds for these particles. In addition, the invisible width leads directly
to a measurement of the number of light neutrino species.

The parameters of the hadronic and leptonic lineshape of the Z" were meas-
ured by the DELPHI collaboration in 1989 [1,2] on the basis of a total integrated
luminosity of 0.57 pb~' . The measurement showed that the number of light
neutrino species is consistent with three, the alternative hypotheses of two or four
light Dirac neutrino generations being clearly ruled out. However, the number of
neutrino generations should be measured as accurately as possible. Indeed a
fourth massive Dirac neutrino would give an effective number of light neutrinos
slightly larger than three whereas this number would be slightly below three if the
fourth-generation neutrino were right-handed [3]. The existence of relatively light
particles from models beyond the MSM (e.g. supersymmetric extensions to the
MSM) would also lead to deviations from an apparent integral value for the
number of light neutrinos.
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Within the framework of the MSM, there are significant electroweak radiative
corrections to the Born level formulae for high energy e + e^ annihilation cross
sections. These corrections depend on the mass of the Z", Mz and the unknown
masses of the top quark, mxop, and the Higgs boson, MH . The sensitivity of the
present data to Mu is very small but a comparison of the predictions of the MSM
with the measurements of these cross sections (and the charge asymmetries of
leptons) leads to bounds on the allowed range of mlap. Alternatively, it is possible
to absorb some of the electroweak corrections in terms of effective couplings of the
Z" to fermions, or in terms of an effective weak mixing angle. This latter approach
facilitates the comparison of the results from different types of experiments.

This paper reports on the determination of the Z° resonance parameters and
the strength of the Z" couplings to charged leptons, from measurements of the
cross sections for e^e~—> hadrons and the cross sections and forward-backward
charge-asymmetries for e~e~-> charged leptons at several centre-of-mass energies
close to the Z" peak. It is based on a total of 150000 hadronic and leptonic decays
of the Z" recorded in the DELPHI detector between August 1989 and August
1990. Subsamples of 125 000 hadronic events and 10000 leptonic events, collected
under good data taking conditions have been selected, corresponding to a total
integrated luminosity of 5.88 pb~ ' for hadrons and 4.35-4.97 pb~ ' for leptons (the
value varying for the different leptonic analyses).

Compared to the 1989 measurements, those from 1990 benefit from more than
ten times larger statistics, improved running conditions, reduced systematic uncer-
tainties (in particular those affecting the luminosity determination) and a better
knowledge of the beam energy. Furthermore, the published 1989 hadronic data
were re-analysed, taking into account the improvements from the analysis of the
1990 data.

The paper is organised as follows. After a brief review of the apparatus involved
in these analyses (sect. 2), the luminosity measurement is described in detail (sect.
3). A short description of the trigger for hadronic and leptonic events is given in
sect. 4. The selection of hadronic decays of the Z" is described in sect. 5 together
with the computation of the cross sections. The selection of leptonic decays of the
Z° is described in sect, b along with the determination of the cross sections and
forward-backward charge-asymmetries. In sect. 7 the fit results are presented,
followed by the interpretation of these results in sect. 8. Finally, the results are
summarized in sect. 9.

2. Apparatus

A detailed description of the DELPHI apparatus can be found in ref. [4]. For
the present analysis the following parts of the detector were relevant:
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(i) For the measurement of charged particles the Microvertex Detector (VD) *,
the Inner Detector (ID), the Time Projection Chamber (TPC), the Outer Detector
(OD) and the Forward Chambers A an B (FCA, FCB)

(ii) For the measurement of the electromagnetic energy of High-density Projec-
tion Chamber (HPC) and the Forward ElectroMagnetic Calorimeter (FEMC);
these detectors were also used for identifying minimum ionizing particles;

(iii) for the measurement of the hadronic energy and muon identification the
Hadron Calorimeter (HCAL). which covered both the barrel and endcap regions;

(iv) for muon identification the barrel (MUB) and endcap (MUF) muon cham-
bers;

(v) for the trigger (sect. 4), besides the detectors mentioned above, the barrel
Time-Of-Flight counters (TOF), the endcap scintillators (HOF) and a scintillator
layer embedded in HPC;

(vi) for the measurement of the luminosity (sect. 3) the Small Angle Tagger
(SAT).

The ID and TPC cover the angular range 20° <B< 160° (in the DELPHI
coordinate system 8 is the polar angle defined with respect to the beam axis and <t>
is the azimuthal angle about this axis), the OD covers the range 43° < # < 137°
and FCA/FCB cover the range 11° < 0 < 3 3 ° and 147° <0< 169°. Within the
barrel region (defined as the angular acceptance of the OD) the momentum
resolution obtained for 46 GeV muons is <rv/p = 0.08, whereas in the part of the
endcap region covered by FCA/FCB and the ID/TPC. <rp/p = 0.12. The MUB
covers the interval 52° <0< 128° whilst the MUF extends over the range
9° < 0 < 4 3 ° and 137° <0< 171°.

The HPC has the same angular coverage as the OD, whilst the FEMC covers an
interval slightly larger than the FCA/FCB. The HCAL covers the entire barrel
and endcap regions over the range 10° <0< 170°. The energy resolutions Ur,./£.')
of the electromagnetic calorimeters for 46 GeV electrons arc 0.08 (HPC) and 0.05
(FEMC). The HCAL energy resolution is 1.0/ if (GeV)

As an illustration, a hadronic event in the barrel part of the DELPHI detector
is shown in fig. 1.

3. Luminosity measurement

The luminosity measurement was based on the observation of small-angle
Bhabha scattering in the SAT calorimeters (constructed with lead sheets and
plastic scintillating fibres), each one containing 288 "towers" or readout elements
(see fig. 2).

The VD. which was operated during most of the 1W0 data collection period, was used in the
alignment procedure of the barrel tracking detectors, but was nol used directly in the analysis
described here.



78 Appendix B

518 DELPHI Collaboration / Z" resonance parameters
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Run: 15612 DAS »-*«••<•«
Evi 2476

B*vn 45 1 O*V

•ptw :i-ort i w

01 16 12

Stan 3*-J» 1991

121 0 0 Ji U O 0

(IKM I 01 ( Ol | J)> | 44t i Oi i Oi

0 0 0 0 0 0 0

I Oi ( Ol < 7 ) | I 1*1 (0. i Oi

\ V

Fig. ]. Hadronic event in the barrel detectors of the DELPHI apparatus. The barrel detectors used for
the analysis are the ID(1). the TPC(2). the ODO), the HPC(4) and the HCAU5). The solenoid is
indicated by (6). The Barrel RICH(7). for which one sees the hils due to photoelectrons. was no! used

in the present analysis.

The triggers for luminosity events were based on pulse-height sums of 24
channels in 24 overlapping sectors of 30 ° per endcap. The primary trigger
required coplanar coincidence of energy depositions larger than 10 GeV in each
calorimeter. In order to measure the primary trigger efficiency, a single arm trigger
requiring energy larger than 30 GeV was operated. This trigger was downscaled in
order to keep the rate at a tolerable level. Based on about 1500 observed events,
the primary trigger was measured to be 100% efficient. The statistical accuracy of
the measurement was 0.13%.

To define accurately the fiducial volume a precisely machined lead mask was
installed in front of the entrance of one of the calorimeters. The mask covered the



Determination of Z° Resonance Parameters and Couplings . . . 79

DELPHI Collaboration / Z" resonance parameters

a)
Rlcm)

16

12

220

Pb

225 230

Ring 3

Ring 2

Ring!

Al

235 2.1(1
7.1cm)

b) Y(cm>

0 5 10 15 20 25 30 35

Xlcm)
Fig. 2. The Small Angle Tagger calorimeter, (a) Side view showing the lead mask in front of

calorimeter, (b) Segmentation in one quadrant. The shaded area indicates the coverage of the mask.

inner 3 cm of the calorimeter acceptance. The cone-shaped outer surface pointed
back to the nominal interaction point. For the last three-quarters of the data
recorded in 1990 an additional "<2>-mask", which covered ± 15° around the vertical
junction between the two calorimeter half barrels, was installed. The radius of the
ring and the width of the <i>-mask were each known to better than 0.1 mm. With a
thickness of 12 radiation lengths the mask reduced the energy deposited in the
calorimeters by an average of 85%. There was thus a clear separation between
electrons passing through the mask and electrons hitting the SAT outside the
mask. Detailed shower simulations showed that the transition region at the edge of
the mask was about 0.4 mm wide.

To minimize the sensitivity to displacements of the interaction point it is
common to use a method of asymmetric restricted acceptances in the two
calorimeters [5]. This is, however, not possible with the lead mask technique, which
results in a restricted acceptance in one arm only and a corresponding sensitivity of
U.83 f̂ per cm of longitudinal displacement. The linear dependence on lateral
displacements still cancels, and only a very small second-order dependence re-
mains. The average position of the interaction point along the beam axis was
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measured for each LEP run by the TPC with an absolute precision of 1 mm. The
position of the lead mask relative to the TPC was measured with a similar
precision. This leads to a 0.13% contribution to the systematic uncertainty on the
luminosity.

The calculation of the visible SAT cross section (i.e. the expected e"e" -+e^e~
cross section within the angular acceptance of the SAT) was based on a detailed
detector simulation of Bhabha events generated by the event generator BABAMC
[6]. The event generator, which includes O(a) corrections, where a is the electro-
magnetic coupling constant, was checked against semi-analytical calculations [7],
The simulation was performed at the peak of the Z" resonance. The simulated
events were analysed by the same analysis programs as the real data. The visible
cross section was found to be aB = (27.12 ± 0.04) nb, where the error is statistical
only. The detector simulation was improved compared to earlier work [1] by the
introduction of light attenuation in the fibres and by a description of the calorime-
ter as separate lead and scintillator layers. The extrapolation of the cross section to
other energies was performed using the predicted l/.v dependence from QED,
together with a small deviation due to electroweak processes (mainly interference),
which was calculated by the event generator.

The analysis was based on the reconstructed energy and position of showers.
Only information from the shower with the highest readout element multiplicity in
each calorimeter was used. The following selection criteria were applied:

(i) The cluster centroid in the masked calorimeter was required not to be in the
outer ring of readout elements to avoid edge effects at the calorimeter surface.
Biases in the radius reconstruction in this region can be of the order of 2 mm,
resulting in a 0.25% contribution to the overall uncertainty.

(ii) The cluster centroid in the non-masked calorimeter was required to be at
least 2.5 cm away from the inner radius to reduce background. The cut is at a
smaller radius than the one provided by the mask in the opposite calorimeter. It
applies therefore only to non-collinear events, and removed only 2.5% of the data.
The contribution to the uncertainty was estimated to be 0.25%.

(iii) To avoid contamination from events passing inside the mask and entering
the calorimeter through the inner surface, it was required that all clusters have less
than half of their energy deposited in the inner ring of the masked calorimeter.
Based on the observed separation of the signal from the background, this cut was
estimated to contribute 0.1% to the overall uncertainty.

(iv) Events with a cluster centroid closer than 4 cm to the inner radius were
rejected if the cluster energy was greater than 1.5 x £ B E A M , where EBlAM is the
beam energy. Low-energy photons and minimum ionizing particles which hit the
readout system (fibres, light guides, and photodiodes) can simulate high-energy
depositions. This was a particular problem at small radii where the rate of partially
contained showers was large. This cut removed 0.16% of the sample and the
uncertainty of the procedure was estimated to be of the same size.
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(v) Events with a cluster centroid in the masked calorimeter closer than 8° to
the vertical junction were rejected. Due to the <£-mask. large energy depositions
should in principle not occur in this region. However, the junction constituted a
window of light material through which leakage of low energy particles onto the
readout system was possible. The 0.15% of the data removed by the cut was
compatible with this effect. An uncertainty contribution of the same size was
estimated.

(vi) To suppress background from off-momentum electrons, the acoplanarity
angle between the two clusters was required to be less than 20°.

(vii) The energy is both calorimeters was required to be greater than 0.65 X
£ B t A M . Due to the lead mask this is also an implicit fiducial volume cut. Fig. 3
shows the energy deposited in calorimeter 1 (unmasked) and 2 (masked), and the
distribution of the smaller of the two energies for Monte Carlo and real data.
From the size of the discrepancy between the two distributions, a 0.4% contribu-
tion to the overall uncertainty was estimated.

(viii) For the first quarter of the data recorded in 1990, during which the
</>-mask was not installed, the cluster centroid in the masked calorimeter was
required to be one 15° azimuthal sector away from the vertical dead region. A
0.4% uncertainty contribution was assigned to this cut. This is less than the 1%
assigned previously [1] due to a precise survey of the SAT internal geometry.

Possible backgrounds to small-angle Bhabha scattering include both e + e
interactions and accidentally coincident off-momentum particles from beam-gas
interactions. The backgrounds from the process e + e ->yy as well as from
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T A B I . F 1

Contributions to the systematic uncertainty on the luminosity measurement

Contribution Uncertainty (^

Mask radius 0.15

i> acceptance 0.10

Outer radius masked calorimeter 0.25

Inner radius unmasked calorimeter 0.25

Interaction point position 0.13

Energy cut 0.40

Fake high-energy deposits at small radii 0.16

Data behind <£-mask 0.15

Less than half of energy in inner ring 0.10

Monte Carlo statistics 0.15

Trigger efficiency 0.13

Off-momentum background 0.14

Dead channel correction 0.1 f>

Miscellaneous 0.30

Total experimental uncertainty 0.8

two-photon interactions, e + e -»e + e X, were calculated to be negligible. An
analysis of the sidebands of the acoplanarity distributions for different energy
regions showed that the background from off-momentum electrons was less than
0.14%. An uncertainty of the same size was assigned.

The integrated luminosity L for each data-taking period was determined from
the relation

where A/ev and Nbk are the number of selected Bhabha events and the number of
background events respectively.

The contributions to the experimental uncertainty are summarized in table 1.
The total uncertainty due to geometrical effects, including the interaction point
position, is 0.4%. A 1.6% correction to the luminosity for dead channels was
estimated from the data. The uncertainty of 0.16% is due to the difficulty of
calibrating the energy response near the edge of dead readout elements.

The miscellaneous item in the table is present to take into account differences
between the simulated and real distributions other than the energy distribution.
Some of the differences can be attributed to the effects of fake high-energy
depositions and the non-ideal geometry of the calorimeter segmentation. The
estimate of 0.3% covers systematic uncertainties which may be present but remain
obscured by these effects.

The overall experimental uncertainty is 0.8%. This is considerably smaller than
the previously reported value of 2.1% [1]. To summarize, the improvement is due
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to a better measurement of the trigger efficiency, the installation of the ad-mask,
better understanding and treatment of the effects due to the fake high-energy
depositions, precise surveys of the SAT internal and external geometry', improve-
ments to the detector simulation, and increased Monte Carlo statistics.

The effect of higher-order initial state photon radiation on the small-angle
Bhabha scattering cross section was studied in the leading-logarithm approxima-
tion by means of the new Monte Carlo event generator LUMLOG [8]. The
correction to the first-order result was found to be small (<0.2%) for the
geometry of the SAT. This is in agreement with calculations based on a semianalyt-
ical approach [9]. Remaining contributions to the theoretical uncertainty stem from
non-leading logarithmic corrections, vacuum polarization effects, and production
of light fermion pairs from radiated photons. These contributions are estimated to
add up to a total theoretical uncertainty of 0.5%. The total systematic uncertainty
on the luminosity measurement is thus 0.9%.

Two thirds of the data recorded in 1989 (i.e. that data collected with the same
annular mask as used in 1990) have been re-analysed in the way outlined above.
The luminosity was found to differ by + 1.6% compared to the 1989 analysis. The
difference is less than the previously quoted experimental uncertainty of 2.1%. The
main part of the difference (1.3%) originates from the precise measurement of the
SAT internal geometry which revealed imperfections in the positions of the
<i>-borders between readout elements. The new total experimental systematic
uncertainty for the 1989 data is 1.1%, with contributions similar to those for the
data recorded in 1990. The luminosity corresponding to the first third of the 1989
data, which was recorded with a mask covering only the inner 2 cm of the
calorimeter compared to the later 3 cm, has likewise been corrected by +1.6%.
The uncertainty on this data is now 2.0% compared to the 2.5% reported
previously. As a consequence of the revised measurement of the luminosity, the
1989 hadronic cross sections [1] have been corrected by — 1.6%.

4. The hadronic and leptonic event trigger

The DELPHI trigger system is described in detail in ref. [4]. The lst-level
(2nd-level) trigger decision is made 3 /is (42 /is) after the beam crossings.
Consequently the apparatus is "dead" during the first beam crossing after a
positive lst-level decision, leading to a deadtime of about 1% for a typical Ist-level
trigger rate of 400 Hz. However, no correction for this deadtime is required since
the hadronic, leptonic and small-angle Bhabha (SAT) events were recorded with
the same trigger and data acquisition system in order to ensure equal life-times.
The 2nd-level trigger rate was typically a few Hz.

The following components of the detector are relevant for the triggering of
hadronic and leptonic events. In the barrel region the trigger is based on several
partially redundant components (a)-(d). It remained essentially unchanged during
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1989 and 1990, apart from the addition of component (b) midway through 1990.
whereas the triggers in the forward region (e)-(g) were improved in efficiency and
stability in 1990 by including the tracking detectors, scintillators and endcap muon
chambers. All components participate in the lst-level trigger decision unless
otherwise stated.

(a) A "double-arm track trigger" was made by coincidences of the ID and OD
tracking chambers. Each detector provided signals for charged particles if there
were hits in 3 out of 5 detector layers. This track trigger required signals in at least
two OD quadrants, in coincidence with any signal from the ID.

(b) A "single-arm track trigger" was made by coincidences of the ID and OD
tracking chambers at 1st level and the TPC at 2nd level. This track trigger required
the coincidence of any signal in the ID or OD with a single "track", pointing to the
beam interaction region, in the TPC.

(c) A 'scintillator trigger" was made by coincidences of the HPC and TOF
scintillation counters. The HPC counters were sensitive to electromagnetic showers
with an energy larger than 2 GeV while the TOF counters were sensitive to
minimum ionising particles penetrating the electromagnetic calorimeter and the
coil and to shower leakage from the calorimeter. The "scintillator trigger" was the
OR of the following subtriggers:
- at least 2 TOF octants,
- at least 2 HPC octants,
- Coincidence of any TOF with any HPC octant.

(d) A fourth trigger component comprising TOF and OD signals was added to
increase the redundancy in the barrel region. The trigger was formed by a
coincidence of any TOF octant with any OD quadrant.

(e) A "forward electromagnetic" trigger consisted of a single-arm component
(FEMC energy > 4.5 GeV) and a back-to-back component (FEMC energy in both
endcaps > 3.0 GeV).

(f) A "forward majority" trigger required a coincidence of at least two of the
following conditions, where the signals in each endcap were treated as indepen-
dent.
- A coincidence of HOF signals from back-to-back quadrants.
- At least one track detected by coincidences between the forward tracking

chambers FCA and FCB.
- An energy deposition of at least 3.0 GeV in a FEMC endcap.
- A coincidence of one OD quadrant with any ID signal.

(g) A "forward muon back-to-back" trigger was formed by a coincidence of the
HOF at 1st level with the MUF at 2nd level. A signal from either HOF endcap was
required to coincide with signals in back-to-back quadrants of the MUF endcaps.

The efficiency of the relevant subtriggers for the hadronic and leptonic events
was measured using data samples which were recorded with independent subtrig-
gers.
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Fig. 4. Trigger efficiency for hadronic events as function of the polar angle of the sphericity axi> of the
event.

For the hadronic analysis, the barrel trigger was (a), (c) and (d) and, for the
forward trigger, component (f). Fig. 4 summarizes the trigger efficiency for hadronic
events, as a function of the polar angle of the sphericity axis of the event, for the
forward and barrel triggers (shown separately) and, on a magnified scale, the
overall efficiency of the trigger system. For values of I cos 0sph I less than 0.65, i.e.
the barrel region, the trigger efficiency was higher than 99.99%. Even in the very
forward region it remained larger than 99.7%. For hadronic events recorded with
trigger components missing, the corresponding correction to the overall efficiency
was measured with data taken during periods in which all trigger components were
fully operating. The loss of a component was simulated via the trigger pattern for
each event. A correction between 0.2% and 2.5% was necessary for about 3% of
the events. The uncertainty introduced by these corrections is negligible.

For the ieptonic events, all the trigger components (a)-(g) were used, although
for a given leptonic channel some were irrelevant e.g. (g) for electrons and (e) for
muons. The trigger efficiencies for the ieptonic events were found to be indepen-
dent of polar angle within the barrel region. They were (99.6 + 0.2)%- for c + e \
(98.1 ±0.3)% for / i V ~ , (99.5 ±0.2)%. for T+ T~ and (99.0 ± 0.3)% for leptons
selected without distinguishing their flavour. The slightly lower efficiency for
fx *JLI " is due to a period of data taking when parts of the tracking detector trigger
electronics were not correctly functioning. In the endcap region the average trigger
efficiency for e + e ~ was (99.9 ± 0.1)% whilst for MM ' l varied slightly with cos 0,
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giving an average efficiency over the combined barrel and endcap regions of
(96.5 ± 0.3)%.

5. Hadronic event selection and cross sections

Hadronic events were selected with two complementary analyses, both of which
required the same minimal multiplicity of charged particles. The first analysis (1)
relied mainly on the energy of charged particles, whereas the second (II) relied
instead on the energy deposited in the calorimeters.

Charged particles were retained if they satisfied the following selection criteria:
(i) momentum p in the range 0.4 <p < 50 GeV;
(ii) relative error on momentum measurement less than 100%;
(iii) 8r less than 4.0 cm, where 8r is the distance of closest approach to the

nominal interaction point in the radial direction;
(iv) | 8z | less than 10.0 cm, where 52 is the distance of closest approach to the

nominal interaction point along the beam direction;
(v) track length greater than 30.0 cm.

The cut values were chosen such as to allow a reliable measurement of the
multiplicity and momentum of the selected charged particles.

5.1. ANALYSIS I

Hadronic events were accepted if:
(a) the total charged multiplicity is greater than or equal to 5;
(b) the energy sum £, is greater than 12% of the centre of mass energy, where

E\ = £ch + ^FEMC • Assuming all charged particles to be pions, the total charged
energy, £ c h , was taken as the sum of the energy of all selected charged particles. In
order to increase the selection efficiency as well as to keep it rather insensitive to
instabilities of the forward trigger and track reconstruction efficiencies, the energy
of neutral particles, £pE M C , deposited in the forward electromagnetic calorimeter
(FEMC) was taken into account. Clusters were retained in the FEMC if they were
not associated to a selected charged particle, if their reconstructed energy was
between 0.4 and 50 GeV and if their polar angle was in the range 12°-35° or
145°_168°.

The value of the energy cut was chosen such as to be least sensitive to the
experimental uncertainty on the charged particle momenta. Fig. 5a shows the
charged multiplicity distribution of the data before applying the cut of £, . The
distribution of the values of E, is displayed in fig. 5b for events with at least 5
charged particles.

A detailed Monte Carlo simulation of the detector, which included secondary
interactions, the collection of electronic signals and their digitisation, was per-
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Fig. 5. Distributions of real events (points with statistical errors) and simulated events (continuous line)
normalised to the selected data sample: (a) multiplicity of charged particles before the selection based
on £ | or Elt; (b) £ , = Ech + f fE M r for events with at least 5 charged particles: (c) polar distribution of

the sphericity axis; (d) calorimeter energy En for events with at least 5 charged particles.

formed. The event generation relied on the DYMU3 event generator [10] and on
the Lund 7.2 parton shower fragmentation model [11]. The same analysis was
applied to the simulated and to the real events and good agreement between the
two samples was observed. The final simulated charged multiplicity and total
energy distributions are shown as continuous lines in fig. 5a and 5b. The contami-
nations from two-photon collisions and r + r events account for the difference
between simulated and real multiplicity distributions for multiplicities between 5
and 8.

The selection efficiency for hadronic events was derived from the Monte Carlo
simulation corrected for changes in the detector, trigger and track reconstruction
inefficiencies at small polar angles and for the detection and reconstruction
inefficiencies located around the edges of the TPC sectors. Overall these correc-
tions reduced the efficiency by 0.8%. Fig. 5c shows the distribution of the polar
angle of the sphericity axis for the data and for the corrected Monte Carlo events.

A total efficiency of (96.3 ± 0.4)% was obtained. The various contributions to
the uncertainty are summarized in table 2. The dominant source of systematic
uncertainty comes from the 0.8% correction for inefficiencies applied to the
simulated data sample. The corresponding uncertainty on the selection efficiency
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T A B I E 2

Contributions to the uncertainty on the hadronic event selection efficiency. The subtraction of the
two-photon collision background introduces an additional uncertainty of 10 pb

Error source Error ir'<)

Monte Carlo statistics 0.1
Correction for inefficiencies 0.3
Energy resolution 0.1
T'T contamination 0.1

Total 0.4

was estimated to be 0.3% at each collision energy and 0.05% from energy to
energy.

5.2 ANALYSIS II

The second analysis is based on the total energy deposited in the calorimeters
(i.e. HPC. FEMC, HCAL). Events were selected if:

(a) the total charged multiplicity is greater than or equal to 5;
(b) the total calorimetric energy £,, is greater than 16% of the centre-of-mass

energy.
This analysis is independent from analysis I apart from the common requirement
of the charged particle counting and of the use of the FEMC for neutral particles
in the forward region.

The energy was calculated using the results of the reconstruction from each
calorimeter, and using the combined calorimetry results (i.e. an algorithm to sum
the energy depositions in the calorimeters) if the showers in the hadron and
electromagnetic calorimeters were found to be associated. Fig. 5d displays the total
calorimetric energy, £,,, of the events with at least 5 charged particles.

The corresponding selection efficiency was estimated from the Monte Carlo
simulation and cross-checked on the real data sub-sample which was also retained
by analysis 1. The overall selection efficiency was found to be (96.5 ± 0.6)%. The
main source of uncertainty comes from the variation of the response of the
calorimeters during the data taking period. This variation also required a more
restrictive selection of running conditions than analysis 1, resulting in about 10%
fewer selected events.

5.3. BACKGROUNDS

Backgrounds were removed by very similar methods in both analyses. The
multiplicity cut removed cosmic events and Z" leptonic decays with the exception
of a small fraction of T + T~ events. The energy cut rejected the remaining
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contamination by beam-gas and most the two-photon interactions. By analysing
the events originating far from the interaction point (viz. 10 < | z I < 30 cm) the
contribution from the beam-gas events was found to be less than 3 pb. The
contamination by events produced in two-photon collisions was estimated from
three sources: a Monte Carlo simulation including a quark-parton and a vector-
meson contribution [12]. a sample of measured two-photon collision events [13]
and the sub-sample of selected multihadronic events with £, between I2r'r and
lKr/f of the centre-of-mass energy. All three event samples gave consistent results
and the contamination was estimated to be (20 ± 10) pb at each centre-of-mass
energy. The T~T~ background was determined to be (0.3 ± 0.1 )rf using a Monte
Carlo simulation performed with the event generator KORALZ [14].

5.4. COMPUTATION OF THE CROSS SECTION

The hadronic cross section was computed at each energy from the relation

(2)

where Nz stands for the number of selected hadronic events, Nh is the number of
backgrounds events (viz. r * r " and two-photon interaction events), L stands for
the time integrated luminosity (eq. (1)) and e z is the overall efficiency for hadronic
events. fsm is a correction factor due to the energy spread of the LEP beams. The
latter has been estimated to be (0.8 ± 0.2) X ]{)~* [15], corresponding to a disper-
sion on the collision energy of (50 ± 10) MeV. The correction factor /sm is
proportional to the second derivative of the cross section and to the square of the
energy spread. The main effect in correcting for the beam spread is to change the
extracted value of V7 by almost 4 MeV. The cross sections obtained with both
analyses are given in table 3 for each centrc-of-mass energy. The quoted errors are
statistical only. There is an additional energy-independent normalisation uncer-
tainty of ].(>Cf (].\rr) for analysis 1 (analysis II). of which OM'r is due to the
luminosity measurement and tt.Ve (O.ftrr) is due to the determination of the
selection efficiency of hadronic Z"'s. One observes that both analyses give very
similar results. The cross sections obtained with smallest systematic and statistical
uncertainties (analysis 1) were then retained for the fits in sect. 7. The correspond-
ing integrated luminosities are given in table 3, together with the number of
selected Z"'s. The total integrated luminosity for the combined 1989 and 1990 data
samples is 5.88 pb~' .

For about one third of the total data sample, due to slight changes in the trigger
or in the detection efficiency, the data sample selected at each centre-of-mass
energy was corrected by an energy-dependent factor which varied between 0.05%
and O.5(K7.
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TABLE 3

The cross sections for e* e~ -» hadrons. at different centre-of-mass energies, for the two analyses
described in the text. The cross sections are corrected for the background and efficiency of selection.

The errors are statistical only. The overall systematic error on these points is 0A"r on the total number
of hadronic events selected with analysis 1 and 0.9% on the integrated luminosity, including the

estimated theoretical uncertainty on the luminosity. This gives a total systematic error of 1.09r on the
cross sections obtained with analysis I

Collision energy
(GeV)

88.223

88.277

89.224

89.277

90.222
90.27h

91.029

91.225

91.276
91.529

92.220
92.279

93.221

93.277

94.218
94.277

95.035

Analysis 1

(nb)

4.56 + 0.12

4.64 + 0.31

8.61+0.16

9.24 + 0.49

18.29 + 0.28

19.17 + 0.72

28.70 + 0.88

31.04 + 0.16

30.54 + 0.88

29.49 ±0.75
21.91 ±0.31
20.56 + 0.94

12.77 + 0.21
11.36 + 0.54

7.94 + 0.15

8.38 + 0.56

6.07 + 0.68

Analysis 11

(nb)

4.56 + 0.12

8.64 ±0.18

18.41 ±0.30

30.87 ±0.17

21.80 ±0.32

12.74 ±0.22

7.94 ±0.17

Int. lumi.

(nb~'>

361.9

54.4

438.1

49.8

383.0

61.8

73.3

2782.9

81.9

106.3
415.4

39.8

460.2

54.2

463.5

35.0

16.3

Number of Z "
(Analysis I)

1602

241

3655
427

6777

1094
1987

83413

2392
2984

8803

785

5685
587

3565

280

95

The collision energies given in table 3 are known with an absolute systematic
uncertainty of about 20 MeV and a point-to-point uncertainty of about 5 MeV [16].
The collision energies published in ref. [1] have been corrected by - 7 MeV.

6. Leptonic event selection, cross sections and forward-backward
charge-asymmetries

The leptonic event selection is based on two very different approaches. In the
first one. an attempt is made to separate the data into the three lepton flavours by
a mixture of particle identification and event topology criteria. Care is taken to
minimise the backgrounds (mainly cross-feeding between the different leptonic
channels), whilst maintaining as high an efficiency as possible. In the second
approach, there is no attempt to separate the data into the three flavour cate-
gories. This has the advantage that the selection is essentially only based on the
reconstructed charged particle tracks, without recourse to any specific particle
identification. The backgrounds due to cross-feeding between channels are elimi-
nated.
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The remainder of this section of the paper contains descriptions of the e^e ,
M^M~ and 7*T~ analyses, followed by an account of the /""/" (flavour-indepen-
dent) analysis. Results are presented on the cross sections for each final state as a
function of the e*e " centre-of-mass energy and on measurements of the
forward-backward charge-asymmetry

4
OF + O"B

In this expression, 0^(0"^) is the cross section for the production of an /" (where /
is a charged lepton) with cos 6 > 0 (<()), where 6 is the angle of the /" with
respect to the incident e~ direction.

The asymmetry' at each centre-of-mass energy has been determined by two
different methods. The "counting method"' (used for all the samples) computes the
asymmetry as

Nr - NB

where N[; (/VB) are the number of events corrected for background contamination
and detection inefficiencies with cos D > 0 (< 0). The "maximum likelihood
method" (used only for the MM and 7*r~) derives the asymmetry' from a
maximum likelihood fit to the angular distribution. The likelihood L is defined as

( l+cos '0 , )+>l F B cosf l ( ) (5)

where the product is taken over all the events selected for the asymmetry
determination. The presence of QED radiative corrections distorts the angular
distribution assumed above but at the present level of statistical precision these
distortions have no significant effect on the results. Whereas in principle the
counting method makes no assumption about the angular distribution, the maxi-
mum likelihood method gives slightly smaller statistical errors and, in the absence
of charge asymmetric and forward-backward asymmetric inefficiencies, does not
require efficiency corrections.

Finally, correction factors for the beam-energy spread (subsect. 5.4) have been
applied to the cross sections of all final states.

6.1. e * e —• e " e '

The cross section was measured both in the barrel region and the end cap
region. Due to the very different characteristics in the two polar angle regions of
the detector and of the Feynman graphs dominating the process, the two analyses
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have been kept separate. The asymmetry has been studied in the barrel region
only.

6.1.1. Cross section in the barrel region. The present analysis is an improved
version of the one described in ref. [2] with a much stronger rejection of back-
grounds. Events were retained if they satisfied the following selection criteria:

(i) There must be at least one electromagnetic cluster in the barrel electromag-
netic calorimeter (HPC) with energy greater than 30 X (V7/91.22) GeV and a
second one with energy greater than 25 X (/T/91.22) GeV. The clustering is
performed to sum secondary photons coming from radiation in the detector
material. A low-energy shower is added to a higher-energy one if its transverse
energy relative to the first one is smaller than 0.2 GeV and their angular
separation, as seen from the beam crossing point, is smaller than 5° .

(ii) Events with more than 4 charged particles with momentum greater than 1.5
GeV, ftr less than 5 cm and | 8: I less than 5 cm (8r, 8z as in sect. 5), and events
with 2 charged particles in each of the two hemispheres, defined by the direction
of the highest-energy cluster, are rejected. Events with 3-1 and 3-0 topologies are
selected if the total electromagnetic energy is greater than 70 GeV. This require-
ment avoids the loss of events in which a photon has materialized, without an
appreciable increase of the r events background.

(iii) The longitudinal development of showers associated to charged particles
must be compatible with that expected from an electron.

To avoid losses of events due to bad reconstruction of one shower in the HPC,
events which failed the above selection criteria were accepted if they satisfied the
following requirements: (a) one cluster with energy larger than 40 x (\(v /91.22)
GeV must be present in the event: (b) one charged particle must be reconstructed
in each hemisphere; (c) there must be no deposited energy beyond the first 1.5
interaction lengths of the hadron calorimeter associated with the charged particle
in the hemisphere opposite to the most energetic electromagnetic shower.

In all the selected events, the two charged particle tracks, or the two most
energetic electromagnetic clusters if the number of tracks is different from two or
the angle between the existing two tracks is close to zero, are identified as the two
final state electrons.

For the analysis of the events in the barrel region, events were retained for
which:

(iv) the polar angles of both electrons are in the range 44° < 6 < 136°;
(v) the acollinearity between the two electrons is smaller than 10°.
In addition, the following fiducial cuts are applied:
(vi) the azimuth of the impact point of one electron randomly selected in each

event must be more than 1 ° away from the boundaries of the HPC modules;
(vii) the polar angle of both electrons must be more than 2° away from the

8 = 90 ° boundary plane.
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Fig. 6. The photon energy Ey for radiative events in which the transverse energy of the photon with
respect to the closest electron is larger than O.f> GeV. The continuous line is the same distribution for
simulated events. The normalisation of the two distributions is based on the relative luminosity of the

two samples.

From the 1990 data a total sample of 2891 events was selected with this
procedure, corresponding to an integrated luminosity of 4.35 pb~". To compute
the cross section ac, the experimental number of events has to be corrected for
trigger efficiency, losses due to the applied cuts and remaining background.

The trigger efficiency was measured to be (99.6 ± 0.2)% by comparing the
different independent subtriggers used in the experiment. To obtain the other
correction factors, a sample of simulated e^e~(y) events was generated using the
program BABAMC [6] and passed through the program DELSIM [17] to simulate
the response of the DELPHI detector. The simulated raw data were then proc-
essed through the same analysis chain used for real data. Although the BABAMC
generator contains only O(«) corrections, its precision is adequate for the determi-
nation of the small correction factors.

Fig. 6 compares real and simulated events with a hard radiative photon. It
shows the energy distribution of the third most energetic cluster, if its transverse
energy with respect to the closest more energetic cluster is larger than 0.6 GeV (in
order to remove the bremsstrahlung photons produced by the passage of the
electrons through the detector material). Data and simulation agree, both in shape
and absolute normalisation.

For the study of background, a sample of e + e~-»T + T" events was generated
using the program KORALZ [14] and processed through the DELPHI simulation
and analysis chain. From the study of these events the background of e + e~-> T+T~
events in the sample is estimated to be (1.2 ± 0.2)%. The correspondence of real
and simulated T decays has been checked using a sample of real T + T~ events,
selected on the basis of cuts on one hemisphere only and therefore leaving the
opposite decay unbiased.
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An additional non-negligible background comes from e + e~-»yy events. They
can be rejected by requiring the presence of two charged particles, and by
correcting for the inefficiency of the tracking system. However, since the cross
section of this pure QED reaction is relatively small and well known [181, a better
precision is obtained by keeping such events in the sample and correcting with the
theoretical cross section. An independent analysis has however been performed
using only events with two reconstructed tracks, both associated to energy clusters
in the HPC. The corresponding results are fully compatible, with no indication of
systematic differences.

The contamination from other sources, like e^e"-» hadrons, was estimated to
be negligible on the basis of an analysis of simulated hadronic final states.

In summary, the following correction factors were applied to the number of
events at each centre-of-mass energy:

(a) 0.988 ± 0.002, at the Z" peak, for the residual tau pair contamination,
changing with energy according to the ratio of the e^e~ and T*T~ cross sections;

(b) 0.985 ± 0.0005 for the background due to annihilation into two photons,
changing with energy according to the ratio of the cross sections for e + e~ and yy
final states;

(c) 1.215 ± 0.007 for the loss of events. This value is the product of a factor of
1.004 ±0.002 for the trigger efficiency and a factor of 1.210 ± 0.007, estimated
using the simulated events, to correct for the cuts on the azimuthal and polar
angles, the cluster energy and the longitudinal shower development. The purely
geometrical component of the correction for the angular cuts is a factor of 1.206,
showing that this is the most important contribution;

The cross sections computed using the 1990 data are given as function of yfs in
table 4. Also given in the same table are the cross sections corrected for the effects
of f-channel photon exchange and the acollinearity-angle cut and extrapolated to
the full angular acceptance. The f-channel correction is calculated using the
program ALIBABA [19], which computes the cross section to order a2. The
fraction of cross section due to /-channel effects is about 50% on the lowest-energy
point, decreases to 13% on the peak-energy point, and it is only a few percent on
the high-energy side of the resonance peak. In the event selection both electrons
are required to be within the polar angle acceptance. The corresponding cross
section is calculable using ALIBABA, whereas the program ZFITTER [20] only
allows the polar angle of one fermion to be constrained. To make it possible to use
ZFITTER to fit the pure s-channel results, a small correction, about 1%, has been
applied to the cross section, calculated using ALIBABA. The correction for the
acollinearity-angle cut and the extrapolation to the full angular acceptance were
performed using ZFITTER.

The overall systematic error on the e + e~ cross section coming from uncertain-
ties on the correction factors quoted above is 0.7%, to be combined with the
uncertainty on the luminosity measurement. The procedure to obtain the pure
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TABLF 4

The number of selected events, integrated luminosities and cross-sections aL. for e~ e " —» e * e for
different centre-of-mass energies. The fourth column (v + ;) gives the measured cross-section within the

polar-angle range 44 ° < W < 136° and acollinearity < 10° . The fifth column (v only) gives the cross
section after /-channel subtraction and correction for acceptance to the full solid angle and the full
acollinearity-angle distribution. The errors are statistical only. The overall systematic error on these

points is 1.2^

v'v (GeV)

88.223
89.221
90.223
41.221
42.218
43.220
44.218

No. of e * e
events

95
142
229

2056
190
101
78

Int. lumi.
(rib"1)

291
334
338

2309
359
282
435

<rc (nb) [s + t]

0.375 + 0.042
0.495 + 0.044
0.797 + 0.054
1.054 + 0.024
0.621 ±0.046
0.414 + 0.043
0.200 + 0.025

<rt. (nb) [.v only]

0.275+0.070
0.427 + 0.073
11.895 ±0.089
1.497 + 0.039
1.011 +0.077
0.698 ±0.071
0.326 ±0.042

s-channel values introduces an additional uncertainty of 0.39r (averaged over the
seven energy points), giving an overall systematic error of 1.2%.

6.1.2. Cross section in the end cap region. The selection criteria used in the
end cap are similar to the ones used in the barrel region:

(i) No more than 3 charged particles with momentum greater than 1.5 GeV. fir
less than 5 cm and | 8z | less than 5 cm (fir, 8z as in sect. 5) must be present.

(ii) There must be at least one electromagnetic cluster in the forward electro-
magnetic calorimeter (FEMC) with energy greater than 30 x (v.v /91.22) GeV and
a second one with energy greater than 20 x (y\s /91.22) GeV.

(iii) The polar angles of the two highest energy clusters must be in the range
10.3° < 0 < 3 5 ° or 145° < 6 < 169.7°.

(iv) The acollinearity between the two clusters must be less than 10°.
In addition, a geometrical cut was applied to remove some calorimeter modules

which were not working properly; they correspond to 2.0% of the cross section in
the polar-angle region considered.

The trigger efficiency was measured to be (99.9 + 0.1)%
In the present analysis, the charge of the final-state fermions is not considered

and hence the scattering angles d and 180 - 6 are not distinguished. The cross
sections measured are therefore the sum of a forward and a backward component.

Particular care has been exercised in evaluating the losses due to the cut on the
electromagnetic energy. The large amount of material between the beam crossing
point and the electromagnetic calorimeter, between one and two radiation lengths
on average, and its non-uniform distribution, make a detailed simulation of its
effects quite difficult. To evaluate the losses, an almost pure sample of e*e~
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events is selected by requiring an energy above 35 GeV in one end cap and a
charged particle with momentum above 20 GeV, reconstructed by the forward
tracking devices (TPC + FCA + FCB), in the opposite direction with an acollinear-
ity angle smaller than 5° . The contamination in this sample from tau and hadronic
events has been evaluated by Monte Carlo simulation to be smaller than 0.5%.
From the tail of low energy values of the spectrum of the electromagnetic energy
measured on the track side, the efficiency of the energy cuts are determined to be
(98.0 + 0.5)%. At large polar angles, due to the presence of chamber frames and a
small percentage of dead counters, this value is smaller; in the region 20 ° < 8 < 35 °
it has been measured to be (92.2 ± 0.9)%.

From the 1990 data a total sample of 14545 events was selected with this
procedure among the runs where the forward calorimeters were operational,
corresponding to an integrated luminosity of 3.80 pb~' . Figs. 7a-c show the
differential cross section do-c/di\ where v = - 2 / s i n : ( # / 2 ) , for events below the
peak (v'7 < 90 GeV), near the peak (fs = 90.22 GeV and \fs = 91.22 GeV) and
above. With respect to the variable i>, the QED differential cross section is
approximately constant. The full line curves superimposed on the data are the
theoretical predictions of ref. [21]. This computation takes into account the
emission of soft radiation with total energy smaller than a fraction k of the beam
energy, including exponentiation, plus the emission of hard collinear photons,
produced at an angle smaller than S with respect to the final-state electrons. Since
a small fraction of the cross section, corresponding to the emission of hard
non-collinear photons, is not considered, the full line curves in figs. 7a-c are
normalized to the data in the region 10.3° < 0 < 2 0 ° . The normalisation factor
depends on the choice of parameters A- and 5. Using A- =().]() and d = 5° the
factor is 1.04.

On the same figures the theoretical predictions of ref. [21] for pure photon-ex-
changes, without Z" contributions, are also shown with a dashed line. The
comparison of full and dashed line curves shows that the Z" presence is important
in the peak region for i> > —70, or 0 > 2 O ° . Since a complete second-order
computation of the differential distributions is not yet available, for the determina-
tion of the e * e partial width the analysis is restricted to the interval 20 ° < 6 < 35 °
and 145 ° < 0 < 160 °, where the contribution of v-channel exchange is of the order
of 30% at the peak. In this interval, using the cuts described above, 2772 events
remain.

The contamination from e + e~-»7~T~ and e*e~-» hadrons in this 6 region is
estimated from Monte Carlo simulations to be (1.0 ±0.3)% at the peak. The
measurement of losses due to the energy cuts has been described above. As in the
barrel region, the e + e~-»yy events, about 1.7% of the total in the Z" peak
region, were kept in the sample, and a corresponding correction applied in the
cross section computation.

Table 5 contains the measured cross section as a function of cm. energy. The
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Fig. 7. d<Tc / d r . where r = - 2 / s i r r ( « / 2 ) . for (a) vV = 88.22 and 84.22 G e V (b) y\ = 90.22 and 41.22
GeV (c> V7 = 42.22. 93.22 and y4.22 GeV. The full curves >ire the prediclions of ref. | 2 l j . normalized as
described in the text. The dashed curves are the prediction from the same reference for photon

exchange only.

overall systematic error on the cross section, including the luminosity uncertainty,
is 1.4%.

6./..?. Forward-backward asymmetry. The sample of events used tor the
cross section measurement in the barrel region has also been used to measure the
forward-backward asymmetry AFB. The data from the end cap region were not
used because of the large r-channel contribution.
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TABLE 5

The number of selected events and cross sections <rc for e + e ~ -• e * e " for different centre-of-mass
energies within the polar-angle range 20 ° < 8 < 35 ° plus the symmetric interval 145 ° < 8 < 160 °. The
errors are statistical only. The corresponding integrated luminosity is 3.8 pb" '. The overall systematic

error on these points, including the luminosity uncertainty, is l.4r'r

v/7 (GeV)

88.221
89.221
90.218
91.223
92.221
93.224
94.219

No. of e* e~ events

219
215
278

1680
77

199
104

Int. lumi (nb ')

285
294

311
2161

131
374
243

o-,. (nb)[j- + t]

0.880 ± 0.056
0.844 + 0.054
1.026 ±0.058
0.892 ±0.020
0.673 ± 0.073
0.605 + 0.041
0.485 ± 0.045

Two methods of measuring the charge of the electrons are available. The first
one is based on the reconstruction of the charged particle trajectories in the
tracking devices; the second is based on the difference in azimuthal angle 4> of the
two most energetic electromagnetic clusters of the event. Due to the bending of
the electrons in the magnetic field, A<b peaks at 181.1° and 178.9°, depending on

400
V)
0)

£ .loo
4)

'5 200
a)
? 100

0
-0.1 -0.075-0.05-0.025 0 0.025 0.05 0.075 0.1

charge/momentum ( GeV~')

- 5

A* • 1R0 (degrees)

Fig. 8. (a) Distribution of the electric charge multiplied by the inverse momentum of the charged
particles for e*e~ -»e"e~ events selected in the barrel region, (b) Difference Jrf> in the azimuthal
position of the impact points on the HPC of the two maximum energy electromagnetic clusters for

e*e ->e"e events selected in the barrel region.
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the charge. Fig. 8a shows the distribution of the electric charge multiplied by the
inverse momentum of the charged particles of the events with two tracks. Fig. 8b
shows the distribution of A4> for ail events with at least one reconstructed track.

An indication of the quality of the track measurement is given by the number of
events with two charged particles of the same sign: 4.2% of the two track events.
An important cause of wrong charge assignment in the e + e~ final state is
bremsstrahlung in the detector material, which is confirmed by the observation
that in the e + e~->M+M events the fraction is much smaller (see subsect. 6.2.2).
The correlation of such an error between the two particles of an event is small, and
the probability to have events with both particles wrongly assigned is about 0.1 %.
It should be noted that the polar and azimuthal angular distributions of wrong-
charge events are uniform.

The sample of events with two charged particles of opposite sign can be used for
a quantitative estimate of charge misassignment using the A4> method. Amongst
the events with two good tracks, 4.0 + 0.6% (5.1 ± 0.7%) of those declared to be
forward (backward) scattering events by the tracking method receive an opposite
assignment from the calorimeter. Using the A4> method alone, the systematic error
on the asymmetry would be 9% of its value, i.e. about one third of the statistical
error. Since the Ad> distributions of the two track events and of the remaining
events are very similar, the estimate of the precision of the A<j> method has been
assumed valid for the full sample.

The charge assignment is optimized using the tracking information for events
with two charged particles of opposite charge and the calorimeter information for
the remaining events. Table 6 gives the measured forward-backward asymmetries
AFB at all energies. The effect of the small symmetric component of e + e ~ -»-y-y( y)
events has been taken into account. The systematic error on the asymmetry
measurement due to the charge misassignment is estimated to be 0.003. The effect

TABIX 6

Results of measurements of the e ' e
energies. The third column (s + t) gives the measured asymmetry within the polar-angle range
44° <tf<136° and acollineanty < 10 ° . The fourth column (s only) gives the asymmetry after

subtraction of the r-channel contribution in the same angular interval. The errors are statistical only
and the data are not corrected for any of the kinematical cuts. The overall systematic error on these

points is 0.005

V.v (GeV) No. of e " e events AFB[s + t] /TFH [.v only]

88.223 95 0.46 ±0.10 -0.03 ±0.27
89.221 142 0.22 ±0.08 -0.34 ±0.19
90.223 229 0.18 ±0.07 -0.12 ±0.10
91.221 2056 0.067 + 0.022 -0.046 + 0.026
92.218 190 0.06 ±0.08 0.05 ±0.08
93.220 101 0.26 ±0.10 0.26 ±0.10
94.218 78 0.20 ±0.12 0.16 ±0.12
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of biases in the measurement of the polar angle is negligible because both particles
are required to remain within the polar angle cut. Using only the A<t> method for
the full sample, the average change in the measured asymmetry is 0.003. No
systematic effects were observed in the simulated data.

Using the program ALIBABA [19], one can correct for the effects of f-channel
exchanges plus the interference with 5-channel diagrams. This procedure intro-
duces an error depending mostly on the precision of the luminosity measurement
and on the accuracy of the theoretical formulae. At the level of precision of the
present data this error is negligible.

The pure j-channel asymmetry, /TFB, corrected to one lepton in the angular
region 44° < 0 < 136° (see subsect. 6.1.1) is shown in the last column of table 6.
The overall systematic error on these measurements is estimated to be 0.005.

h.2. e * e - • fj. ' fi

The analysis procedure for the selection of candidate e + e~—»^i"^t~ events in
the barrel region is similar to that presented in refs. [2] and [22]. In the present
analysis the polar-angle range for the determination of cross sections has been
further increased to 32.9° < 9 < 147.1° (| cos 6) I < 0.84). For the determination of
the forward-backward asymmetry the polar-angle range has been further extended
to 15° < 0 < 165°. This larger angular acceptance for the asymmetry measure-
ments is important as the size of the error is related to the maximum absolute
value of cos 6 in the data sample.

Events were retained if they satisfied the following selection criteria:
(i) There were two charged particles, both having momenta greater than 15

GeV, and coming from the interaction region. This region is defined by \8z \ less
than 4.5 cm and Sr less than 1.5 cm, where 5 ; and 8r are as defined in sect. 5.

(ii) The acollinearity angle between the two charged particle tracks was required
to be less than 10°.

(iii) There were no additional charged particles with momenta greater than 5
GeV.

The momentum resolution on the reconstructed tracks used in this analysis can
be seen in the distribution of the electric charge multiplied by the inverse of the
momentum (fig. 9). The tails of the momentum distribution at small values of the
inverse momentum are mainly due to reconstructed tracks in which information
from one or more of the tracking detectors was not available in the track fit.
Nevertheless this figure clearly demonstrates that the sign of the electric charge of
the muons can be measured reliably, thus making possible a determination of the
forward-backward asymmetry.

Five sub-detectors were used in the muon identification:
(a) For the MUB and MUF, identification was based on the association of the

positions of the muon chamber hits with those expected from the extrapolation of
the tracks.
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Fig. 9. The distribution of the electric charge multiplied by the inverse momentum for reconstructed

tracks in the polar angle range 15° < 0 < 1 6 5 ° and used in the e~c~ - » n ' M analysis of the

forward-backward asymmetry.

(b) For the HCAL, it was required that the energy deposited was consistent
with that expected for a minimum ionising particle; namely that the total energy
deposited was less than a cut-off value (which was 10 GeV at 0 = 90° and
increasing to about 15 GeV at d = 55°, and thereafter independent of 8) and that
there were energy deposits in at least two of the four layers.

(c) For the HPC and FEMC it was required that there were energy depositions
and that these were consistent with those expected from a minimum ionising
particle (i.e. less than 1 GeV within ± 5 ° in theta and ±10° in azimuth around
the track extrapolated to the entry point of the calorimeter).

It was required that each particle was identified as a muon by at least one of the
sub-detectors mentioned above in either the barrel or forward regions. Events in
which one or both particles was identified as a hadron by HCAL (deposited energy
greater than the above cut-off value) or in which both particles were associated
with energy deposits greater than 10 GeV in the HPC or FEMC, and which had an
acollinearity angle greater than 1 ° were removed. The cosmic ray background was
substantially reduced by timing measurements using both the TOF and the OD.

The identification efficiency of each of the sub-detectors was measured using
the data by counting the number of muon pairs found by a given sub-detector in a
sample defined by the other two sub-detectors. The identification efficiencies were
estimated as a function of 6. From these studies it was found that the overall muon
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identification efficiency, which is the "or" of the sub-detector efficiencies, was
0.994 ± 0.002 over the 0 range 32.9° < 0 < 147.1°. A more restrictive cut on the
acollinearity angle was made for the determination of the muon identification
efficiency, in order to minimise the effect of the r-background.

The detection efficiencies and the validity of the method of the efficiency
determination were cross-checked by generating a sample of M +M events using
the DYMU3 generator [10] and passing the simulated raw data from the DELPHI
detector simulation program [17] through the same analysis chain as for the real
data. Simulated events for the T+T~ final state, produced using the KORALZ
generator [14], were also analysed for background studies.

6.2.1. Cross section. The cross section for e + e~->/x"V~ has been deter-
mined for the sample of events in which the positive muon was in the polar angle
region 32.9° < d < 147.1°. It was required that the sub-detector components used
in the analysis were fully operational. The number of muon-pair events in this
sample is 3428. The total integrated luminosity used for the determination of the
cross section is 4.51 pb" ' .

In order to determine the cross section erM the number of events at each energy
was corrected for the efficiency of muon identification and by the following factors:

(i) 1.088 ± 0.004, for loss of muons, either from the dead space of the TPC or in
the forward region. The efficiencies were determined using both the data and
Monte Carlo simulated events. The error on this correction includes that arising
from imprecision on the cuts on the vertex, on momenta and on the polar angle 6.

(ii) 1.036 ± 0.003 for trigger efficiency; this was determined by comparing which
triggers fired, on an event by event basis, from a redundant set of triggers based on
the ID, TPC and OD track detectors and the TOF detector in the barrel region
and, in addition, FCA, FCB, HOF and MUF in the forward region.

(iii) 0.981 ±0.005, for the T ^ T " background; this was estimated from Monte
Carlo simulations as described above.

(iv) 0.985 ± 0.003, for the residual cosmic ray background.
The background from the process e*e -• e*e~/x' JJL ~, where the final state e +

and e~ remain undetected, has been estimated using the event generator de-
scribed in ref. [23]. This background, together with that from e*e~-»e + e~, is
found to be negligible.

The cross section for e + e~—>fx*n~, as a function of the centre-of-mass energy
is given in table 7. The results are corrected for the cuts on momenta, acollinearity
and polar angles, and correspond to the full 4 - solid angle. The correction factors
are computed using the formulae of ref. [20]. The estimated uncertainty on this
calculation is 0.2%, and this is added quadratically to the above errors to give a
total systematic error on the cross section of 0.8%, in addition to the error on the
luminosity, or an overall systematic error of 1.2%.
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' n events

49

119

27ft

2457

252
155
120

Int. lumi. (nb )

31ft
401

374
2330
307
372
413

a^ (nhl

0.219 + 0.032
0.432 ±0.040
1.090 ± O.OhS
1.537 ±0.031
1.177 ±0.074
0.598 ±0.048
0.412 + 0.038
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TABI F 7

The number of selected events, integrated luminosities and cross sections tr^ for e * e -• y. " M t o r

different centre-of-mass energies. The cross sections are corrected for the cuts on momenta and
acollinearity angles and to the full solid angle. The errors are statistical only. The overall systematic

error on these points, including the luminosity uncertainly, is 1.2rr

v7(GeV) No. of>

88.222
89.220
90.223
91.221
92.218
93.223
94.217

6.2.2. Forward-backward asymmetry. For this analysis it was required that
there was at least one muon in the polar angle region 1 5 ° < i 9 < 1 6 5 c . The
absolute detection efficiency has not been determined for the extended parts of
this polar angle region, however only the relative detection efficiency as a function
of angle is required for the forward-backward asymmetry and the inclusion of this
region increases the precision significantly. The other selection criteria are the
same as those described above, except that a less restrictive set of data-taking runs
was used since an absolute normalisation is not required. The resulting sample
contained 4763 events. In this sample there are 47 apparently like-sign positive
muon-pair events and 37 negative pairs. For these events the charge assignment
was based on the charge of the particle with the smaller momentum error. The
relative muon detection efficiency eM(|cos 6 I) was determined by comparing the
number of events found as a function of |cos 0\ with the distribution (1 -f cos2fl).
This function was then used to compute the factor by which the measured value of
the forward-backward asymmetry, using the counting method, should be corrected
to correspond to the full 4TT angular range. The forward-backward asymmetry was
also computed using the maximum likelihood method based on the scattering
angle of the negative muon. The resulting values obtained by both methods, as a
function of v*. are given in table 8. The errors shown arc statistical only. The
values of AVti are not corrected for the momenta and acollinearity cuts. The
results are in agreement with those from a previous determination based on the
counting method with a smaller sample [22].

Possible systematic uncertainties on Arii can arise from several sources: the
wrong assignments of the charges of the particles; differences in the detection
efficiencies of positive and negative particles in the forward and backward hemi-
spheres; or in systematic differences in the momentum or polar angle values
determined for positive and negative particles in the forward and backward
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TABLE 8

Results of measurements of the M*M forward-backward asymmetry / 1 F B for different centre-of-mass
energies. The results are corrected to the full solid angle, but not for the cuts on momenta and

acollinearity. The errors are statistical only. The overall systematic error on these points is 0.005

v'7 (GeV)

88.222
89.220
90.223
91.221
92.218
93.223
94.217

No. of M *M events

72
162
325

3437
387
217
163

-4FB counting

-0.23 +0.11
-0.17 ±0.08
-0.11 +0.06

0.024 ±0.017
0.04 ±0.05
0.15 ±0.07
0.25 ±0.08

AFli likelihood

-0.14 ±0.11
-0.21 ±0.08
-0.08 ±0.05

0.007 + 0.017
0.01 +0.05
0.12 +0.07
0.21 +0.0K

hemispheres. From a series of studies into the above effects, the systematic error
on the asymmetry is estimated to be 0.005.

6.3. e ' e "

A previous study of the e + e -^>T + T channel by the DELPHI collaboration
can be found in ref. [2]. The present analysis, corresponding to an integrated
luminosity of 4.76 pb"1 , extends the polar-angle range to the region 43° < 0 < 137°
and improves the background rejection.

The event selection criteria consisted of a combination of topological cuts based
on the charged particle tracking and cuts using electromagnetic calorimctry in
order to separate the - + T~ signal from the different backgrounds. These cuts are
outlined below:

(i) Only charged particles with momentum greater than 1 GeV originating from
a fiducial zone around the reconstructed event vertex were considered. This zone
was defined by \8z\ less than 2.5 cm and 8r less than 1.5 cm, where fiz and Sr
arc as defined in sect. 5.

(ii) The background from hadronic events in the sample was minimised by
demanding a maximum of 6 charged particles, one of which had to be isolated in
angle from all the other charged particles in the event by at least 155° and be in
the polar angle range 43 ° < 0 < 137 °. If there was only one charged particle in the
hemisphere opposite the isolated particle (i.e. the 1-1 topology), it had also to lie
in this polar angle range. When there was more than one charged particle in the
opposite hemisphere (i.e. the 1-/V topology), there was no restriction on polar
angle for these particles.

(iii) In order to minimise the contamination of events from the reaction
e + e ->e + e /f, it was required that: (a) the total visible energy in the event be
greater than 8 GeV; (b) the missing transverse momentum I PJm,^ I be greater
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than 0.4 GeV, where /*TmiVl is defined as the vector sum of the momenta
transverse to the beam direction.

(iv) In order to reduce e*e~->e + e~ contamination, two cuts were made using
the electromagnetic calorimetry. Events were accepted if: (a) the •"radial" associ-
ated electromagnetic energy £r.ld had to be less than 40 GeV, where £ricl

= \ Ef + El, £, is the electromagnetic energy associated with the isolated charged
particle and £\ is the total electromagnetic energy associated with the charged
particles in the hemisphere opposite the isolated particle; (b) the total electromag-
netic energy in the event had to be less than 70 GeV.

(v) The background due to the e+e~—»/i^M channel was removed by topology
dependent cuts on charged particles momenta: (a) for events of the l-N topology
where N > 2, it was required that the total visible momentum of charged particles
be less than 75 GeV; (b) for events of the 1-1 topology, where this background was
greater, a tighter cut was made. It was required that the "radial" momentum, P r id ,
be less than 42 GeV. where PrMl = > Pf + P; . P, and P, being the momenta of the
two charged particles.

(vi) For events with 1-1 topology it was required that the acollinearity angle be
greater than 0.5°. This removed any cosmic rays left in the sample.

This selection procedure gave a total of 2345 events.
The selection efficiency was determined from simulated raw data produced

using KORALZ [14], with corrections for small discrepancies between observed
and simulated particle losses in dead regions of the tracking detectors. On the Z"
peak the efficiency was (69.9 ±0.4)% in the angular region 43° < 6 < 137°, and
varied by up to 1.2% in the energy points furthest from the peak. The quoted error
on the efficiency is statistical only.

The systematic uncertainty in the selection procedure was estimated by investi-
gating the stability of the final cross section as a function of the cuts, where the
cuts were varied by amounts corresponding to the expected resolution in the cut
variable. This gave an estimated fractional systematic error on the selection
efficiency of 0.7%. The sensitivity of the selection efficiency to the uncertainties in
the branching ratios of the different tau decay modes was found to be 0.4%. This
arose primarily from the uncertainty in the branching fractions to channels
containing three charged particles coupled to the isolated track requirement in cut
(ii) and also the topology dependent cuts (v) and (vi). Thus, combining the
statistical and systematic uncertainties in quadrature, a selection efficiency at the
Z" peak of (69.9 + 0.7)% within the polar-angle acceptance was obtained.

To simulate the backgrounds, events were generated using DYMU3 [10] for the
M > ~ channel. BABAMC [6] for the e*e~ channel, LUND 7.2 [11] for the qq
channel, and Berends-Daverveldt-KJeiss [24] for two-photon processes.

Simulated events were used to determine the background from e*e~-*e + e~ to
be (0.8 ± 0.4)%. A cross-check was performed on the Monte Carlo calculated
e*e~ background using real data. Collinear e + e~ events were selected by de-
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manding a 1-1 topology with acollinearity less than 0.5°. where both charged
particles lay in the polar-angle region 52° < d < 128° (defined by the polar-angle
range of the barrel muon chambers), and had no associated muon chamber hits.
The behaviour of the variables used in cuts (iv) and (v) described above was
investigated. The number of events passing the cuts (iv) and (v) was compatible
with Monte Carlo estimates. A similar procedure was carried out to select /u+/u.
events and the effect of cut (v) investigated. This showed that there were more
ix'ii~ events in the region PrMl less than 42 GeV than predicted by Monte Carlo.
The Monte Carlo predicted number for the background was corrected to account
for this difference assuming that the contamination in the region f,ad less than 42
GeV can be simply scaled for the number of /x M events expected to have
acollinearity > 0.5 °. The background thus calculated was (0.5 ± 0.2)%.

The background from e re "-» qq was estimated by Monte Carlo to be (0.5t^\)%.
The error was estimated from the difference between the observed events and the
Monte Carlo simulation in the high-multiplicity region where this background
dominated.

The contribution from the two-photon process was estimated from Monte Carlo
to be (2.9 ± 1.2) pb, where the uncertainty was taken from the discrepancy
between data and Monte Carlo for isolation angles less than 155°. The back-
ground due to beam-gas events and residual cosmics was estimated to be less than
0.1 C/'c from the distribution of event vertices.

Fig. l()a shows the observed isolation angle distribution and fig. 10b shows the
observed multiplicity distribution, superimposed on that expected from Monte
Carlo simulation, including the estimated background. In each of these plots, all
other selection cuts have been applied, except the cut on the displayed variable.
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Fig. 111. For events selected in the e ' e -» r ' r analysis: (a) the observed isolation angle distribution
superimposed upon the Monte Carlo prediction (solid line) and the estimated background (hatched
area): (b) the observed charged track multiplicity distribution superimposed upon the Monte Carlo
prediction (solid line) and the estimated background (hatched area). The cut on each of these variables

used in the analysis is indicated with an arrow.
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TAHI I 4

The number of selected events, integrated luminosities and cross sections <r_ for e ' e —• r ' r for
different centre-of-mass energies, corrected to the 4rr solid angle. Only statistical errors are quoted.

The overall systematic error on these points, including the luminosity uncertainty, is 1.5';

events( ( G e V )

S.S.222
84.220
40.2 IS
41.222
42.219
43.221
94.218

No. of 7 • r

33
7d

164

173S
170

S8

76

Int. lumi. (nh )

322
358
364

2556
385

315

452

<T_ (nhl

0.221 ±0.034
0.461 ±0.053
0.481 ±0.076
1.481 ±0.036
0.950 + 0.074
0.601 ±0.0f>5
0.364 ±0.042

6.3.1. Cross section. In order to determine the cross section in the full solid
angle, the number of events at each energy, after correction for the two-photon
background, was multiplied by the following factors:

(i) 0.982 ± 0.006 for background from hadronic and non-tau leptonic decays of
the Z".

(ii) 1.005 ± 0.002 for the trigger efficiency.
(iii) 2.214 + 0.022 for the selection cuts on the Z" peak point, and slightly

different factors for the other points. This includes corrections fur acceptance,
kinematic cuts and particle losses in dead regions of the tracking detectors.

The fully corrected cross-section values as a function of centre-of-mass energy
are given in table 9. The overall systematic error is 1.2cr excluding the 0.9^ error
from the luminosity measurements.

6.3.2. Forward-backward asymmetry: The same data sample was used to
calculate the forward-backward asymmetry. Table 10 gives the values of the
asymmetries calculated by the method (corrected for acceptance to the full solid
angle) and by the maximum likelihood method, for the seven centre-of-mass-en-
ergies.

Txmi 10
Results of measurements of the r ' ~ forward-backward asymmetry A , |{ for different centre-of-mas

energies. The results are corrected to the lull solid angle, but not for the cuts on momenta and
acollinearity. The errors are statistical ortlv. The overall systematic error on these points is 0.005

\.» (CieV)

S.S.222
89.220
90.218
91.222
92.219
95.221
94.218

No ot 7 ' r events

33
76

164
1738

170

88

76

Avu counting

-0.33
0.05

-0.15
-0.01 1

0.04
-0.05
-0.08

±0.20
±0.14
±0.09
±0.024
±0.09
±0.13
±0.14

AIH likelihood

-0.30 ±0.18
0.00 ±0.13

-0 .12 ±0.08
-0.014 ±0.026

0.04 +0.08
0.03 ±0 .12

0.06 ±0 .14
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For this study the positively charged particle was used in 1-1 events and in
events with a \-N topology the measured charge of only the isolated particle was
used.

A source of systematic error arises from the possible wrong assignment of the
particle charge. Only 0.3% of events of the 1-1 topology had like-sign particles,
implying that only 0.15% of particles had their charge incorrectly determined. To
perform a consistency check with the observed events, a comparison was made in
which the asymmetry was calculated using only events for which the net electric
charge of all the particles was zero. A study of the effect of the tau decay product
direction at the edges of the experimental fiducial zones and in the 0 = 90°
boundary zone was made using Monte Carlo events. The overall systematic error
on the asymmetry due to the above effects was estimated to be 0.005.

6.4. e * e " - » / * 7 ~

In this analysis the leptonic decays Z" —» /"""/" (where / = e, jx, T) were selected
without trying to separate the three flavours. Once universality is assumed, this
approach has several advantageous features. It allows a very efficient selection of
leptonic events, since no tight cuts are needed to separate the different families.
Since a leptonic event has a very clean signature that separates it from potential
backgrounds (hadronic events, two-photon events, etc.) low levels of contamina-
tions are expected (recall that the leptonic channels are the main background to
one another). In addition, an analysis independent of lepton flavour can be based
primarily on the selection of the reconstructed charged particle tracks. Therefore,
this and the flavour dependent leptonic analysis provide a powerful consistency
check of one another.

Although the event selection is independent of lepton flavour, and the trigger
and event selection efficiencies are derived likewise, the e + e~, M+M~ and T + T~~
fractions of the sample have to be determined in order to compute the e + e~-»
e*e~ /-channel contribution. Since only the tracking detectors were used to select
the events, the electromagnetic and hadronic calorimeters, as well as the muon
chambers, can be used to select a very pure sample of e + e~ and MM events in
order to estimate the selection efficiency of these channels directly from the data.
As it is very difficult to select the T + T~ events without using the tracking
detectors, the efficiency for the T + T~ component of the sample was estimated by
simulation.

The event selection takes advantage of the distinctive features of a leptonic
event: low multiplicity, back-to-back topology and high visible momentum. It was
restricted to the barrel region covering the angular range 43° < 0 < 137°. Events
were retained if they satisfied the following selection criteria:

(i) There were between 2 and 6 charged particles with momentum greater than
0.2 GeV, produced near the interaction region, i.e. with | 8z | less than 10.0 cm, 8r
less than 5.0 cm, where 8z and 8r are defined in sect. 5. The charged-multiplicity
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Fig. 11. Momentum distribution for the highest-momentum charged particle in low multiplicity events

( < 9 charged particles) selected in the flavour-independent analysis of e ' e " - » / * " / " . The triangles

correspond to the measured events after the multiplicity cut only. The dots correspond to the selected

events after all cuts and the solid line is the Monte Carlo simulation prediction without cuts.

cut by itself is enough to suppress most of the hadronic background, as illustrated
in fig. 5a, where the charged-multiplicity distribution is shown for the data sample
used for the hadronic analysis (using very similar track-selection criteria).

(ii) Dividing the event into two hemispheres by a plane perpendicular to the
thrust axis, one of the hemispheres was required to have a single charged particle
with transverse momentum (with respect to the beam axis) greater than 1.5 GeV.
The other hemisphere could have from 1 to 5 charged particles.

(iii) The event acollinearity angle was required to be less than 20°. For events
with more than one charged particle in a hemisphere, the acollinearity angle is the
angle between the isolated particle and the resultant momentum of the particles in
the other hemisphere.

(iv) The opening angle between any track in the jet and the resultant momen-
tum was required to be less than 30°.

(v) In order to suppress the low-energy background events arising from beam-
gas, beam-wall and two-photon interactions, it was demanded that at least one
charged particle in the event had momentum greater than 3 GeV. The effective-
ness of this cut is illustrated in fig. 11 where the momentum distribution of the
highest-momentum particle in each event is shown for low-multiplicity events (less
than 9 charged particles). Note the fast rise of the distribution for momentum less
than 2 GeV, corresponding to the backgrounds mentioned above. Only a very



110 Appendix B

550 DELPHI Collaboration / Z" resonance parameters

small fraction (a few per mille) of the leptonic events fall below the 3 GeV
momentum cut. Conversely, above 3 GeV the level of background is very small, as
indicated by the very good agreement between the distribution of the measured
events and the Monte Carlo simulation.

Requirements (i) to (iv) are equivalent to demanding a two-jet configuration
with topology l-N (N= 1,5) and an isolation angle of 150° between the isolated
track and the jet.

Cosmic rays were removed by means of a tighter cut on the vertex relative to the
interaction point for those events with only two selected charged particles (8r < 1.5
cm and \8z\ < 3 cm), together with a cut on the time-of-flight of the particles.

A total of 10117 events pass these selection criteria, corresponding to a total
integrated luminosity of 4.97 pb '. The overall trigger efficiency in the angular
region considered was found to be (99.0 ± 0.3)%.

The selection efficiency estimates rely mainly on the data. The e + e~ events
were selected using the HPC be requiring at least two back-to-back electromag-
netic showers with high energy deposition (greater than 30 GeV) on each side. The
fi+[i~ events were selected requiring a minimum ionizing particle signal in the
HPC and a low energy deposition in the hadronic calorimeter and associated hits
in the muon chambers. For T*T~ events a selection completely independent of the
tracking detectors is very difficult. Thus, use was made on the selection described
in subsect. 6.3 to cross-check the Monte Carlo calculation. The resulting combined
selection efficiency, taking account of the /-channel contribution to the e + e~ cross
section, was (91.0 ± 0.3)%, which corresponds to (92.5 ± 0.7)% for e + e" , (94.0 ±
0.5)% for M M a n t l (85.0 ±0.5)% for T*T~. The main source of inefficiency in
each channel was the loss of tracks in the azimuthal dead-zones of the TPC.

As mentioned above, the main sources of potential background were multi-
hadronic events, cosmic rays, two-photon events and beam-gas and beam-wall
interactions. The hadronic and two-photon events backgrounds were computed,
using Monte Carlo, to be (0.3 + 0.2)% and (7 ± 1) pb respectively. The background
due to cosmic events was estimated from the data to be (0.3 ±0.1)% at the Z"
peak. The two-photon and cosmic backgrounds are non-resonant and require
larger percentage corrections off-peak than on-peak. All the other backgrounds
are found to be negligible.

6.4.1. Cross section. In order to determine the cross sections within the
polar-angle acceptance, the number of events at each energy, after correction for
the non-resonant backgrounds mentioned above, was multiplied by the following
factors: (i) 0.997 ± 0.002 for the hadronic background, (ii) 1.010 ±0.003 for the
trigger efficiency, (iii) 1.099 ±0.004 for the selection efficiency, excluding the
acollinearity cut.

The cross section values thus obtained are given as a function of center-of-mass
energy in the fourth column of table 11. These cross sections have not been
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TAHI [ 11

The number of selected events, integrated luminosities and cross sections <r, for e ' e —• / ' /

(f lavour-independent analysis) for different centre-of-mass energies. The fourth column (v + / . 3) gives

the measured cross section within the polar-angle range 43 ° < ft <" 137° and acollinearity < 2 0 ° . The

fifth column (.v only. I) gives ihe cross section, reduced to one lepton generat ion, al ter r-channel

subtraction and correction for acceptance lo the lull solid angle and the full acollinearity-angle

distribution. The errors are statistical only. The overall systematic error on these points, including the

luminosity uncertainly, is \.l'i

\\ (GeV)

X8.22O

84.221

40.221
41.220

42.220

43.222
44.217

No. o l / " /
events

173

421
744

7272

733
43fi

333

1 ill lumi.

(nb ')

245

408

378

2h27

3<SX

420
458

IT. ( n b ) [s + t. 3 ]

0.64f> + 0.050

1.134 + 0.056

2.208 + 0.084

3.077+ 0.03X

2.OK8 + 0.0X0

I.l40±0.05(i
0.744 + 0.044

IT (nh)[.v only. 1]

0.223 + 0.017

0.448 + 0.1)22

0.440 + 0.037
1.516+ 0.014

I.07.S + 0.041
0.543 + 0.024

0.4(13 + 0.022

corrected for the effects of the acollinearity-angle cut. In the fifth column of table

11 the cross sections are given, reduced to one lepton generation, after corrections

for the acollinearity-angle cut (a multiplicative factor 1.016 ± 0.002 at the Z" peak,

with somewhat larger values off the peak), for the effects of the e*e~—<e*e

r-channel contribution and for the polar-angle acceptance. The e + e —>e*e

/-channel contribution was subtracted using the program ALIBABA [19]. This

procedure introduces a 0.1 c>'< uncertainty in the cross sections. The overall system-

atic error is O.tfA excluding the 0.9% error from the luminosity measurements.

6.4.2. Forward-backward asymmetry. The charge asymmetry was also com-
puted. To avoid systematic errors associated with track superposition and bad
charge-determination in r decays to more than one charged particle, only the 1-1
topology events with oppositely-charged particles were retained in this analysis. A
total of 8045 events were selected. The asymmetry was computed by the counting
method and corrections were applied for the cosmic ray and two-photon event
backgrounds. Finally, a correction was applied to remove the effect of the e *e " —»
e*e /-channel contribution, taking into account the known efficiency for select-
ing e~e~ -» e~e~ events. In table 12 the values of the charge asymmetry are given.
The asymmetry values before /-channel subtraction are given in the third column
and the values of the pure .v-channel asymmetry, A\.ti, are in the fourth column.
The main source of systematic error comes from possible misidentification of the
charge, as discussed in subsects. 6.1.3. 6.2.2 and 6.3.2. and it is estimated to be
0.005.
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TABLE 12

Results of measurements of the / * / " forward-backward asymmetry AFB (flavour-independent
analysis) for different centre-of-mass energies. The third column (s + t) gives the asymmetry within the

polar angle range 43° < 0 < 1 3 7 ° and acollinearity < 20°. The fourth column (s only) gives the
asymmetry after subtraction of the r-channel contribution in the same angular interval. The errors are
statistical only and the data are not corrected for any of the kinematical cuts. The overall systematic

error on these points is 0.005

vT (GeV)

88.220
89.221
90.221
91.220
92.220
93.222
94.227

No. of 1*1 events

141
333
606

5774
584
341
266

0.19 ±0.09
0.00 ±0.05
0.03 +0.04
0.041 ±0.013
0.03 ±0.04
0.11 ±0.05
0.20 ±0.06

/TFB [s only]

-0.20 +0.10
-0.26 +0.06
-0.10 ±0.04
-0.001+0.013

0.02 +0.04
0.11 +0.05
0.17 +0.06

7. Extraction of the Z° parameters

This section describes how the Z" resonance parameters and the couplings of
Z" to charged leptons were extracted from the data by fitting the experimental
lineshapes and leptonic aysmmetries with theoretical formulae. An interpretation
of the results within and beyond the boundaries of the Minimal Standard Model
(MSM) follows (in sect. 8), where the number of light neutrino types is derived, a
detailed search for deviations from the expectations of the MSM is made and.
finally, lower limits are set on the masses of new particles predicted in extensions
of and alternatives to the MSM. The smaller systematic uncertainties and ten-fold
larger statistics of the 1990 data sample improve significantly the precision on the
fit parameters determined with the 1989 data sample [1,2].

The event samples, acceptances, efficiencies, backgrounds and systematic errors
in the hadronic and leptonic cross section analyses are summarized in table 13.

7.1. FORMULAE USED TO DETERMINE THE Z" PARAMETERS

The formulae used for the fits (contained in the program ZFITTER [20])
include the most recent calculations of electroweak corrections to the Born cross
section. It is more accurate than the expression used in ref. [1] * and can be written
as follows:

(6)

Fits with the formula of ref. [26] tend to underestimate Mz and F7 by about 2 MeV and to
overestimate <ra by approximately 0.19c.
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TABI.F. 13

Summary of events samples, acceptances, efficiencies, backgrounds and systematic errors in the
hadronic and leptonic cross section analyses

Integ. luminosity (pb ' )

Selected events

» acceptance ( ° )

Selection efficiency ('})

Trigger efficiency ( r r )

7 " r background C't)

qq background C'r

e ' e + n ' fi bkgd. CJ )
Two-photon bkgd. (ph)

Peak cosmic bkgd. (r>)

Kinematic corr. error (r'r)

Total syst. error ( r r )

Syst. error on rrT C f ) '

Madrons '

5.88

125000

0-180
96.3 + 0.4

100.0

0.3+ 0.1
-
-

20 ± 10

-

_

0.4

1.0

e * e

4.35

2891

44-136

82.6 + 0.5

99.6 ±0.2

1.2 + 0.2
-
-

-

-

0.3 h

0.7

1.2

Channel

4.51

3428

33-147

91.4 + 0.4

96.5 + 0.3

1.9 ±0.5

-
-

-

0.8 ±0.2

0.2

0.8

1.2

T' 7

4.76

2345

43-137

69.9 + 0.7

99.5 + 0.2

-

1.3 + 0.4
2.9+ 1.2

-

-

1.2

1.5

4.97

10117

43-137

91.(1 + 0.3

99.0 + 0.3

-

0.3 + 0.2

-

7 +2
0.3 ±0.1

0.2
0.6

1.1

' Ten thousand 1989 hadronic events included (0.57 pb ').
h Uncertainty on electron /-channel subtraction and kinematic cuts.
1 Includes 0.9r; systematic error on luminosity. The trigger and selection efficiencies refer to the

quoted polar angle range for each Z" decay channel.

where <rw is the Born cross section with full O(a) electroweak corrections [25], Z7,
is the initial-state pure QED radiative correction and J i n I describes the interfer-
ence of initial- and final-state radiation as well as QED box-diagrams; s' is the
square of the invariant mass of the final-state fermions.

The dominant initial-state radiation function has the form

'J)

where the first term stands for the exponentiated leading contributions of soft and
hard collinear photons multiplied by the remaining soft and virtual corrections up
to second order in a. The second term absorbs the remnant hard photon contribu-
tion. The expressions for /3e, 5S + V and 8h can be found in ref. [20].

The modified Born cross section crw for e+e~-> hadrons can be expressed in a
way convenient for an almost model-independent fit of the lineshape [25]

1
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TABLE 14

Systematic errors on the hadronic and leptonic cross sections which are propagated in the fits described
in the text

Source of systematic error Error ('<)

Luminosity 0.9
Hadron selection 0.4
e*e selection 0.7
fi * fi ~ selection 0.8
7* T ' selection 1.2
/* / " selection 0.6

where Mz and Fz are the mass and total width of the Z" and /'e and /'h are the
electron and hadron partial widths respectively. The terms ay and ayZ corre-
spond respectively to the photon exchange and to the interference between photon
and Z" exchange. They are corrected for final-state pure QED radiative effects
and final-state gluon radiation by the function SOCD, computed up to third order in
as within the MS scheme. The term containing a is the final-state pure QED
radiative correction to the leptonic partial width, which must be present to avoid
double-counting this correction in eq. (6).

The above formulae are modified in the case of leptonic decays of the Z" by the
replacement of the hadronic partial width by the appropriate leptonic partial width
and by the removal of the QCD correction term. A similar formalism, based on the
improved Born approximation [20] is adopted in the case of the forward-backward
charge asymmetries of the leptons. A particularly important feature of the formu-
lae used for the leptonic asymmetry fits was the inclusion of realistic experimental
cuts on several kinematic variables (polar angle, momentum and acollinearity
angle).

A .^-minimisation procedure was adopted for the fitting of the theoretical
expressions to the measurements, including a full covariance matrix treatment of
the errors. The systematic errors propagated in the fits to the hadronic and
leptonic lineshapes are given in table 14. The origin of these errors is described in
sects. 5 and 6 of this paper. For the asymmetry fits the /x V and T + T~
asymmetry values determined by the maximum-likelihood method were used. The
systematic error assigned to each of the leptonic channels for the asymmetry
measurements is 0.005.

The endcap e + e~->e + e~ cross section measurements were not used in the
combined fits because the f-channel contribution was dominant in this polar-angle
range and hence large uncertainties would have been introduced after the /-chan-
nel subtraction. Nevertheless, a value for the electron partial width has been
obtained in a fit to these data alone and the results are presented in subsect. 7.3.2.



D e t e r m i n a t i o n o f Z° R e s o n a n c e P a r a m e t e r s a n d C o u p l i n g s . . . 1 1 5

DELPHI Collaboration / Z" resonance parameters 555

7.2. FIT TO THE HADRONIC LINESHAPE PARAMETERS

In order to understand the role played by the hadronic lineshape measurement
in the global fits to all the data, a fit was performed just to the hadronic lineshape.
In this fit. ,V/7, / ' z and the product of the partial widths FCI\ were left free to
vary in order to determine the total width without constraint from the overall
normalisation of the data.

The fit gave the following results:

Mz = 91.183 ±0.011(stat.) ±0 .02(£ c m ) GeV.

rz = 2.465 ± 0.020(stat.) ± 0.0<)5(syst.) GeV,

rj\ =0.1443 ±0.0019(stat.) ± 0.0013(syst.) GeV : .

,V:/d.o.f. = 8.5/14.

The systematic error on M z is completely dominated by the 20 MeV error in £t.m
due to the LEP energy calibration [16]. A systematic error of 5 MeV has been
assigned to f7 due to point-to-point variation in the normalisation of the cross
section, variations in the LEP beam-energy setting and uncertainties in the
two-photon background subtraction. The results of the fit are shown in figure 12.

The value of the unfolded Born cross section at the pole <r,, = \2TTI\1\/M}I^

corresponding to the fitted values above is

<TU = 41.92 ±0.22(stat.) ±0.39(syst.) nb.

The systematic error on ern includes a contribution of 0.21 nb coming exclusively
from the uncertainty on the theoretical expression of the small-angle Bhabha cross
section (see sect. 3).

The correlation between F7 and or,, is illustrated in fig. 13 where the fitted
values of both parameters are shown with their 68% and 99% confidence level
contours, along with the predictions of the MSM. One observes that Vf is quite
sensitive to variations in mtop and as, whereas at) displays much less sensitivity
(see subsect. 8.1.1 for further discussion). Good agreement is observed between
the measured values and the MSM predictions.

The fit was repeated with the formulation of the cross section used in the
previous publication [26]. The results agree well with the values given above.

7..V FIT TO THE HADRONIC AND LEPTONIC LINESHAPE PARAMETERS

7.3.1. Lepton universality assumed. Having observed how the hadronic line-
shape tightly constraints the mass and total width of the Z", the next step in the
analysis is to study how much the fit of these parameters is influenced by the
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Fig. 12. Cross sections for e + e~ -> hadrons as measured at seventeen different energies. Also shown

(solid line) is the result of the three-parameter fit described in the text
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Fig. 13. The 68% and 99% confidence level contours in the T z , <rn plane for the three-parameter fit to
the hadronic lineshape. Also shown is the MSM prediction for three massless neutrino species assuming
a top-quark mass of 139 + 38 GeV, a Higgs mass of 300 GeV, allowed to vary from 50 to 1000 GeV, and

a value of o, of 0.110 ±0.006.
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leptonic lineshapes. Furthermore, it is also possible to derive the hadronic and
leptonic partial widths from the data.

A four-parameter fit applied simultaneously to the hadronic cross section and to
the three leptonic cross sections determines the hadronic, leptonic and total widths
in addition to the Z" mass, giving

Mz = 91.177 ±0.01()(stat.) ±().02(£cm) GcV.

I'z = 2.465 ± 0.019(stat.) ± ().005(syst.) GeV,

F\= 1.726 ±0.015(stat.) ± 0.01 lfsyst.) GeV,

r, = 83.4 ± 0.7(stat.) ± 0.5(syst.) MeV

Ar-/d.o.f. = 31/34.

The value of the mass of the Z" from this fit is only a few MeV different from the
value found with the fit to the hadronic lineshape alone, and the value of the total
width remains unchanged.

The results of this fit are displayed in fig. 14. The 689f and 99% confidence
level contours in the Th, V, plane are shown in fig. 15. These parameters are

I
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Fig. 14. Cross sections for e *e ->e + e" (/-channel subtracted), e * e -* tx. ~n ~. e * e ""-» r " r" and
e*e - • / " / " (flavour-independent analysis, electron r-channel subtracted), as a function of the
centre-of-mass energy around the Z" pole. The cross sections are corrected for acceptance to the lull
solid angle. The solid curves are the results of a four-parameter combined fit to the lineshapes as

described in the text.
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DELPHI
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Fig. 15. The 68% and 99% confidence level contours in the l\, I', plane for the four-parameter fit to
the hadronic and leptonic lineshapes. Also shown is the MSM prediction for three massless neutrino
species assuming a top-quark mass of 139 + 38 GeV, a Higgs mass of 300 GeV, allowed to vary from 50

to 1000 GeV. and a value of a , of 0.110±0.006.

sensitive to details of the MSM, particularly the top-quark mass, and one observes
how the data compare with a range of values of the top quark and the Higgs boson
mass. The parameter correlation matrix for this fit is given in appendix A.

Repeating the four-parameter fit above using the flavour-independent lepton
cross-sections, instead of the individual leptonic lineshapes, yields

Mz = 91.177 ±0.010(stat.) ±0.02(£cm) GeV,

Tz = 2.465 ± 0.019(stat.) ± ().005(syst.) GeV,

Th= 1.723 ±0.015(stat.) ± 0.011(syst.) GeV,

T,= 83.7±0.7(stat.) ±0.5(syst.) MeV,

*7d.o.f. = 15/20.

The results of this fit are displayed in fig. 14. Very good agreement is found
between the values of the resonance parameters obtained with this analysis and
the one requiring identification of the leptonic flavour, although the event selec-
tion procedures are very different. This result is an important consistency check of
the flavour-dependent analyses. In the remainder of the text, details will only be
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given for fits using the flavour-separated lepton samples, although the results of
the same fits using the flavour-independent lepton sample can be found in table
15.

7.3.2. Lepton universality not assumed. The flavour-separation of the leptonic
sample allows an important test of lepton universality. Repeating the combined fit
to the lineshapes without the assumption of leptonic universality (six-parameter fit)
gave the following results:

Mz = 91.177 ± 0.0l()(stat.) ±().02(£ c m) GeV,

r7 = 2.465 ± 0.019(stat.) ± 0.005(syst.) GeV,

r h = 1.747 ±().023(stat.) ± 0.012(syst.) GeV.

/;. = 82.4± l.l(stat.) ±0.5(syst.) MeV,

/ ; = 86.9± 1.9(stat.) ±O.9(syst.) MeV,

r r = 82.7±2.1(stat.) ± l.l(syst.) MeV,

A-Vd-o.f. = 27/32,

where the [\, Fu and F. are the individual leptonic partial widths. Taking into
account the relevant correlations, the ratio of the muon (tau) partial width to the
electron partial width is 1.054 ±0.033 (1.003 ±0.035) and one can conclude that
the data are consistent with the hypothesis of universal leptonic couplings. The
parameter correlation matrix for this fit can be found in appendix A.

A one-parameter fit, using the theoretical formulae of refs. [19] and [21], to the
endcap e~e~—>e~e~ cross sections (without f-channel subtraction), fixing My

and I'v to the values given above, yields a value for the electron partial width

Tc = 83.8 ± 2.9(stat.) ± 2.1(syst.) MeV

where the systematic error takes into account the uncertainty on the luminosity
measurement, the uncertainty on \7 and the uncertainty on the event selection.
This result is in good agreement with the value reported above from the six-param-
eter fit.

7 4 THE EFFECTIVE Z" COUPLINGS TO CHARGED LEPTONS FROM FITS TO THE LINE-
SHAPES AND CHARGE ASYMMETRIES

The leptonic partial width and the forward-backward charge-asymmetry at the
Z" pole can be parameterised (Improved Born Approximation) in terms of
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effective vector and axial-vector couplings (V, and A() of the Z° to charged
leptons [20]

3a

V,A,
~—+AA'F% (10)

where l̂/lrpB is the residual contribution to the asymmetry from weak boxes, the
imaginary part of the Z" propagator and photon exchange. AA'^ is about +0.002
with the main contribution coming from the imaginary part of the Z" propagator.
QED radiative corrections must be applied to obtain predictions for the measured
asymmetries.

Alternatively, they can be expressed in terms of an effective weak mixing angle
sin;#w

f and an effective p parameter (petf) via the following relations [20]:

F,2=ipeff(l-4sin20#)2. (12)

The cross sections and asymmetries computed using these parameterisations
have been compared with the MSM calculations of ref. [27] and found to agree at
the level of less than 0.1% [20]. A five-parameter fit to the lineshapes and leptonic
forward-backward charge-asymmetries, given as a function of \s , yields a meas-
urement of the squared vector and axial-vector couplings of the Z" to charged
leptons (assuming lepton universality):

Mz = 91.177 ± 0.010(stat.) ± 0.02( £ C J GeV,

Tz = 2.465 ± 0.019(stat.) ± 0.005(syst.) GeV,

an = 41.84 ± 0.22(stat.) ± 0.39(syst.) nb,

V} = 0.0003 ± 0.0009(stat.) ± 0.0002(syst.),

A1, = 0.2508 ± 0.0024(stat.) ± 0.0014(syst.),

A-Vd.o.f. = 45/54.

Equivalently, this fit gives the following values for the peff parameter and the
effective weak mixing angle:

pe{f= 1.003 ±0.011,

sin20eJ= 0.241 ±0.009.
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Fig. 1ft. The forward-backward charge-asymmetries for e ' e " —• e * e ((-channel subtracted), e * o —>
ii ' /j. . e * e — > T * 7 " and e*e —»/""/"" (flavour-independent analysis, electron (-channel subtracted)
as a function of the centre-of-mass energy. The asymmetry data are corrected as described in the text

and tables. The curves are the results of a five-parameter fit to the data as described in the text.

The quadratic ambiguity in sin :0w ' contained in the above relation (12) has been
resolved by taking the sign of V, to be negative as determined by other experi-
ments [28]. This choice of sign ensures that sin20w

f is less than 0.25.
The results of the fits to the asymmetries are displayed in fig. 16. In fig. 17 the

68% and 99% confidence level contours in part of the V,, A f plane along with the
predictions of the MSM, assuming lepton universality, are shown for the flavour-
separated leptonic data, for a range of values of the top quark and Higgs boson
masses. It can be seen that the data is in good agreement with the model. The
parameter correlation matrix for this fit can be found in appendix A.

An alternative definition of the effective weak mixing angle [28] leads to a
different parameterisation of the leptonic partial width:

r,=
a{Mj)M7K

48 sin20w cos:r?w

(13)

where K is predicted to be very close to unity in the MSM and depends on the
values of the top quark and Higgs boson masses. In particular, the choice
K= 1.0045 corresponds to sin-r?w = sin2^^5, where O Ĵ5 is the weak mixing angle
defined in the MS renormalisation scheme at 4s =M7. Using this definition and
taking into account the variation in K due to the uncertainties in the top-quark
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Fig. 17. The 68^ and 99"^ confidence level contours in the V,. A, plane for the five-parameter fit to
the e ~ e " - » e * e ~ (/-channel subtracted). e * e ~ - » / i V . e~e~->T*7~ and e * e -• hadrons data
displayed in fig. 12. fig. 14 and fig. 16. Also shown is the MSM prediction for three massless neutrino
species assuming a top-quark mass of 139 + 38 GeV, a Higgs mass of 3(K) GeV. allowed to vary from 50

to 1000 GeV. and a value of a,, of 0.110 + 0.006.

mass (±0.0005) and the Higgs-boson mass ( ±0.0016), the results of a four-param-
eter fit to the same data gives

s i n : ^ = 0.2338 ±0.0027.

The specification of the leptonic couplings in terms of just one parameter leads to
a considerably reduced error on the effective weak mixing angle whilst introducing
only a rather weak dependence on the MSM through the variation in the value of
K.

7.5. FITS TO m,op WITHIN THE MINIMAL STANDARD MODEL

The preceding fits indicate that the measured cross sections and asymmetries
can be well described by the Improved Born Approximation formulae of ref. [20]
and that the derived parameters agree well with the predictions of the MSM.
Consequently, the final stage in the analysis of the data is to attempt to derive
values for the unknown MSM input parameters (the top quark and Higgs boson
masses) using a full MSM fit to the measured cross sections and asymmetries.
However, the data is not very sensitive to the Higgs-boson mass and so this type of



D e t e r m i n a t i o n o f Z ° R e s o n a n c e P a r a m e t e r s a n d C o u p l i n g s . . . 1 2 3

DELPHI Collaboration / 7." resonance parameters 563

. / / /

/

n ^

F i g . I S . T h e J > : a s ;i f u n c t i o n o f t h e ( o p - q u a r k m a s s f o r t h e t i l d e s c r i b e d in t h e t e x t .

analysis is essentially a fit to the top-quark mass. A fit to the lineshapes and
asymmetries within the MSM was performed using the the formulae of ref. [20].
For this fit the value «„ = 0.110 ± 0.006 as measured by DELPHI [28] was used as
a constraint and the Higgs-boson mass was allowed to vary between 50 GeV and
1000 GeV. The procedure adopted was to fix A/,, and allow the parameters My

and as to vary in order to minimise the \Z a t each value of m lop considered. The
whole procedure was repeated for several different values of A7U. The resulting \ 2

curves (expressed as the difference with respect to the absolute x~ minimum),
shown in fig. 18, give rather shallow minima as a function of wu>p. However, large
values of mwp are excluded and the upper limit is derived:

m,<)p<215 GeV (95%C.L.)

A lower limit can be obtained for m top from the total width of the Z" as
described in subsect. 8.2.

8. Interpretation of the results of the fits

The results of the fits described in sect. 7 are discussed in the context of the
MSM and. using the measured values of the total and invisible widths, lower limits
on the masses of new particles predicted by extensions of or alternatives to the
MSM are given. Within the MSM, several observables which are relatively insensi-
tive to variations in the top quark and Higgs masses are examined for possible
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TABLE 15

Comparison of fit results using the flavour-dependent and flavour-independent leptonic samples. The
predictions of the Minimal Standard Model for these parameters are given in the last column

Parameter

r7
/'„
r,

Pcff

sin-flti'

sin-'e^5

Flavour-dependent

91.177 +0.022 GeV
2.465 ±0.020 GeV
1.726 ±0.019 GeV

83.4 ±0.8 MeV

0.2508 ±0.0027

0.0003 ±0.0010
1.003 ±0.011
0.241 ±0.009

0.2338 + 0.0027

Flavour-independent

91.177 ±0.022 GeV
2.465 ±0.019 GeV
1.723 ±0.019 GeV

83.7 +0.8 MeV

0.2515 ±0.0027

0.0002 ±0.0012
1.006 ±0.011

0.2330 ±0.0027

MSM

-

2.484 ±0.011 GeV
1.732 ±0.008 GeV

83.6 ±0.4 MeV

0.2507 ±0.0009

0.0011 ±0.0002
1.003 ±0.004
0.2331 ±0.0013

0.2322 ±0.0012

indications of physics beyond the MSM. The measured value of the invisible width
is used to derive the number of light neutrino species in the MSM.

The MSM predictions for the resonance parameters and couplings have been
obtained using the formulae of ref. [20] with Mz = 91.177 ± 0.022 GeV (see sect.
7), m i o p = 139 + 38 GeV [32] and a s = 0.110 ± 0.006 [29], where the errois were
assumed to be gaussian, and with a flat distribution for the Higgs-boson mass in
the interval 50 to 1000 GeV. The value derived for each parameter is the mean of
the probability distribution for the parameter and the error quoted is the r.m.s. of
the distribution. It is compared to the data in table 15.

8.1. WITHIN THE MINIMAL STANDARD MODEL

8.1.1. Variables with weak dependence on unknown MSM parameters. There
exist within the framework of the MSM several observables which have very little
dependence on the two unknown parameters of the model: the top-quark mass and
Higgs-boson mass. Consequently the MSM predictions for these observables are
rather precise and comparison with their experimentally measured values consti-
tutes an important test of the MSM. Significant deviations from the MSM
expectations would be a clear signal for new physics. In particular, there are three
such observables which shall be considered here [30]

« z = 7 ^ (14)

270
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Rz is practically independent of w l op due to an almost complete cancellation of
wlop-dependent terms and the MSM prediction for its value is 20.70 + 0.04. It also
has the experimental advantage of being independent of the luminosity measure-
ment and so can. in principle, be determined very precisely. Unfortunately, crn is
directly correlated to the luminosity and so the precision with which it can be
measured is limited by the systematic uncertainty on the luminosity. Nevertheless,
it exhibits little mu and Higgs-mass dependence and its MSM predicted value is
41.50 ± 0.04 nb. The variable T has been defined in such a way that the only wu i p

dependence is contained in the Zbb vertex correction term, which is always
negative for mxop larger than the limit of about 80 GeV set by pp collider data [31].
Thus, in the MSM there is a conservative limit T < 0.530.

For the four-parameter fit to the hadronic and leptonic lineshapes, the corre-
sponding values of R7, <rn and T are

Rz = 20.70 ±0.25(stat.) ± 0.14(syst.),

fr0 = 41.84 ±().22(stat.) ±0.39(syst.) nb,

7-= 0.514 ± 0.016(stat.) ± 0.009(syst.).

A substantial fraction (0.21 nb) of the systematic error on cr(1 is due to the
theoretical uncertainty on the Bhabha scattering cross section used in the luminos-
ity determination. These measurements are clearly consistent with the expectations
of the MSM. The 68% and 99% confidence level contours in the Rz, w,, plane for
this fit are shown in figure 19.

8.1.2. Number of light neutrino species. The invisible width, Finv, defined as
Fz — Fh — 3T,, can be derived from at), RZl Ff and Mz with the formula

(17)

The corresponding number of light neutrinos species, /Vr, follows by dividing /',m

by the value of the neutrino partial width, /"],, predicted by the MSM. However,
there is less MSM uncertainty for the prediction of the ratio of partial widths. By
assuming the MSM prediction for the ratio r(/Tv ( = 0.502 + 0.001), Nr is ob-
tained from the measured values of Rz, a{) and Mz. The results are

± 13(stat.) ± ll(syst.) MeV.

TV,, = 2.94 ± 0.08(stat.) ± 0.07(syst.)

Alternatively, restricting the analysis to the results of the fit to the hadronic
cross-section alone, the values of Ff and Rz were taken from the MSM. Assuming
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DELPH
22
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21

20 -

40 41 42 43 44

CT0(nb)
Fig. 19. The f>8Cf and 99C£ confidence level contours in the R. <r,, plane for the four-parameter fit to
ihe data displayed in fig. 12 and fig. 14. Also shown is the MSM prediction for three massless neutrino
species assuming a top-quark mass of 139 + 38 GeV, a Higgs mass of 300 GeV. allowed to vary from 50

to 1000 GeV. and a value of a, of 0.110 + 0.006.

a top-quark mass of 139 ± 38 GeV [32], a Higgs mass of 300 GeV varying between
50 and 1000 GeV and a strong coupling constant of 0.110 ± 0.006, gives I) = 83.7
± 0.4 GeV, Rz = 20.70 ± 0.04 and f,, = 166.8 ± 0.6 MeV. From these values one
obtains:

rmv = 488 ± 7(stat.) ± 12(syst.) MeV,

Nr = 2.93 ± 0.04(stat.) ± 0.07(syst.).

The major uncertainty on Nt, comes from the overall normalisation uncertainty of
the measured cross sections, which has a 0.5% contribution from the uncertainty
on the theoretical Bhabha cross section. The latter uncertainty is transformed into
a 0.04 contribution to the systematic error on N,. mentioned above.

S.2. BEYOND THE MINIMAL STANDARD MODEL

Since there is no evidence for deviations from the predictions of the MSM or
for the direct production of new particles, the measured values of Tz and Fim

were used to derive upper limits on a potential (visible or invisible) partial width
due to the Z" decaying into a pair of particles predicted by extensions of or
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alternatives to the MSM. Using the relationships between the theoretical partial
widths of several types of new particles and their masses and couplings to the Z"
given in appendix B. the upper limits on the partial widths were converted into
lower mass hounds for these new particles.

Compared to direct searches, the method based on the widths has the advan-
tage of being sensitive to light, even massless, particles and of being less model-de-
pendent.

Some of the new particles investigated could have a decay length resulting in
impact parameters larger than the value of the vertex cuts given in sect. 5. They
could also decay into final states with fewer charged particles or less visible energy
than the known hadronic Z" decays. The efficiency of the selection criteria
presented in sect. 5 would therefore be smaller for the new final states than for the
known hadronic Z" decays. The cross sections would accordingly be underesti-
mated, but by the same relative amount at each collision energy. Thus the
measured shape of the resonance would not be biased and the measured value of
I'A would reflect properly the contribution of the partial width of the new particle.
On the contrary, since /"im is inversely proportional to rr,, (eq. 17), its value would
be artificially enhanced.

The upper limits on the new physics contributions to the total and invisible Z"
width (r™* and /',"**) were computed at the 95% confidence level. Neglecting at
first the uncertainty on the widths T|M and V™ predicted by the MSM. the two
limits were obtained by requiring that the measured values /""p and /',^p were
1.65 standard deviations below the theoretical width predicted for the specific
particle production investigated:

where J / " " p and j r , ^ p stand respectively for the uncertainties on the measured
values of the total and invisible widths.

The above relations do not account for the uncertainties on the predicted
widths l'yM and r*™. These errors are mainly due to the uncertainty on the
masses of the top quark and of the Higgs boson, to the limited knowledge of the
strong coupling constant a s and, to a lesser extent, from the Z" mass uncertainty.
Whereas the errors on m,op and Mz are gaussian. that on ,V/U and most of that on
« s are not. The two kinds of uncertainties were therefore treated separately. The
predicted widths and their gaussian uncertainties were computed assuming tnMp =
139 ± 38 GeV [32] and M7 = 91.177 ± 0.022 GeV. The uncertainties on Mn and
«, were taken into account in a most conservative way. viz. as systematic shifts.
The values of M | ( and as were chosen to give the smallest predictions for the
widths rj?M and T^1 . To be conservative, a s was therefore taken equal to 0.098
and ,V/,| equal to 1 TeV. The corresponding values of the theoretical widths were
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found to be *

i" MeV,

r™ = 499.51|;? MeV.

Treating the uncertainties coming from w,,,p and A/z in the same way as the
uncertainties on the experimental widths, the previous relations can be rewritten
as follows:

rz
n™ + r7

SM = r | x p + I .65 A( r | x p - r l M ) , (20)

1 inv ' ' inv ' mv ' * • U J J ( ' i n v ' inv / ' \ - 1 I

where J ( r | M - r £ x p ) and A(r*f - T^f) are the gaussian uncertainties on the
difference between the measured widths and their MSM predictions.

The limits thus obtained are

r7
ncw < 28 MeV,

r™* < 18 MeV.

Since these upper limits were derived in a fairly conservative way the correspond-
ing confidence level is to be considered higher than 95%. The values of P™"1 and
P™.* were converted into lower bounds on the masses of several new particles,
using the relations given in appendix B.

Among the many extensions of and alternatives to the MSM, the effects
predicted for some of the most commonly examined are considered here. Besides
evaluating limits on particles beyond the MSM, the particular case of the direct
production of top-quark pairs was also considered (for that case \7 was computed
with mt = 45 GeV and was found equal to 2453 MeV).

The different hypothetical new particles considered here can be classified in
four categories:

(i) the top-quark;
(ii) a fourth generation of sequential fermions (like Dirac and Majorana

neutrinos, left handed charged leptons, a fourth down-type quark) as predicted by
extensions of the MSM;

(iii) sneutrinos. sleptons and squarks as predicted by Minimal Supersymmetry
(MSSM) and associated bosons and charginos;

(iv) excited charged leptons and quarks as predicted by Composite models (u*,
d* and L-*) .

The second column of table 16 gives the limits computed as explained above
(method I). The third column gives the limits obtained by applying the procedure

' The upper hound on the Higgs mass is no! precisely known. In order to illustrate the sensitivity of the
MSM predictions to its value the theoretical values were also computed with a Higgs mass of 2 TeV:
this reduced the value of VjM given above by 3 MeV and that of T , ^ by 0.4 MeV.
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TABU. 16

Lower mass hounds on new particles in GeV. using lhe two methods described in the text: method I
(column 2) and method II (column 3). The values correspond to a confidence level higher than 45 ' ; .

Except when indicated as coming from /',m . they are derived from t~7. (L + R) refers to mass
degenerate left and right symmetric superpartners; LSP is the lightest supersymmetric particle

Particle type

top quark

h' quark
L"
L'i,,,.,.
L',',,,.,, (from l\m )
LM.il..r.iiu

L'M ,.,„., (from /" l n J

u-type squark (L-t R)
d-type squark (L+ R)
squarks (L + R) (5 flavours)
sleptons (L + R)
sneutrino
LSP sneutrino (from l\m )
chargino

u*
d*
L" *

Lower hound (Gev 1

43

45
33

44
45
3<H
40

34
41)
44
22
32
36
44

45
45
13

43

45
31
44
44
37
M

3S
40
44
IS
31
33

44

44
45
31

advocated by the Particle Data Group [33] (method 11) *, excluding the probability
of negative values of r" c". Limits which were found far below those obtained from
direct searches by DELPHI were ignored. It is not excluded that some of the lower
bounds given in table 16 are actually underestimated because of one major
approximation used to derive them: for each single bound, it was assumed that the
partial width r n t w was entirely due to the new particle considered. This is true for
a new fermion generation if all other particles, apart from the one under investiga-
tion, are much heavier than the mass limit obtained. For MSSM the picture is
more complicated because of the new gauge and scalar bosons, which also modify
the radiative corrections of the Z" propagator.

Some of the limits given in table 16 occur in the collision energy range of the
lineshape scan. The consequential effects of production thresholds or narrow
resonance formation have been neglected in the computation of the limits. How-
ever, these effects can most likely be safely ignored as long as the value of the
lower mass bound remains below about 44 GeV.

' Instead of treating the theoretical uncertainties like systematic shifts, they were treated as gaussian.
For this purpose the shifts in the widths due to these non-gaussian errors were divided by two and
combined quadratically with the other uncertainties. That part of the probability distribution
corresponding to positive values was then normalized to unity. The limits obtained in this case were
/ T * < M MeV and r,"r < 27 MeV.
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It should be noted that the region covered by the top-quark mass uncertainty
comes from a fit to the radiative corrections to the W * and Z() propagators.
Considering new particles in weak isospin doublets, the allowed region for mxop

might be significantly altered. However, it remains valid as an effective parameteri-
sation of the radiative corrections, so that the mass limits obtained should not be
destroyed by higher-order effects.

9. Summary

A total sample of 150000 hadronic and leptonic decays of the Z° was recorded
with the DELPHI detector from August 1989 to August 1990. Subsamples of
125 000 hadronic events and 10000 leptonic events, collected under good data-tak-
ing conditions have been selected, corresponding to an integrated luminosity of
5.88 pb ' for the hadrons and 4.35-4.97 pb~' for the leptons. The hadronic and
leptonic lineshapes of the Z" boson were measured at 7 different centre-of-mass
energies in the vicinity of the resonance peak during 1990, in addition to the
measurements made at 10 different centre-of-mass energies in 1989. They have
been compared to the line shapes predicted by the Minimal Standard Model and
good agreement was observed. The leptonic forward-backward charge-asymme-
tries were measured with the 1990 data and were used to extract effective
couplings of the Z" to charged leptons. The energy dependence and magnitude of
the asymmetry measurements are also in good agreement with the predictions of
the MSM. Our results are also in agreement with other measurements performed
at LEP [34].

Both the hadronic and leptonic measurements have been independently cross-
checked. In the case of the hadronic cross section, two analyses have been
performed, one based mainly on reconstructed charged particle tracks and the
other depending on the use of calorimetric information. Each of these analyses
gave very consistent results. In the case of the leptonic cross sections and
forward-backward charge-asymmetries, there have been analyses in which the
leptonic events were separated by flavour and an analysis in which the events were
selected without distinguishing the flavour. The results obtained using these two
approaches were also very consistent. The results of the fits to the hadronic and
leptonic (flavour-separated) data described in sect. 7 are summarized in table 17.

A precise determination (relative error 2 x 10~4) has been made of the mass of
the Z° boson, which is one of the fundamental input parameters of the MSM. The
number of light neutrino species, derived with a very weak MSM assumption, is

A/,. = 2.94 + 0.10.

The universality of leptonic couplings to the Z° has been confirmed and values
for the vector and axial-vector couplings, assuming universality, have been ob-
tained. In the MS renormalisation scheme the effective weak mixing angle at
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TABLE 17

Summary of combined fit results to the hadronic and (flavour-separated) leptonic data. The predictions
of the Minimal Standard Model for these parameters are given in the last column

parameter

r7

f.

P,2

Pcll^

T

DELPHI

91.177 ± 0.022 GeV
2.465 ± 0.020 GeV
1.726 ± 0.019 GeV

83.4 ± 0.8 MeV

82.4 ± 1.2 MeV
86.9 ± 2.1 MeV
82.7 ± 2.4 MeV

0.2508+ 0.0027
0.0003 ± 0.0010
1.003 ± 0.011
0.241 ± 0.009

0.2338 ± 0.0027

20.70 ± 0.29
0.514 ± 0.019

41.84 ± 0.45 nb
488 ±17 MeV

2.94 ± 0.10

< 215 GeV

MSM

2.484 ±0.011 GeV
1.732 ±0.008 GeV

83.6 ±0.4 MeV

83.7 ±0.4 MeV
83.7 ±0.4 MeV
83.5 ±0.4 MeV

0.2507 ±0.0009
0.0011 ±0.0002
1.1X13 ±0.004
0.2331 ±0.0013

0.23 22 ±0.0012

20.70 ±0.04
< 0.530
41.50 ±0.04 nb

500 ± 2 MeV
3

-

\fs = M7 has been extracted

= 0.2338 ±0.0027.

Within the framework of the MSM, limits on the top-quark mass have been
derived:

43 <m,op<215 GeV (95%C.L.).

Since no sign of physics beyond the MSM was observed, the difference between
the measured values of the total and invisible widths and their values predicted by
the MSM allows one to determine upper bounds on the partial width due to the
production of pairs of new particles predicted by extensions of or alternatives to
the MSM. The limit obtained from the total width is 28 MeV and that from the
invisible width is 18 MeV. These values correspond to a confidence level higher
than 95%. They were used to derive lower bounds on the mass of the top quark,
the mass of fermions in a fourth sequential family, of supersymmetric particles and
of excited quarks and leptons. Some of these limits improved the values obtained
from direct searches.

In conclusion, the analysis of the data taken in 1990 reduced most of the
statistical and systematic uncertainties on the line shape parameters determined in
1989 by more than a factor 2. Further improvements are needed for high-precision
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tests of the MSM. The large increase in luminosity expected at LEP in the coming
years, combined with a better understanding of systematic uncertainties, will allow
this aim to be fulfilled.

We are greatly indebted to our technical staff and funding agencies for their
support in building the DELPHI detector, and to members of SL division for the
excellent performance of the LEP collider.

Appendix A. Parameter correlation matrices

TAHLI: A.I

Fit to the hadronic and flavour-dependent leptonic cross sections, assuming lepton universality (subsecl.
7.3.1)

Parameter

M 7

l7
r
/,,

A/7

1.00

0.12
(1.10

0.10

' z

0.12

1.00

0.63

0.51

r,
0.10

0.63

1.00

0.11

l\

0.10

0.51

0.11

1.00

T A B L E A.2

Fit to the hadronic and flavour-dependent leptonic cross sections, not assuming lepton universality
(suhsect. 7.3.2)

Parameter

\l7

' /

/ ;
l\

M7

I.(K)
0.12
0.06
0.05

0.04

0.OK

'V
0.12

1.00

0.45

0.26

0.22

0.37

/;.

0.06
0.45
l.(KI

-0.25
-0.21
- 0.43

' ;

0.05
0.26

-0.25
1.00
0.31
0.56

/ ;

0.04
0.22

-0.21
0.31
1.00
0.47

l\

0.08
0.37

-0.43
0.56
0.47
1.00

TABLE A.3

Fit to the hadronic and flavour-dependent leplonic cross sections and forward-backward charge

asymmetries, assuming leplon universality (subsect. 7.4)

Parameler

r7
•Tn

V.1

A:

•W/.

1.00

0.12

0.01

0.07

0.04

' z

0.12

1.00

- 0 . 3 2

0.01

0.58

"o

0.01

- 0.32

1.00

0.00

0.15

V;

0.07

0.01

0.00

1.00

- 0 . 3 5

A',

0.04

0.58

0.15

- 0.35

1.00

Appendix B. Cross section formulae for new particles

The various cross sections given below are normalized to cr,.,-. To a good
approximation, initial-state radiation is common to all processes and thus does not
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affect the normalized cross sections. Final-state radiative corrections are very small
and can be neglected in the present context.

QCD corrections for quarks, excited quarks and superpartners are only relevant
near threshold where they produce large effects through the Schwinger term [35].
These corrections are used in the exponentiated form [36]

KQCD=

where A = 4wa^/3fl, (i being the speed of the pair-produced quarks

0 = V ( l - 4 m ; ; / A / 2 ) .

At threshold fi goes to 0, the correction diverges like 1//3 but the cross section
remains finite since the phase space term goes like /3.

B.I. PAIR OF FERMIONS

The normalized cross section is given by

3 + ( l - 4 H 2 / | s i n 2 ( 9 w ) 2 / 3 ( 3 - j 8 2 ) / 2 ] ,

where Qf is the charge of the fermion and where K = 1 for leptons and K = 3A'ot n

for quarks. This formula applies to excited quarks or leptons having the same weak
isospin as standard fermions.

B.2. MAJORANA NEUTRINOS

B.3. SQUARKS AND SLEPTONS

R,7=2Kp'(Qfsln2ew-I,)2

where /•, = 0 for /R and /•, = ± 1/2 for /L .

B.4. CHARGINOS

One assumes that the chargino behaves like a Higgsino, the superpartner of the
Higgs boson. This hypothesis gives the lowest cross section. One has

fl,-,-=/3(3-/32)(l-2sin20w):
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Theoretical uncertainty on the luminosity measurement

Mogens Dam Alex Read

February 14, 1991

Abstract

A brief discussion of the improvement of the understanding of the theoretical uncertainty
on the Bhabha scattering cross section at small angles is presented.

1 Introduction

The integrated luminosity is in general denned through the relation

C = Nx/<rx,

where X indicates some physics channel. For the measurement of the luminosity we use small
angle Bhabha scattering, which has the following advantages: i) The cross section is large, and a
high rate is therefore possible, ii) The process is dominated by QED which is a well understood
theory, and the cross section is therefore in principle calculable to any needed precision. Due to
radiative corrections point ii) is unfortunately not as simple as it might be expected.

For the determination of the theoretical cross section for the DELPHI luminosity monitors
we have been relying on the O(a) Monte Carlo event generator BABAMC [1]. A 1% uncertainty
has been quoted mainly due to the lacking treatment of higher order corrections. This note is
describing the recent progress in the understanding of the higher order affects, and its application
in DELPHI.

2 Radiative corrections

The lowest order expression for Bhabha scattering is very simple and can be easily integrated over
the acceptance of the experimental setup to give the Born cross section. However, experimentally
we must allow radiative events in our sample. This follows from the fact that any scattering will
necessarily be accompanied by some amount of radiation. Our theoretical model will therefore
have to include radiative corrections as well.

There exist various analytical calculations on the market which include radiative corrections.
These often contain only the so-called soft corrections, as it is argued that events where a hard
photon is radiated can easily be distinguished. Luminosity measurements are often performed
using calorimetric information only. This statement is therefore certainly not true for final state
radiation, where an electron cannot be distinguished from a photon (or from an electron with
an accompanying collinear photon — a so-called dressed electron). But also for initial state
radiation we run into trouble if we want to reject events with hard radiation. Radiation affects
experimental distributions such as energy and acollinearity. Despite being strongly peaked at
the lowest order expectation, we cut far away from the steep shoulders of the peaks to reduce
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Figure 1: Polar angular cuts for small angle Bhabha scattering

systematic uncertainties to a minimum. This means we must allow events with relatively hard
radiation as well.

The most practical way to calculate the theoretical cross section is to use a Monte Carlo event
generator. This allows us to adjust our cuts in any way we like according to the experimental
conditions and then apply the same cuts to the Monte Carlo event sample. Until recently very
few Monte Carlo programs which describe Bhabha scattering have been available. Of these only
one program, BABAMC, contains a full 0{a) calculation including weak effects.

2.1 Influence of the exper imenta l cuts

The correction to the cross section from radiative effects depends very much on the experimental
cuts. The angular cuts are especially important. Figure 1 shows symbolically how one can design
the cuts on the polar scattering angles 0_ and 6+ of the electrons and positrons, respectively.
Indicated are regions called W (for wide) and N (for narrow). To eliminate uncertainties from
the position of the primary vertex, it is customary to operate with an acceptance definition which
is a combination (average of counting rates) of N-W and W-N. This procedure is usually called
'asymmetric cuts' or 'restricted acceptance'. With the lead mask technique used for DELPHI,
the mask defines a narrow acceptance on one calorimeter, whereas the wide acceptance is denned
on the other. It is therefore not possible to average over the two rates and a linear dependence on
the longitudinal vertex position remains. Due to the symmetry in the zy-plane, it is irrelevant
for the discussion of radiative corrections whether one uses an average of N-W and W-N, or (as
we do) the N-W only.

Figure 2 shows the polar angular distribution of the electrons in small angle Bhabha scat-
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Figure 2: The angular distribution in small angle Bhabha scattering, normalized to the Born
result

tering normalized to the Born result. One notices an 'edge effect' close to the borders of the
acceptance. This is due to events where bremsstrahlung has kicked the partner positron in the
other end of the apparatus outside the acceptance. If one integrates over the full angular region
of the plot — the W-W case — one will typically find that the radiatively corrected cross section
lies 5-10% below the Born result. If, on the other hand, one chooses the N-W cuts, that is to
integrate over a narrower region — discarding the first 10 bins at either border, say — one will
typically find a cross section which lies a few percent above Born.

3 The BABAMC event generator

The program BABAMC [1] is a complete O{a) event generator for the process e+e~ —> e+e"(7).
It includes initial and final state radiation as well as interference between the two. Weak effects
are described, but with no higher order corrections to the Z width. A parameter k0 is used
to separate the so-called soft part of the cross section from the hard part. This technique is
common to all fixed order event generators. In the Monte Carlo approach all photons which
would have had energy below k0 times the beam energy are lumped into the zero energy bin
so that no final state photon occurs. Following the recommendation of Ref. [2j k0 is set as low
as possible without getting into the region where the soft cross sections turns negative. For
the small angle region this turns out to be i 0 = 0.001. Events are generated with both the
final state electron and positron within an angular range specified through the minimum and
maximum scattering angles, ^ and # „ „ . Other input parameters are the masses of the Z,
the Higgs, and the top quark. They were set to the following values: Mz = 91.1 GeV, and
MH = Mtop = 100 GeV.
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4 The effective cross section

The calculation of the effective cross section relies on a detailed simulation of the experimental
setup. The simulation is based on the GEANT [3] package. The electrons and photons in showers
in the materials in front of the SAT (beampipe, masks, and aluminum support plates) as well
as in the active part of the SAT itself are followed down to energy cutoffs of I MeV. The effect
of the 1.2 Tesla magetic field is taken into account. The detector is described as layers of lead
and scintillator. The energy deposited in each readout element is calculated and corrected for
the attenuation inside the fibres (attenuation length: 1.4 m). The result is written to a disk
file. This file of events is then passed through another layer of simulation which smears the
energy distribution to make it agree with the data, converts the energy sums to ADC counts,
and performs a trigger simulation before writing out the data in the online format.

Unfortunately the detailed simulation is very time consuming — about 50 CRAY seconds
per event. It is therefore a formidable task to simulate enough detailed events to get down to
the per mille level on the statistical accuracy. Instead of this brute force approach we have used
the detailed Monte Carlo simulation in order to tune a set of four-vector cuts, which as close as
possible emulate the event selection after the full simulation.

In order to study the background from Bhabha events going through the lead mask we
generated events from the very back corner of the calorimeter up to the upper front corner.
This corresponds to the angular range 2.09° < 9 < 9.0°. The cross section corresponding
to the generated sample is 90.804 nb. Out of 23,000 simulated events 6904 are accepted after
application of the same analysis cuts as those used for the real data. This results in the following
estimate for the effective cross section: 6904/23000 x 90.804 nb = 27.26 ± 0.28 nb. Clearly an
uncertainty of 1% is too high. Together with the detector response the simulated data contain
the generated four-vectors. An event by event comparison of the full Monte Carlo decision
with the decision of a set of four-vector cuts allows a precise determination of the effectiveness
(efficiency) of the four-vector cuts. After optimization of the cuts, about 29.8% of the events are
accepted in both analyses, whereas about 69.8% are rejected in both. The remaining 0.4% are
equally split in the two cross-over classes — they are accepted in one of the analyses but rejected
in the other. As the number of cross-over events is relatively small, the statistical uncertainty
on the efficiency calculation is correspondingly small. After applying the four-vector cuts to a
high statistics BABAMC run (4 x 106 events) we can now correct for the four-vector cut efficiency
and get a precise estimate for the effective cross section: 27.13 ± 0.04 nb. The remaining 0.15%
uncertainty is dominated by the contribution from the efficiency determination.

5 Benchmark test of BABAMC

In order to test the validity of the DELPHI version of BABAMC, benchmark tests have been per-
formed. These are meant to check if the O(a) calculations performed inside the event generator
are technically correct.

5.1 Bremss t r ah lung

Analytical results allowing for the first time a check of the O(a) QED bremsstrahlung calcula-
tions have appeared recently [4]. For simplicity, contributions which are irrelevant to the check
of the real hard photon emission were dropped from the calculations. This included weak ef-
fects, s-channel exchange, and the vacuum polarization correction. Furthermore, the so-called
up-down QED interference, i.e. t-channel boxes, was omitted. It was shown that the t-channel
boxes contribute less than 0.1% to the cross section in the 0.1 to 10 degree angular range (see
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Table 1: Corrections factors to be applied before comparing the analytical results of [4] to the
results from BABAMC. The results in column 2 are taken from Ref. [4]. They give the size of
the correction from t-channel box diagrams. Column 3 gives the size of the correction due to
interference between s- and t-channel scattering.
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Table 2: Comparison between BABANC Monte Carlo results and a semianalytical O(a) calculation.

Table 1). Results were presented in tabular form for 5 different angular regions corresponding
to minimum scattering angles 6^^ = 1/9, 1/3, 1, 3, and 9 degrees. The maximum scattering
angle was denned through the variable R{ — £max/£min - 1, where ( = (1 - cos0)/2, by requiring
everywhere that R^ = 1. This corresponds to the condition tfmax ~ >/2 x 8min.

Before starting the benchmark test it is necessary to change BABAMC correspondingly. Weak
effects can be turned off by letting the Z mass, Mz, go to some large value and at the same
time keeping the ratio between Mz and A (the famous constant which normally has the value
37.281 GeV) constant (see Ref. [2] for details). We used Mz = 1000 GeV. The vacuum polariza-
tion contribution is simply set to zero wherever it is used. The contribution from the s-channel
is very small and is therefore neglected. Especially for larger scattering angles, the destruc-
tive interference between the s- and t-channel scattering is important at the current precision
level. Correction factors to the Monte Carlo cross sections were found from a simple Born level
calculation. In the 0.1 to 10 degree region they are less than 1%, as can be read from Table 1.

Table 2 lists the result of the comparison. All Monte Carlo results have been corrected
by the factors from Table 1. The statistical precision of the analysis is at the 0.025% level
corresponding to 106 generated events per point. Due to the occurrence of negative weights in
the soft part of the cross section, it was not possible to run BABAMC at the 9 degree point with
jfco = 0.001. However, it can be noted that Vyfc at this scattering angle exceeds the analytical
result by 0.42%, roughly the same as at lower scattering angles. In conclusion, an excellent
agreement between the analytical calculations and the Monte Carlo results is observed within
the 2.5 x 10~4 precision of the comparison.
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5.2 QED vacuum polarizat ion

The effect of the QED vacuum polarization is an ~5.5% increase in the small angle Bhabha
cross section.

The original vacuum polarization routine in BABAMC used the same technique to calculate
the contributions from light quarks as from leptons. By tuning the quark masses this procedure
can lead to correct results, but only in a very restricted energy range. For t-channel processes
a procedure based on a dispersion integration over experimentally measured cross sections for
e+e~ — hadrons is in general more correct. Thus, following the recommendations of Ref. [2],
we have exchanged the original vacuum polarization routine in BABAMC by the new routine PIG,
provided by H. Burkhardt [5]. The resulting change in the cross section for scattering angles
corresponding to the SAT acceptance was -0.5%. Note that this change to BABAMC was made
already before publishing the 1989 data.

The new vacuum polarization routine has been tested against a table of benchmark results
published in Ref. [2]. Perfect agreement was found everywhere except at s =(92.0 GeV)2 where
we found 0.06005 instead of 0.06024. We suspect this discrepancy to be due to a typing mistake,
but as it has no practical implication for Bhabha scattering, where Q2 is negative, this point
was not pursued further.

The uncertainty on the hadronic vacuum polarization is dominated by the uncertainties
on the experimental data for e+ e~ -* hadrons at low energies. The relative precision for the
small angle scattering region is --4.5% [5]. Fortunately, at small angles the hadronic vacuum
polarization contributes less than 1% to the total cross section, so that an overall uncertainty
of less than 01% follows.

When calculating to higher orders one should remember also to correct for the higher order
effects to the vacuum polarization. The effect of the so-called Dyson summation is a 0.2%
decrease in the effective cross section.

6 Higher order corrections

After testing the technical precision of the BABAHC O(a) calculations we are now ready to start to
worry about higher order effects. Figure 3 shows in a symbolic form the kind of terms which are
involved in the calculation of radiative corrections to some process. The symbol L is the so-called
large logarithm, which is related to the collinear divergence present in QED. It takes the form
L = \og(Q2/m2), where m is the mass of the radiating particle and Q2 is a suitable scale, for
example s for annihilation processes and \t\ for elastic scattering. In this way, the first column
contains the so-called leading logarithmic (LL) terms, i.e. (aL/ic)n terms, the second column
the sub-leading, and so on. The 'diagonal lines' indicate the so-called "QED bremsstrahlung
equal magnitude levels". As indicated in the figure, the rule of thumb says that terms below the
first diagonal are of the 1% level, terms below the second diagonal of the 0.2% level, and finally
terms below the third diagonal of the 0.04% level. However, note also the increasing number of
interrogation marks.

Following this notation the complete O(a) calculation as provided by BABAHC can be sym-
bolized in the following way:

A complete O(a2) calculation would include all terms at the 0.2% level and would therefore in-
crease the precision to the required level. Unfortunately such a calculation is very complicated,
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Figure 3: Symbolic illustration of the terms involved in a radiative correction calculation. The
diagonal lines indicate the so-called 'QED bremsstrahlung equal magnitude levels'.

and according to experts would involve several man-years of dedicated effort. However, it can
be noticed that if we manage to include the 0{a2) leading logarithm term we have included all
contributions at the 0.2% level as well.

An important question before embarking on a higher order leading log calculation is, how big
is the 0{a) sub-leading term. If it is small there is hope that the higher order sub-leading terms
will be smaller than our required precision. Similar to the total O{a) correction the sub-leading
term is expected to depend on the experimental cuts. We have therefore calculated it using the
DELPHI cuts. The full O(a) cross section was calculated by the modified version of BABAMC,
where weak and vacuum polarization effects are left out. The leading log result was calculated
using LUMLOG. Defining the subleading correction as £subi. = (<rO(a) - ^L^V^Bom we found the
correction to be -1.3%.

7 The LUMLOG approach

The underlying idea behind the LUHLOG [7] approach is that in the leading log approximation
(LLA) it is only necessary to calculate the effect of initial state radiation. In LLA only collinear
photons are radiated — photons radiated at larger angles contribute to the non-leading correc-
tions only. Since luminosity monitors measure so-called 'dressed' electrons including collinear
photons, the Lee-Nauenberg-Kinosbita theorem tells us that the leading log corrections from
final state bremsstrahlung are cancelling out of our observables to all orders. Following this ar-
gument it is possible to calculate the higher order LL correction to the O(a) result by considering
initial state radiation only.

7.1 The LUMLOG event generator

The program LUMLOG [7] is not an event generator in the way we normally think of it. It does
not itself give a prediction for an absolute cross section, but is meant to be used to calculate
the leading log higher order bremsstrahlung correction to the O{a) result. Through the use of
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structure functions the initial state electrons are allowed to radiate up to three hard collinear
photons. The photon spectrum is exponentiated to account for higher order effects. AH calcu-
lations are performed in the leading logarithm approximation with the scale Q2 = -t. After
radiation, the two electrons collide elastically without taking vacuum polarization or weak effects
into account. No final state radiation is included. As well as the O(a3)^ result, the 0 ( a ) L L

result corresponding to the radiation of one initial state photon is calculated. The difference 62
between these two results is now the correction to be applied to the complete O ( Q ) result of
BABANC.

For each event four-vectors for the final state electrons are provided. These allow the user to
define experimental cuts, and thus find the correction corresponding to the experimental setup.

7.2 Resul ts of LDMLOG

Figure 4 shows the correction from higher order initial state bremsstrahlung for the DELPHI
cuts. The correction was found with an emulation of the experimental cuts applied directly to
the four-vectors of 106 generated events. The angular cuts were the following:

3.21° < 0N < 7.30°
3.03° < 0W < 8.34°.

The different symbols represent various definitions of the acceptance. The overall ~0.5% differ-
ence between the correction for the restricted (Wide-Narrow) and the non-restricted (Wide-wide
or Narrow-narrow) acceptance should come as no surprise. The first order corrections are also
very different for the two cases, as argued in Section 2.1. It can also be noted that the correc-
tion depends on the energy cut. Experimentally we are using the 'NarTow-wide' acceptance and
cutting at 65% of beam energy, where the correction is +0.1%.

Very recently a new version of LUMLOG has been made available. This calculates the correction
from initial state photons converting into lepton pairs. The correction, which according to the
authors can be trusted to within a factor two, is found to be -0.04%.

7.3 Final state radiation and the lead mask

It has been asserted that the determination of the visible cross section is independent of whether
or not discrete final state photons are generated in the Monte Carlo simulation of events. This is
because in a calorimetric device the shower from a final state photon is almost always absorbed
into the reconstructed shower of a final state electron. In DELPHI we use a lead mask to define
the edge of the acceptance region. One could ask if the treatment of the final state as a kind
of 'calorimeteric electron' applies also to the mask technique. We have tried to investigate this
question with BABANC. We compare the number of events selected with the four-vector cuts used
in the luminosity analysis, treating first the photon as a separate particle, and then reanalysing
the same events after forming a 'calorimetric electron' from the vector sum of a radiated photon
and the closest electron. From the data we know that two showers tend to merge into one if
they are separated by less than 10-15 cm. Within realistic cone sizes of this order the difference
in the number of accepted events is less than 0.1%. To O(a) the difference between the mask
technique and a pure calorimetric treatment stemming from final state radiation is thus already
smaller than our required precision.
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Figure 4: The correction to the O{a) Bhabha cross section from higher order initial state
bremsstrahlung.

8 Results of ALIBABA

The semianalytical program ALIBABA [8] has been available for quite some time. It is widely
used for the extraction of the Z resonance parameters from wide angle Bhabha scattering. The
program has not been applicable for small angle scattering — in fact it prints out a warning and
stops if one tries to run it below 10 degrees. Recently the Leiden group has produced a paper
which gives results for small angle Bhabha scattering obtained with a special version of the
program [6]. The authors are unfortunately not yet ready to give away this version to outside
users.

ALIBABA uses a semianalytical integration technique to evaluate the cross section. The O{a)
corrections are calculated exactly, whereas higher order corrections are evaluated in the leading
log approximation. Compared to the large angle version of ALIBABA the scale has been changed
from s to an expression containing t, the t-channel momentum transfer. Both initial and final
state radiation as well as their interference is included.

The results presented in the paper are calculated for a so-called 'idealized luminosity monitor'
defined by the cuts
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With these cuts the higher order contributions in ALIBABA gives a +0.4% increase in the cross
section relative to the BABAMC result. This seems to be in agreement with the result of LUMLOG
presented in Figure 4. The angular cuts correspond roughly to the W-W case. Unfortunately
the energy cut is not a very realistic one, as we experimentally cannot distinguish electrons from
photons. This point surely contributes some uncertainty to the comparison with the LUMLOG
result. Despite the lack of a direct comparison, the two procedures certainly seem to agree to
better than 0.5%.

9 Conclusion

There is currently a large progress in the theoretical understanding of small angle Bhabha
scattering. Analytical calculations have allowed a validation of the technical precision of the
first order bremsstrahlung calculations in existing Monte Carlo generators. We have found
an agreement between the analytical calculations and BABAMC which is better than 2.5 x 10~4.
Complete O(a2) calculations seem to be very difficult to perform. Therefore the main efforts are
being spent on the evaluation of the O(a2) leading log correction to the complete 0{a) result.
Two different paths are being followed. In the LUMLOG approach only the higher order corrections
from initial state radiation are calculated. It is argued that in the leading log approximation
the radiation from final state electrons cancels due to the calorimetric measurement of the final
state. Evaluation of the correction is done with a Monte Carlo program, and it is therefore
easy to calculate the correction for specific experimental cuts. In the ALIBABA approach both
initial and final state radiation is treated to O{a2) leading log. However, the evaluation of the
cross section is done by a semianalytical method, and it is therefore difficult to compare the
result with the experimental cuts. Furthermore, the small angle ALIBABA program is not yet
available for outside users. Therefore the only comparison we have been able do is with a table
of published results. Even though it is difficult to compare the two procedures, the agreement
is certainly better than 0.5%.

Jadach et al. claim an overall uncertainty of 0.2% on the LUMLOG bremsstrahlung calcula-
tions, whereas Beenakker et al. claim a 0.5% precision on the ALIBABA results. Taking into
consideration the agreement between the two calculations, the separate authors' claims about
the precision of their calculations, and the fact that these results are very recent, we suggest
that that after making the O(a3) leading log correction determined with LUMLOG, the theoretical
contribution to the uncertainty of the luminosity measurement for DELPHI by SAT is 0.5%.
The contributions are roughly

• Neglect of non-leading terms (< 0.5%)

• Experimental treatment of final state radiation (0.1%)

• Uncertainty in vacuum polarization (0.1%)

• Pair production from initial state radiation (< 0.1%)

We expect the uncertainty to be reduced again before the end of 1991, as there is a lot of work
going on in this field at the moment.
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Abstract. From the analysis of a data sample correspond-
ing to an integrated luminosity of 4.63 pb^~' taken during
the 1990 run of LEP at centre of mass energies between
88.2 GeV an 94.2 GeV, the tau decays r~— e~vvvT,
T~ -*fj~vuvT, T~ -*n ~ {K~ ) v r, r~ ->p~v r and their
charge conjugates have been studied. The following
branching ratios have been measured; BR(r ->
e^v,.v r)= 18.6±0.8(stat.)±0.6(sys.)%, B R ( T —
U~ vwvT)= 17.4 ±0.7 ±0.6%, B R ( T ~ — T I " ( A : ~ ) V I )
= 11.9 ±0.7 ±0.7%, BR(r — p v r) = 22.4±0.8
±1.3%, in good agreement with world averages. The
measured electronic and muonic branching ratios lead
to a measurement of the strong coupling constant,

a s(w r) = 0.26_ ' Extrapolating the as value from
+ O 0 P

mT to mz yields ots(mz) = 0.109_ 0 Q2~.

The average polarization PT of taus produced in
Z-*T~ T ~ decays has also been measured using the above
decay modes. The weighted mean of the polarizations
obtained from the four decay modes is PT= - 0.24 ± 0.07.
This value of PT gives, in the improved Born approxi-
mation, a ratio between the axial and vector coupling
constants of the tau of vT/aT =0.12 ±0.04, and hence a
value of the effective electroweak mixing parameter
sin2 9 w(m2

y) = 0.220 ± 0.009.

1 Introduction

The Large Electron Positron collider, LEP, is well suited
for tau lepton studies [1]. The decay Z-»r^ r~ has a
clean signature consisting of two back-to-back jets of
typically one or three charged particles plus undetected
neutrino(s), often accompanied by other neutral parti-
cles, thus making possible high-efficiency, low-back-
ground studies. At LEP one can study both the tau decay
properties and its electroweak couplings to the Z boson.

Precise measurements of the branching ratios r~
-+e~ v,,vT and T~ -+H ~ V^ vr can help to clarify the long-
standing two standard deviations discrepancy [2. 3] be-
tween the world-average measured r~ —*e~ v(,vr branch-
ing ratio [3, 4] and the value expected from the world
average lifetime [3, 5] and mass [6] through the relation

where zu r and are the lifetimes and masses of the
muon and tau respectively and Gu r are the Fermi con-
stants determined from muon and tau decay [7], In ad-
dition, a measurement of the leptonic branching ratios
can be used to estimate the value of the strong coupling
constant, as(mT) [8]. This is obtained using the ratio

F(T~ ->hadrons v r)

v , ,v r ) -BR(r
— - • (2)

BR(:"-»e"v , ,v r )

The perturbative QCD contribution to /?h
r
ad can be ex-

pressed as a power series in as and is known to order
*l [9]-

The electroweak couplings of the tau to the Z boson
can be determined studiying the tau decay products. The
fermions produced in high energy e*e~ annihilations
through Z creation and decay are polarized due to the
different strengths of the couplings of the neutral boson
to left-handed and right-handed fermions. The difference
in the cross section for producing left-handed fermions
relative to the cross secion for producing right-handed
fermions is specified by a variable called helicity asym-
metry. In the high energy limit where the mass of the
fermion can be neglected, the helicity of the fermions
produced in Z dedays is a good quantum number. The
helicity asymmetry of the antifermion has the same mag-
nitude and opposite sign to that of the fermion.

Due to parity violation in tau decays, its decay prod-
ucts can be used as analyzers of its polarization. Ignoring
the small contribution from one photon exchange and
neglecting the effect of variations in centre-of-mass en-
ergy around the Z resonance, one obtains for the tau
polarization Pz, averaged over all tau production angles.

P 2;-

* This paper is dedicated to the memory of Rafael Llosa

(3)

where vT and ar are the vector and axial coupling
constants of the tau lepton to the Z. In the Standard
Model, the coupling constants can be expressed as
vz = 4sm2 dw(mz) — 1 and aT = — 1. A detailed discus-
sion can be found in [10].
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This paper presents a study of the tau lepton decay
channels T~ —*e~~ v£,vr, T~ —*n vHv r, r~ -*n~ (K~ ) vz

(n and K particles are not separated), z~-*p~vT and
their charge conjugates using the DELPHI detector at
LEP. From the measurement of the leptonic branching
ratios combined with the world averaged value of the tau
lifetime the ratio of the tau to the muon Fermi coupling
constants GJG^ is obtained. From the measurement of
the electronic and muonic branching ratios the value of
the strong coupling constant can be determined. Finally,
from a measurement of the tau polarization a value of
the electroweak mixing parameter is derived.

For this analysis, simulated e + e—• r + r~ events were
generated using the Monte Carlo generator K.ORALZ
[11] which includes QED radiative effects in the produc-
tion and decay processes of the tau leptons. For back-
ground studies samples of e+e~ —>n*n events were
produced using KORALZ. e + e~ ->e + e~ events using
BABAMC [12], e + e~ ->hadrons events with LUND 7.2
[13] and c''e~ -*(e + e~ )X events with the Berends-Dav-
erveldt-Kleiss generator [14].

The organization of the paper is as follows: Sect. 2 is
devoted to a brief description of the detector. The event
preselection is discussed in Sect. 3. Section 4 gives details
of the calculation of the branching ratios. Section 5 ex-
plains the technique used to measure the tau polarization.
Sections 6 to 9 describe the measurement of the tau decay
to the four exclusive states considered. Finally in Sect. 10
the results are summarised and discussed.

2 Detector

A detailed description of the DELPHI apparatus can be
found in [15]. In the DELPHI coordinate system, 8 is
the polar angle defined with respect to the z axis which
is taken as the electron beam direction and <f> is the az-
imuthal angle about this axis. For the present analysis
the following parts of the detector were relevant:

1. for the measurement of charged particles the
MicroVertex Detector (MVD), the Inner Detector (ID),
the Time Projection Chamber (TPC), and the Outer De-
tector (OD);
2. for the measurement of the electromagnetic energy the
High-density Projection Chamber (HPC) and the For-
ward Electro-Magnetic Calorimeter (FEMC); the HPC
was also used for identifying minimum ionizing particles;
3. for the measurement of the hadronic energy and muon
identification the Hadron Calorimeter (HCAL);
4. for muon identification the barrel muon chambers
(MUB); most of the solid angle in the barrel is covered
by 2 layers of MUB with the rest having either 1 or 3
layers of coverage, each layer consisting of two overlap-
ping sets of chambers;
5. for the trigger, besides the detectors mentioned above,
the barrel Time-Of-Flight counters (TOF), the endcap
scintillators (HOF) and a scintillator layer embedded in
the HPC;
6. for the measurement of the luminosity the Small Angle
Tagger (SAT).

The ID and TPC cover the angular range 20° < 6 < 160°,
the OD covers the range 43° < 0 < 137°. Penetrating
muons with a polar angle in the range 51° < 6 < 129°
can traverse 4 layers of HCAL and up to 3 layers of MUB.
In the rest of the barrel region there are 3 layers of HCAL.
The HPC has the same angular coverage as the OD. The
FEMC covers the polar angles 10° < 6 < 36.5° and
143.5° < 6 < 170°. The SAT covers from 43 to 135mrads
on each side.

Within the barrel region the momentum resolution
obtained for muons with momentum of 46 GeV/c was
CTP//> = 0 .08 . The energy resolution (at:/E) of the HPC
for 46 GeV electrons is 0,08. The HCAL energy resolu-
tion is l .0/l/£(GeV).

3 Event preselection

Before identifying exclusive r decays an enriched sample
of r + r~ events was selected with a loose "filter". The
selection was optimized to minimize distortions of the
momentum spectrum and decay mode dependent biases.
It proceeded in two steps. In the first step, Z candidates
decaying into lepton pairs were selected. This selection
has been described in detail elsewhere [16]. It demanded
a configuration of two back to back jets with one particle
in one jet and up to five particles in the other. The iso-
lation angle, defined as the angle between the isolated
particle and the closest particle in the recoiling jet was
required to be greater than 150°. A charged particle had
to satisfy the following conditions:

1. momentum larger than 200 MeV/c;
2. distance of closest approach of the track to the beam
axis less than 1.5 cm;
3. distance of closest approach to the nominal interaction
point along the beam direction less than 4.5 cm.

These conditions rejected hadronic events. The low en-
ergy background arising from beam-gas, beam-wall and
two-photon interactions was suppressed by demanding
that at least one charged particle in the event had a mo-
mentum greater than 3 GeV/c. In order to ensure good
understanding of the detector response, the acceptance
for the leptonic events was restricted to the barrel region
covering the angular acceptance 43° < 6 < 137°.

In the second step tau pairs were partially separated
from the other two leptonic channels. This was achieved
by taking advantage of the presence of undetected neu-
trinos in all tau decay modes, as opposed to e + e - * f f e "
and e^e~ —*n *n ~ events which are characterized by their
low acollinearity and high visible momentum and energy.
The following selection criteria were applied.

1. The event acollinearity had to be greater than 0.5°.
2. The variable ER = \ £,2 + £2

2/£beam' where £, is the
electromagnetic energy associated with the isolated
charged particle and £ , is the total electromagnetic en-
ergy associated with the charged particle(s) in the hem-
isphere opposite to the isolated particle and £bcam is the
beam energy had to satisfy the condition ER < 1.2.
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Fig. la -c . a £ R variable for Monte Carlo simulated e"e~ -*T*T~
(shaded) and e~e~—>e^e~ events (expected to peak at EK=['2);
b PR varible for Monte Carlo simulated e"e' -»r T T_~ (shaded) and
e*e~ ->fi*>*~ events (expected to peak at PR = ]/2); c Efficiency
of the filter as a function of the momentum of the particle with
maximum momentum in the event in units of £'be]lm

3. The variable PR = \/Pf + P\l E^m, where P{ is the
momentum of the isolated charged particle and P2 is the
resultant momentum of the recoiling jet had to satisfy the
requirement PR< 1.3.

These cuts suppress the e + e~ —>e + e~ and e + e~ —*/4 + n ~
backgrounds while affecting only slightly the z + r ~ sam-
ple. Figure 1 a shows ER for simulated tau pairs and
e +e~ —>e*e~ events. Figure lb shows PR for simulated
tau pairs and e + e~ -*pi + n ~ events. Figure lc shows the
average efficiency of the filter as a function of the mo-
mentum of the particle of maximum momentum in the
event, Pmitx. Small decay mode dependent biases lead
to slightly different acceptances for the individual chan-
nels considered: z~ -*e~vrvx 82.8±0.8%; r~-»/v~vwvr

87.2±0.8%; r~ ^n~ (K~)v r 84.1 ±0.8%; z~-*p~vr

83.8 + 0.8%.

4 Calculation of branching ratios

Starting from the tau-enriched sample a decay-mode-de-
pendent selection is performed. The branching ratio for
a specific channel is then calculted from the expression

BR(r
/yobs j _ y-bkg

(4)

ground fraction in the sample, and e, is the overall effi-
ciency to select T -M decays normalized to the full solid
angle. /Vr. r~ is the number of tau pairs in the full solid
angle computed from a previous measurement of the tau
pair cross section [16] using the relation

IV

= 2^=-ea-6L)/,, (5)

where the index 7 = 1 , 7 runs over the seven energy points
measured in the line scan, Nt'mc is the number of decays
found per energy point in the line scan, £^ne is the effi-
ciency of the tau pair selection used for the linescan.
b{mo is the background for the linescan selection, and /' t
takes into account the slightly different run selection for
this analysis and the line scan analysis. We obtain
/Vr + T- =4884. A common fractional systematic error of
2.4% is included in all branching fraction measurements
arising from the statistical uncertainty in A^nc (2.1 %) and
the uncertainties in £ljne(1.0%), />line(0.6%) and /.v(0.4%).

The systematic errors in the computation of the
branching ratios are mainly due to the uncertainties in
the background estimate and in the selection efficiency
for the different channels studied. In the case of the lep-
tonic decays of the tau, both the efficiency and the back-
ground can be measured from the data themselves or the
data can be used to correct the Monte Carlo simulation.
This is more difficult to do for the hadronic channels, in
particular for the decay r~~*p'vT, where one has to
rely heavily on the simulation. In this case the errors were
estimated by varying the selection cuts within resonable
values.

5 Tau polarization

The angular distribution of the tau decay products in the
tau rest frame is correlated with the tau spin and affects
the momentum spectrum of the decay products in the
laboratory frame. This momentum distribution can there-
fore be used to measure the tau polarization. Neglecting
radiative corrections and the masses of the decay pro-
ducts, the Standard Model prediction for the momentum
spectrum in the decay z" -*l~~ v,vr (where l = e,jj) is

— dJ^. = ̂ j[S-9xf +4.x-/

+ Pr(\-9xf +&x?)],

while for the decay z~ -*n~ {K~ ) \ \ ,

i A \r

•-=l+Pt(2xg-\),
dx

(6)

(7)

where x/-,x

where N"^ is the number of decays passing the selection
criterial for the decay mode /. / h k g is the estimated back-

are the momenta of the emitted lepton or
pion (kaon) divided by the beam momentum.

In order to measure the tau polarization, a linear com-
bination of simulated event distributions for positive and
negative helicity have been fitted to the corrected mo-
mentum spectra of the muon produced in the decay r ~
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-*H v^vr and the pion produced in the decay T -*n vr

while for the decay r~ -*e~ 9evz the corrected spectrum
of energy deposited in the calorimeter has been fitted to
reduce effects due to radiation of photons.

The corrected binned momentum or energy distribu-
tion to be fitted is obtained from the observed distribution
via the transformation

= - • Z (8)

where the corrections due to the centre-of-mass energy
dependence of the value of PT have been neglected since
they are negligible at this level of statistical precision. Utl

is the unfolding matrix that relates the number of events
in the bin j of the observed distribution to the number
of events in the bin / of the corrected distribution, e, is
the efficiency in bins of the corrected distribution and
/,bkg is the estimated background in bins of the observed
distribution. U,t is calculated from Monte Carlo simu-
lation. The small uncertainty on the estimation of U,t
arising from the fact that the calculation is not completely
independent of the value of PT assumed in the Monte
Carlo simulation is negligible compared with the major
sources of systematic errors, which are discussed in the
corresponding sections.

In the decay r"" — p ~ vr the vector structure of the p
meson allows two different helicity states, 0 or — 1, de-
pending on the component of the spin of the tau along
the decay axis. This implies a reduction in the sensitivity
of the momentum spectrum of the p to Pz, compared
with that appearing in (3), by the factor [7, 17]

a =
m2-2m2

p (9)

Thus, since a ~ 0.46, the sensitivity of this channel to PT

would be poorer than for the channel z~->n~vT if the
momentum spectrum were fitted. However, the sensitivity
to Px can be regained [18, 19] by measuring the helicity
of the spin-1 system. To this end the final state can be
defined by two angles: the angle 0T of the p momentum
in the z rest frame

p - I -m:
p/m;

\-m2/m2 (10)

and the angle 6 p which characterizes the decay distri-
bution of the p into final state pions

E.-E,

I mp-4m;
(11)

To measure the tau polarization, a linear combination of
simulated event distributions for positive and negative
helicities was fitted to the corrected distributions for the
angles dr and 9p with pT taken as a free parameter.

6 The T —*e vevr channel

Candidates for the decay z" -*e~vt,vT are characterized
by an isolated charged particle identified as an electron.
In DELPHI, electrons are identified using calorimetric
information from the HPC and the energy deposited per
unit length (d£/d.v) in the TPC. To identify an electron
in the HPC use was made of its good spatial resolution
and high granularity. The mean longitudinal profile of
the energy deposition in an electromagnetic cascade can
be described [20] by a gamma distribution

dE/di = E0-b-
r(a)

( 12 )

where / is the shower depth expressed in radiation lengths,
£„ is the shower energy and a and b are empirical pa-
rameters. In this parametrization. the maximum of the
shower rmax = a/b and the scale factor L=\/b are both
logarithmically dependent on £ ( r To identify a particle
showering in the HPC as an electron, the theoretical ex-
pression above is used to predict the expected energy
deposited per layer, and the x~ of the difference between
the predicted and the actual value of the energy deposited
per layer is computed. The momentum of the track is
used as an approximation for £„. The x~ computed in
this way is used as identification variable EX. Details of
the algorithm can be found in [21].

The electron identification efficiency was measured
with a test sample of events in which a primary electron
radiates a virtual photon that Compton-scatters against
the other electron. These events were selected by requiring
only one charged particle in the barrel region of the de-
tector and more than 15GeV energy deposited in the
FEMC or the SAT. In addition e + e~ —*e*e events were
used to cover the full momentum range. The signature of
the hadronic background was also studied with a test
sample of hadrons from r decays obtained by requiring
single tracks with a d£/d.v deposition in the TPC incom-
patible ( < 0.5% probability) with that expected for an
electron and with more than 1 GeV energy deposited in
the HPC. With this sample one can measure the fraction
of hadrons that are identified as an electron for a given
value of EX. Monte Carlo simulation has been used to
correct for the fact that the hadron sample has a different
momentum distribution than the potential background
from hadronic tau decays. The variable REL is defined
as the normalized difference between the d£/d.v mea-
sured and that expected for an electron. A cut on
REL< —2 provides a hadronic sample virtually free
from electron contamination. This is illustrated in Fig. 2a,
where the REL distribution is shown for single tracks of
more than 2 GeV/c momentum together with the Monte
Carlo prediction for electrons. The variable EX is shown
in Fig. 2b for the electron and hadron data samples. De-
manding EX < 3 one obtains an electron identification
efficiency of 96 ± 1 % in good agreement with the Monte
Carlo prediction. The procedure to select z ~ -*e~ v,.vr

candidates was then as follows.
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Fig. 2a, b. Variables used for electron identification, a REL dis-
tribution for single tracks with more than 2 GeV/c momentum (dots
with error bars). Superimposed are the Monte Carlo predictions
for electrons (shaded) and hadrons. b EX distribution for the elec-
tron and hadron (shaded) data samples. The normalisation between
the two samples is arbitrary

1. The event had to contain a single charged track in one
hemisphere with a momentum greater than 2 GeV/c and
an energy deposition greater than 1 GeV in the HPC.
2. The track had to be identified as an electron in the
HPC (EX < 3) with a value of d£/d.v in the TPC com-
patible with that expected from an electron () REL\ < 2).
3. The total energy of the neutral particles not associated
to the charged track in a cone of 30° around its direction
was required to be less than 5 GeV.
4. The energy deposited in the hadronic calorimeter had
to be less than 1 GeV.

The efficiency of these selection criteria was found to be
72.3 ± 1.0%. The electron test sample was used to correct
the Monte Carlo calculation bin by bin. The integrated
correction was 0.914 + 0.013. The major discrepancies be-
tween data and the Monte Carlo simulation were found
in the track-shower linking efficiency of the HPC and in
the fraction of electrons depositing more than 1 GeV in
the hadronic calorimeter. The background arising from
other tau decays was estimated independently from
Monte Carlo simulation and from the hadron data
sample to be 4.5 ±1.0%. The main contributions to
this background were the decay modes r~—*p~vT and
T~ -*7l ~ V r .

Once an electron was identified in the event, additional
conditions were imposed to suppress the background
arising from e + e~ - » t r f " events and two-photon events.
The background due to e~e~ -*e + e~ was suppressed
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using the fact that these events should deposit a large
amount of electromagnetic energy in the HPC. However,
e + e~ --e + e events in which one of the electrons is near
a gap between modules of the HPC can deposit consid-
erably less energy. Therefore events where either of the
particles entered the HPC within 1° of a gap were re-
jected. To further reduce the e + e ~ -*e^e~ background
the total electromagnetic energy in the event was required
to be less than 1.2£beam except when the particle with
the highest momentum in the opposite hemisphere en-
tered the HPC within 2° of a gap in which case this cut
was tightened to 1.1 Ebesim and the event acoplanarity was
required to be greater than 1°. These selection require-
ments reduced the e*e^e*' e~ background to
0.7 ±0.3%.

The background due to two-photon interactions was
further suppressed by requiring the missing transverse
momentum in the event to be greater than 0.5 GeV/c and
the event acollinearity to be less than 15°. These criteria
reduced the two-photon background to 0.8 ± 0.4%.

These selection criteria resulted in a sample of
554 r~ —•<? v,.vr candidates. The overall efficiency of
identification of r~—•*•"<>,.vr decays inside the fiducial
volume was found to be 44.4 ± 1.0%. To measure the
polarization, the distribution of electromagnetic energy

0.2 0.4 0.6

Fig. 3a-c. a Selection efficiency for the decay r -*e v, vT plotted
as a function of the electron energy in units of f ,̂,,. b Distribution
of measured energy in the decay r -*e 'v,.v. in units of £,,.,„„. The
points with error bars are the data. Superimposed are the Monte
Carlo prediction for the signal and the background (shaded). The
simulated events where generated assuming the Standard Model
prediction P. =0.16. c Corrected energy distribution of the decay
T ~ -*e "V,.vr in units of i^, , , . The points with error bars arc the
data. The fit is superimposed
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deposited in a 30° cone about the track £(, was used in
preference to the particle momentum as this had smaller
corrections from radiated photons. The efficiency is
shown plotted in bins of normalized energy XL. =
£1

(,/£beam, in Fig. 3a. In Fig. 3b the resulting electron
candidate energy spectrum is shown superimposed with
the Monte Carlo prediction (for PT= —0.16) for both
the signal and the background. In Fig. 3c the corrected
spectrum is shown together with the fit. A value for the
tau polarization of

PT= -0 .12 ±0.22 ±0.08

was obtained. The major sources of systematic errors
were the dependence of the identification efficiency with
the energy (0.05), the background subtraction (0.03), the
uncertainty in the energy resolution (0.04) and the Monte
Carlo statistics (0.03). A value of the branching ratio

BR(r v t .v r)= 18.6±0.8(stat.)±0.6(sys.)%

was obtained. Sources of systematic error included the
selection efficiency (0.4%) and background subtraction
(0.2%).

Fig. 4. Energy deposition in the HCAL for muons from data (points)
with Monte Carlo superimposed (solid line)

7 The T channel

Candidates for the decay T -*/J VUVT are characterized
by an isolated charged particle identified as a muon. A
muon is a Minimum Ionizing Particle (MIP) in the HPC
and HCAL and produces hits in the muon chambers.
This can be used to achieve a high-efficiency, low-back-
ground muon identification. In addition, the efficiency of
selection criteria based on one detector can be measured
by selecting a muon sample using the other detectors or
by using /u + n events.

The cosmic-ray background was reduced by removing
events with a 1 - 1 topology that satisfied either of the
following conditions.

1. j —, — r : | > 3.0cm. where r, and r, are the z coordi-
nates of the two tracks in the event at their points of
closest approach to the beam axis. Due to the drift in z
being in opposite directions for + z and - z in the TPC
this is equivalent to requiring that the event be within a
time interval of ± 110 ns relative to the bunch crossing
time.
2. A time of arrival more than 25 ns from the time ex-
pected for a Z event, using the OD pattern recognition.

A study of these cuts using events in an extended vertex
region showed the remnant cosmic background to be neg-
ligible, with no measurable loss of r * r events.

A charged particle was identified as a muon if it
satisfied an AND of the following criteria.

1. The particle had to deposit less than 3 GeV energy in
the HPC.
2. The total electromagnetic energy deposited in a cone
of 30° around the track had to be less than 0.3 GeV.

3. The particle had to give a signal in the HCAL con-
sistent with that expected from a muon. The total energy,
£H C A L , deposited by the particle in the HCAL had to
satisfy the following cuts as a function of the track polar
angle 9:
(a) for 55° < 9 < 88°, £H C A L < 10.0 GeV/sin" (9),
(b) for 51° < 9 < 55°, £HCA , < 15.0 GeV.
(c) and for 43° < 9 < 51°, E HCAL 12.5 GeV.
The variation is due to the change in depth of the material
in HCAL as a function of polar angle. Figure 4 shows
the energy deposition in the HCAL for muons in dimuon
events selected using a tight acollinearity cut and requir-
ing that the particle in the opposite hemisphere has muon
chamber hits.
4. One or more hits in the muon chambers or any energy
deposition in the outer layer(s) of HCAL. This was the
fourth layer for 51° < 9 < 129° and was defined as the
sum of the third and fourth layers for 43° < 9 < 51° and
129° < 9 < 137°.

The efficiency of these selection cuts was 89.9 ± 2.0% with
good agreement between the Monte Carlo estimate and
data using muons in n + n ~ events. The background from
other tau decays was calculated from Monte Carlo sim-
ulation and checked with a background-free sample of
pions obtained by requiring the positive identification of
a r p vr decay. Simulation and data agree well, giving
a background estimation of 2.3 ± 1.0%, mainly from the
T~ -*n~ \\ channel.

Other major sources of background were
e~e~ —>n"n~ events and two-photon events. The two-
photon background was suppressed by requiring the
missing transverse momentum in the event to be greater
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than 0.5 GeV/c and the event acollinearity to be less than
15°. These selection criteria reduce the two-photon back-
ground to 0.9 ±0.5%. An event was rejected as a
e + e~ -*n+n~ event if it satisfied any of the following
conditions.

1. PK = \^pJTpl/Ebeam greater than 1.2.
2. If the particle in the opposite hemisphere to the iden-
tified particle was consistent with being a muon as defined
by the identification criterion (4) described above, and if
either of the following two conditions were satisfied:
(a) Popp>0.7Ebmn,
(b) min(Popp+Econc,PfJ)>0.6E^m.
Popp is the momentum of the particle in the opposite
hemisphere and Econe is the energy deposited in a 30°
cone about this particle and Pll is the momentum of the
identified muon. Cut (b) removed the tail of radiative
e + e~ -*n + n ~ events.
3. If the opposite hemisphere contains more than one
charged particle and the particle with the highest mo-
mentum satisfies criterion (4) as discussed above. This
removes background from JJ+ fi~ y events where the pho-
ton has converted.

The efficiency for identifying a muon with selection cri-
terion (4) was 97.1 ±0.6%. The fraction of muon and
hadronic tau decays satisfying this condition was 21%.

.y os -

OS

Fig. 5a-c. a Selection efficiency lor the decay r ->fj vo vr plotted
as a function of the muon momentum in units of ftas. b Distri-
bution of measured momenta in the decay r ~ -*fi \>uv, in units of
E t a m . The points with error bars are the data. Superimposed are
the Monte Carlo prediction for the signal and the background
(shaded). The simulated events where generated assuming the Stan-
dard Model prediction Pr= —0.16. c Corrected momentum distri-
bution of the decay r " -*fi ' Pu vr in units of E^,m. The points with
error bars are the data. The fit is superimposed

Both numbers showed good agreement between Monte
Carlo and data. The positive identification of candidates
makes it possible to suppress the e + e~ -*n +/i ' events
while minimally distorting the r ~ -*n ~ % v r spectrum and
with negligible effect on the branching ratio measure-
ment. The remaining background from^/ + n ~ events was
estimated to be 1.1 ±0.5%.

With these selection criteria the data sample contained
687 events. The overall efficiency of identification of
r~ -*/u ~v^vr decays inside the fiducial volume was found
to be 59.9 ±1.1 %. The efficiency is shown plotted in bins
of normalized momentum Xv = Pv/Ebciim in Fig. 5a. In
Fig. 5 b the muon candidate momentum spectrum is
shown superimposed with the Monte Carlo prediction
(for PT = —0.16) for both the signal and the background.
In Fig. 5c the corrected spectrum is shown together with
the fit. A value for the tau polarization of

PT = - 0.05 ±0.18 (stat.) ± 0.07 (sys.)

was obtained. The dominant systematic errors were the
dependence of the identification efficiency with the en-
ergy (0.02), background subtraction (0.05), the momen-
tum resolution (0.03) and the Monte Carlo statistics
(0.03).

The branching ratio was calculated to be

BR (r v r) = 17.4 ± 0.7 (stat.) ± 0.6(sys.)%.

The systematic errors arose from the selection efficiency
(0.5%) and background subtraction (0.2%).

8 The r (K')vT channel

The identification O(T~ ~*n" (K~ )vT decays is more dif-
ficult, since most other tau decay channels are potential
sources of background. The separation of electrons and
/?'s from pions relies on the fine granularity of the HPC.
The separation of pions from muons requires the hadron
calorimeter and the muon chambers. In this analysis the
two major difficulties are, firstly, to remove background
from r~ -*fi ' vu vr while keeping good efficiency for high
momentum pions which have a tendency to leave energy
deposits deep in the HCAL or in the muon chambers,
and secondly, to remove background from r~—*p~vT

decays where the n° is lost, either because it escapes
through a gap between modules of the HPC or because
it has too low an energy to be reconstructed. In order to
achieve optimal separation between pions and muons the
analysis was restricted to the region 52° < 6 < 128° where
the HCAL and the MUB have maximum redundancy.

A r~ -*n~ (K~ )vz candidate had to satisfy the fol-
lowing requirements.

1. The hemisphere had to contain a single charged par-
ticle with momentum greater than 0.1 E^^.
2. The particle had to deposit energy in the HPC or the
HCAL.
3. There should be no reconstructed neutral particles in
a 30° cone around the particle. This rejects tau decays
containing 7r"'s.
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4. In order to reject electrons it was required that the
particle deposits less than 350 MeV energy in the first 4
layers of the HPC. This corresponds to about 4 times the
average energy deposition of a minimum ionizing par-
ticle.
5. The separation of pions from muons was achieved by
rejecting all the particles that were identified as muons
when at least one of the following conditions was ful-
filled:
(a) if there were one or more hits associated to the track
in the outer layer of the muon chambers,
(b) if a particle with a polar angle 6 left an energy de-
position £HCAL

 m t n e HCAL consistent with a minimum
ionizing particle as defined by the cut

and if it was identified as a muon using the outer layer(s)
of HCAL or the muon chambers as described under se-
lection criterion (4) in Sect. 7. jVbyers is the number of
layers in HCAL with an energy deposition greater than
zero.

The overall efficiency to select r -*n {K ) v r decays
from the sample was computed by Monte Carlo simu-
lation to be 34.7 ± 2%, where the major contribution to
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Fig. 6a-c. a Selection efficiency for the decay r -*n ' (K
plotted as a function of the pion momentum in units of E^
Distribution of measured momenta in the decay r -*n (K~ )v r

in units of EUAm. The points with error bars are the data. Super-
imposed are the Monte Carlo prediction for the signal and the
background (shaded). The simulated events where generated as-
suming the Standard Model prediction PT= - 0 .16 . c Corrected
momentum distribution of the decay T ~-*n (K ~)v, in units of
E^.dm. The points with error bars are the data. The fit is superim-
posed

the uncertainty arose from the poor knowledge of pion
interactions in the HPC. The background from other tau
decays was computed by Monte Carlo simulation to be
7 ± 3 % , due to r"—/<~v^v r(3%), r->nvT +nn°(2%)
and T-*K*VT (2%). The background from dimuon events
was estimated to be 0.9 ±0.7%.

After the selection, 283 r~ -*n ~ (K~) vT candidates
remained. The efficiency is shown plotted in bins of nor-
malized momentum Xn = Pn/EhCiim in Fig. 6a. In Fig. 6b
the resulting pion candidate normalized momentum spec-
trum is shown superimposed with the Monte Carlo pre-
diction (for PT = - 0.16) for both the signal and the back-
ground. In Fig. 6c the corrected spectrum is shown to-
gether with the fit. A value for the tau polarization of

Pt = -0 .35 ±0.11 ±0.07

was obtained.
The dominant systematic errors were the dependence

of the identification efficiency with the energy (0.01), the
background subtraction (0.06), the momentum resolu-
tion (0.03) and the Monte Carlo statistics (0.03).

The measured branching ratio was found to be

BR (r (A:" ) v r) = 11.9 ± 0.7 (stat.) ± 0.7 (sys.)"/,

The systematic errors arose from uncertainties in the se-
lection efficiency (0.6%) and background subtraction
(0.3%).

9 The T -* p v t channel

The criteria used to select the decay r~—*pv r were
based on the good spatial resolution of the HPC. Since
the n° produced in the decay p-*nn° decays into two
photons, the ability the detect and separate electromag-
netic showers is essential for this analysis. The ideal sig-
nature of the channel occurs when the two photons can
be separated, their invariant mass reconstructed and
found to be compatible with the mass of the 7ru, and the
invariant mass of the n" — n system found to be com-
patible with the p mass. This requires that both photons
be identified in the HPC, which in turn requires the na

to have sufficiently low energy (typically around 5 GeV)
so that the two photons separate enough to be recon-
structed as two separate showers. Only about 40% of the
candidate decays satisfied this requirement. In the case
where an energetic n° decays into two photons which are
too close to be separated as two independent neutrals in
the HPC, the structure of the energy clusters in the first
three layers of the HPC (about 4 radiation lengths) can
be used to separate these two photons. When two such
photon showers were identified inside a neutral cluster
the invariant mass was computed by assigning half of the
neutral energy to each of them. About 20% of all
r~ —>p~vT candidates had this topology, which was free
of background. In about 60% of cases, therefore, one
could impose the reconstruction of the 7r° mass in addi-
tion to the reconstruction of the p mass.
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In the remaining 40% of the candidate z -*p"vT

decays, one of the photons was lost because it entered a
gap in the HPC, or because it could not be reconstructed
due to either a late conversion (i.e. in the outer wall of
the TPC) into a electron-positron pair or to having an
energy too low to be detected in the HPC. This topology
appeared as one charged particle plus one photon. In
order to reduce backgrounds, a cut was made on the
invariant mass of the y — n system as discussed below.

The procedure used to select the candidate tau decays
was as follows.

1. It was required that an isolated charged particle had
one or two neutral showers of greater than 0.5 GeV en-
ergy in the surrounding 30° cone, that these showers
started before the fourth layer of the HPC and that they
deposited energy in at least three layers of the HPC.
2. The total electromagnetic energy in the event had to
be less than 1.3 £ t a m and the momentum in the hemi-
sphere opposite to the candidate had to be lower than
0.85 /^am t 0 reject the e + e~ -*e + e~ and e + e~ -*n + n ~
backgrounds.
3. To suppress the background coming from r~->
e~v,,vr, the track of the r~-*p~vT candidate was re-
quired to have the EX variable as defined in Sect. 6 greater
than 1.5. Low momentum electrons which radiate a pho-
ton were eliminated by asking that, if the charged particle
momentum was less than 5 GeV/c, the sum of the n° and
the charged particle deposited energies divided by the
charged particle momentum be outside the range between
0.5 and 1.5.

z
o

m r r (GeV/c)

Fig. 8. Invariant mass of the n" candidates (with the two resulting
photons identified as two separate neutral particles in the HPC)
for data (points with error bars) and Monte Carlo simulation (solid
line)

60 -

E.« (GEV)

Fig. 7. Energy of the neutral particle produced in the decay
T~ -*p~ v,, p->nn° for data (points with error bars) and Monte
Carlo simulation (solid line); the shaded area corresponds to the
contribution of the energetic 7r° (the two photons are not resolved
into two neutrals but identified using the first three layers of the
HPC)

m,,i (GeV/c)

Fig. 9. Invariant mass of the p candidates for data (points with
error bars) and Monte Carlo simulation (solid line) after the cut
on n" mass. The shaded area corresponds to the background
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Fig. 10. Raw distributions of cos 0, and cos 0^ in r -*p vrevents.
The data are the points with error bars. The Monte Carlo prediction
for P, = -0.16 is superimposed

The events were then classified into two categories: 1)
n + reconstructed n° and 2) n + y. In both cases, a min-
imum energy of 1.5 GeV was required for the neutral
particle (y or n°). Figure 7 shows the energy distribution
of the neutral particle as defined above.

To select an event in category 1) the invariant mass
of the two neutrals was required to be in the range
0.04 GeV/c2 < mnU < 0.40 GeV/c2.

In both cases, the invariant mass of the n — (y or n°)
system was required to be in the range 0.5GeV/c2<
/ » „ _ , „ „ „ « , < 1.1 GeV/c2.

Figure 8 and Fig. 9 show the reconstructed n° mass
and the reconstructed p mass distributions respectively,
superimposed with the Monte Carlo prediction. After
these selections, 694T~ —*p~vT candidates remained. The
overall efficiency inside the geometrical acceptance was
computed by Monte Carlo simulation to be 41.2 + 2.0%.
The background as determined by Monte Carlo simula-
tion was 16±2%, mostly due to the x^>nnun°v and
r-*K*v decay modes. Figure 10 shows the distribution

of the angles defined in Sect. 4 for Monte Carlo and data.
A maximum likelihood fit gave

PT= -0.24 ±0.09 ±0.07.

The main contributions to the systematic error arose from
the uncertainties in the acceptance and the photon re-
construction efficiency (0.06), the background subtrac-
tion (0.02) and the Monte Carlo statistics (0.03).

The measured branching ratio was

BR(r = 22.4±0.8(stat.)± 1.3(sys.)%.

Systematic errors arose from selection efficiency (1.1%)
and background subtraction (0.4%).

10 Conclusions

Table 1 summarizes the results obtained from the analysis
of the different decay channels. The weighted mean of
the measurements in the different decay channels gives
an estimate for the tau polarization of

PT = -0 .24 ±0.07.

The statistical and systematic errors have been added in
quadrature, neglecting small correlations between the sys-
tematic errors of the different decay modes. Using (3), a
value of the ratio of the vector to the axial coupling
constant of the tau to the Z of

— = 0.12 ±0.04

is obtained, thus yielding a value of the effective mixing
angle

sin2 6 = 0.220 ± 0.009 ,

in agreement with the value for sin2 ffn(mj.) of
0.2338 ±0.0027 derived from the Z line shape and asym-
metry measurement [16]. The present results are in good
agreement with those published recently by the ALEPH
[23] and OPAL [24] collaborations.

The observed electronic branching ratio of
18.6±0.8(stat.)±0.6(sys.)% agrees well with the value
of 18.9 ±0 .5% predicted using the world average value
for the tau lifetime of 303 ± 6 fs in (I) and assuming tau-
muon universality. Using the measured branching ratio

Table I

Number of candidates
Identification efficiency ("'<>)
Background in channel (%)
P,
Branching rat io ("'«)

T —»£

554
44.4

6.0

1 vrvT

± i.o
+ I.I

-0.12 + 0.23
18.6 ± 1.0

r —*/J

687
59.9
4.4

-0.05
17.4

+ 1.1
+ 1.2
±0.19
±0.9

T ~* 71

283
34.7

7.9
-0.35
11.9

V,

T2.0
±3.1
±0.13
+ 1.0

r — p

694
41.2 ±
16.0 -

-0.24 +
22.4 +

v r

2.0
2.0
0.11
1.5
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and the world average lifetime, one can estimate the ratio
of the tau Fermi coupling constant to that of the muon:

GJGU= 0.99 ±0 .03 ,

in very good agreement with tau-muon universality. A
slightly smaller number is obtained by asuming electron-
muon universality and using the muonic branching ratio
to compute Gz/Gli.

The measurements of the electronic and muonic
branching ratios give a value for R£dli of 3.44 ±0.24. Us-
ing the theoretical expression for /?^ad [25] we obtain

, . , , , , ,+0 .09
a s (w r )=0 .26

— u. l z

Using the renormalization group [26, 27] this value can
be extrapolated to Q2 — nt^, giving

+ 0.012
<xs(mz)

 u l u y _ 0 0 2 8 '

in agreement with the value of a s (w z ) = 0.112±0.OO7
obtained from an analysis of the topology of Z decays
[28].
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1 Introduction

Although much has been learned about the r lepton since its discovery in 1975 [1], our

knowledge of this fundamental constituent of nature is still far inferior to that of its lighter

sisters, the electron and the muon [2]. Important discrepancies remain in our understanding

of its decay properties. Being heavy enough to decay to hadronic final states and having

a lifetime short enough for it to decay inside our detectors, the T constitutes an important

laboratory for testing fundamental aspects of the electroweak interaction. High statistics

samples of T+T~ pairs are being collected by the four LEP experiments. Apart from providing

unique measurements of the coupling of the r to the Z°, these begin to provide high precision

measurements of fundamental parameters of the r lepton.

The decay Z° —* T+T~ is characterized by having two low multiplicity, highly collimated

back-to-back jets consisting of charged particles and neutrals. The undetected neutrinos

from the r decays lead to significant missing energy. The background from multihadron

production at LEP energies is characterized by a relatively high charged multiplicity and

is thus easily reduced. Backgrounds from e+e~ —+ e+e~ and e+e~ —• fi+fi~ leave very

characteristic signatures in the LEP detectors, all possessing good charged-particle tracking,

electromagnetic calorimetry and muon identification. Radiative events, e+e~ —+ e+e~7 and

e+e~ —> fi+fx~f, can be correctly identified due to the good hermeticity of the calorimetry.

Finally, the background from two-photon collisions, e+e~ —• (e+e~)X, where the final state

electron and positron escape undetected at low scattering angles, is also easily reduced.

Firstly, the two-photon processes are not enhanced by the Z° resonance, and secondly the

X final state is easily recognized due to its characteristic low momentum particles, high

acolinearity, and transverse momentum balance. As a consequence of the naturally low

background, high purity r samples can be attained without sacrificing selection efficiency or

introducing strong decay channel or momentum biases.

The organization of the review is as follows. First the f lifetime measurements are

discussed; the succeeding sections, which cover the topological and exclusive branching ratio

measurements, include a discussion of two long-standing controversies in r decays and a

derivation of a, from the r hadronic width; the r polarization measurements are discussed

next; finally a test of CP-invariance in T+T~ production is summarized.

2 Measurement of the r lifetime

The T lepton has an average lifetime of about 300 fs, which due to the high Lorentz boost at

LEP (7 ~ 25.5) leads to an average decay length of about 2.3 mm. Basically two variables

are exploited to extract the lifetime information: the decay length measured in 1-3 (and 3-3)

topologies and the impact parameter measured in 1-1 topologies. Accurate measurements

of both variables require high resolution tracking of charged particles with high precision

1
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extrapolation back to the T decay point.

The most direct way of determining the r lifetime is by a measurement of the distance

from the T production point to the r decay point. In practice the projection on the plane

perpendicular to the beam direction is measured. The r production point is taken as the

average position of the beam collision point determined through the observation of multi-

hadronic Z° decays. The decay vertex is reconstructed in 3-prong decays by fitting the three

final state tracks to a common vertex. Measurement uncertainties arise from the reconstruc-

tion of the decay vertex, from the assumption that the T+T~ pair is produced at the center

of the beam spot (<7Horiz * 15/xm, <7vert ~ 140/im), and from the assumption that the r

direction coincides with the event thrust axis.

The impact parameter is defined as the closest approach of the track extrapolation to the

assumed r production point. The sign is defined according to whether the intersection of

the track with the event thrust axis occurs upstream or downstream of the production point.

In principle all T decays should have positive impact parameters, but due to measurement

uncertainties negative values occur. The average impact parameter at LEP energies is about

50/zm. The lifetime information is traditionally derived from the measured impact parameter

distribution directly. This measurement relies heavily on Monte Carlo simulation. Several

samples with different lifetimes are generated and the relationship between the measured

impact parameter distribution and the lifetime is extracted. Measurement uncertainties

arise mainly from the lack of knowledge of the exact r production point due to the finite

beam spot size and from the assumption that the T direction coincides with the thrust axis.

ALEPH has developed two new methods for measuring the r lifetime in 1-1 topologies:

the impact parameter difference (IPD) and the impact parameter sum (IPS) methods. In

the IPD (IPS) method the lifetime is extracted from the correlation between the difference

(sum) of the two impact parameters and the difference (sum) of the two azimuthal angles

between the r and its decay products (for details, see Ref. [3]). The IPD method has the

advantage that it is basically independent of Monte Carlo simulations and of the r direction

of flight but it is sensitive to the uncertainty on the r production point. The IPS method,

which is strongly dependent on both the simulation and the r direction, is on the other hand

independent of the production point.

All four collaborations have published lifetime measurements based on the data collected

during the 1990 LEP run [4, 5, 6, 7]. The average lifetime derived from these measurements of

rT = 302 ± 9 fs is consistent but barely competitive with the world average lifetime without

LEP of rT = 303 ± 8 fs [8]. Very accurate measurements based on the 1991 data have

started to arrive from ALEPH and DELPHI. Both collaborations base their measurements

on high precision vertex detectors consisting of 2 or 3 concentric layers of silicon microstrips

positioned right outside the beam pipe at radii between 6 and 11 cm. A space point resolution

of better than 10 /zm in the r<f> projection resulting in an impact parameter resolution of

about 25 fim and a decay length resolution of about 600 fim is typical for these detectors.
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Published results 1990:
ALEPH DELPHI L3

Appendix E

OPAL

Decay Length
Impact Parameter
— Difference
Combined Methods

294 ±25 ±11
293 ± 17 ± 10
285 ± 17 ± 6
295 ± 10 ± 5

310 ±31 ±9
321 ± 36 ± 16

302 ± 36 ± 21
318 ± 28 ± 37

314 ± 25 309 ± 23 ± 30

327 ±17 ±11
293 ± 13 ± 13

308 ± 13

Preliminary results 1991:
Decay Length
Impact Parameter
— Difference
— Sum
Combined Methods

295 ± 10 ± 5

309 ± 10 ± 6
290 ± 6 ± 6
296 ± 5 ± 4

301 ± 12 ± 8
316 ± 14 ± 10

307 ± 9 ± 6

1990 + 1991 295 ± 6 308 ± 10

Table 1: r lifetime measurements (fs) from LEP. Where two uncertainties are given, the first
is statistical the second systematic.

Table 1 summarizes the r lifetime measurements from LEP. For the measurements based
on the 1990 data-sets, only DELPHI made use of a silicon microstrip vertex detector. For
the 1991 running period ALEPH and OPAL have also installed such detectors. The resulting
improvement in the ALEPH decay length measurement is significant. This method now
provides the smallest systematic uncertainty for all four experiments. The IPD method
of ALEPH shows only statistical improvements compared to last years analysis. The IPS
method with a similar systematic accuracy, shows a markedly higher sensitivity to the lifetime
information, and thus provides the most precise measurement from ALEPH. The preliminary
result from DELPHI is based on a partial 1991 data-set and the statistical precision will thus
improve. Furthermore, in addition to probable systematic improvements of the traditional
methods, some improvements are likely to come from a study of the new methods pioneered
by ALEPH. L3 and OPAL have not yet released their new measurements. Taking into account
the nice 1990 measurement by OPAL, the two times higher statistics of 1991, and their silicon
vertex detector, a very precise measurement is likely to come from this collaboration as well.

The combined result of the LEP experiments of rT = 300 ± 5 fs is now considerably
more precise than the non-LEP world average, with which it is nicely consistent. With the
finalization of the 1991 analyses, and the additional statistics currently being collected, the
precision of the LEP experiments will show further improvements soon.

3 Measurement of topological branching ratios

The r lepton must decay to an odd number of charged particles. The high multiplicity decay
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%

ALEPH

L3
OPAL

LEP Average
PDG 1990

B(T -* 1-prong) B(T —• 3-prong) B(T —̂  5-prong)

85.45±S.'ra ± 0-65 14.35+8;$ ± 0.24 0.10±g;gJ ± 0.03
85.6 ±0.6 ±0.3 14.4 ±0.6 ±0.3 < 0.34
85.39 ± 0.46lg;£ 14.50 ± 0.46±g;|f 0.11 ± 0.08+£}J

85.48 ±0.44 14.40 ±0.34 0.10 ±0.05
86.13 ±0.33 13.76 ±0.32 0.11 ±0.03

Table 2: Topological branching ratios of the r.

modes are severely suppressed; the 1 and 3-prong modes account for about 99.9% of the total
decay width. The determination of the topological branching fractions is fundamentally a
counting measurement where the number of decays into 1, 3, 5,... charged particles (prongs)
are determined. In practice tracks may be lost due to overlaps, dead regions, and interactions;
or additional tracks may appear due to converted photons, Dalitz decays, and hadronic
interactions inside the tracking volume. These effects can be well understood and corrected
for by studying r decays in a detailed Monte Carlo simulation of the experimental setup.

The results obtained by ALEPH [9], L3 [6], and OPAL [10] are listed in Table 2. The
average value for B(T —• 1-prong) falls 0.65% below the previous world average. Following
this, and the the strong anti-correlation between the two, B(r —> 3-prong) falls 0.64%
above the previous world average. Further statistics is needed for the LEP collaborations to
make precise measurements of the 5-prong branching ratio. The existing measurements are,
however, consistent with the world average.

4 Measurement of exclusive branching ratios

The exclusive branching fractions of the r have for a long time been subject to intensive
investigations. Some controversy exists mainly in the 1-prong channel, where the sum of
the exclusive branching fractions, found by averaging many generally low precision measure-
ments, does not fully account for the measured 1-prong topological branching fraction. Using
the latest world-average values, the observed deficit amounts to 4-6%, depending on how
many theoretical assumptions are made about some experimentally poorly known branching
fractions. The small decrease in the 1-prong branching fraction indicated by the LEP data
does not suffice to explain completely this discrepancy.

4.1 Leptonic decays

The leptonic branching fractions are the simplest to measure because of the considerable
redundancy available in the typical LEP detector for identification of electrons and muons.
Electrons are characterized by depositing all their energy in the electromagnetic calorimetry.
The energy depositions are expected to match well the momentum of the associated track,
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%

ALEPH

DELPHI

L3
OPAL

LEP Average
PDG 1990

T —* tVV T —> fll/U

18.09 ±0.45 ±0.44 17.35 ± 0.41 ± 0.33
18.6 ±0.8 ±0.6 17.4 ±0.7 ±0.6
17.7 ±0.7 ±0.6 17.5 ±0.8 ±0.5
17.8 ±0.4 ±0.4 17.2 ±0.4 ±0.4

17.98 ±0.36 17.32 ±0.35
17.73 ±0.29 17.62 ±0.32

Table 3: Leptonic branching ratios of the r.

and the showers usually start early, are narrow and of regular shape. At low energies, where
the calorimetric separation of electrons and hadrons is most difficult, the separating power
of the ionization in the tracking chambers, dE/dx, is at its maximum. Muons are easily
identified due to their characteristic signature. Behaving as minimum-ionizing particles in
the electromagnetic and the hadronic calorimetry, they penetrate to muon tracking chambers
outside the calorimetry.

The leptonic branching ratios obtained by the LEP collaborations are presented in Ta-
ble 3 [9, 11, 6, 12]. The combined LEP measurements show good agreement with the previous
world averages, which are still slightly more precise. A check of e-fi universality can be per-
formed by comparing the electron and muon decay widths: T(r —> fivv)/r(r —> evv) =
0.963 ± 0.025. This is in good agreement with the theoretical expectation of 0.973, where
the small excursion from unity is due to the mass of the muon. Assuming e-fi universality,
the statistics of the electron and the muon can be combined to obtain a more precise value
for the average (massless) leptonic branching ratio:

0.973 = ± 026%. (1)

This value is used later in the review.

4.2 The consistency problem

In the Standard Model, the hypothesis of lepton universality leads to a simple relationship
between the partial widths for T —• evv and fi —• evv. This relationship can be expressed as

'2L (2)

where GT and G^, the Fermi coupling constants of the r and the /x to the charged weak
current, are equal in the Standard Model. Using for B(T —>. evv) the average r leptonic
branching ratios defined above, one finds from the world-average non-LEP data [8] GT/G^ =
0.972 ± 0.015. Combining this with the result of the LEP data of GT/G^ = 0.977 ± 0.012,
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one finds the new world average GT/GM = 0.975 ± 0.010. Here the uncertainty arises from

uncertainties on TT (0.007), on the leptonic branching ratio (0.005), and on mT (0.004). The

LEP measurements support the longstanding discrepancy, and increase the deviation from

unity from 1.9 to 2.5 standard deviations. It can be noted that three of the LEP experiments

are internally consistent with unity within one standard deviation. OPAL, with the lowest

GT/GJ, value, observes a 1.7 standard deviation effect. As for the non-LEP data, it is only

when the individual measurements are combined that the deviation becomes significant. It

may also be important to notice that the world average r mass, mT = 1784.1_3g MeV, is

completely dominated by the 1978 DELCO measurement, mT = 1783_4 MeV. The ARGUS

collaboration presented at this conference a nice analysis, where the r mass is derived from

the endpoint of the pseudomass in T —• a\vT —* 3ni/T decays [13]. This analysis indicates a

T mass 8 ± 4.5 MeV below the current world average. Very recently this measurement has

been confirmed by a preliminary very precise measurement of mT = 1776.9 ± 0.4 ± 0.3 MeV

from the BES experiment at BEPC in Beijing. As in the DELCO measurement, this result is

derived from the behaviour of the cross section at the T+T~ threshold. Using the BEPC value

it is found that GT/GM = 0.985 ± 0.009. Even though the agreement with unity improves, it

seems that the r mass cannot alone explain the consistency problem.

4.3 as from the total hadronic width of the r

The ratio between the total hadronic and the (massless) leptonic decay widths of the r, given

by
T(r -» hadronsi/T)

# T = FT J — ^ ' W
T(T —> lvTv{)

can, assuming the completeness relation .£?_«—-ons + -Be + _y = 1, be calculated from the

measured leptonic branching ratios
RT = 1~Be-Bll = J_ _ 1.973 = 3.62 ± 0.08. (4)

Bi &i

The perturbative QCD correction to Rr has been calculated to third order in a, [15]. Both

non-perturbative effects, which have been found to be small, and weak corrections have been

calculated. Using the theoretical expression for RT, one obtains a,(mT) = 0.334_o!o29- As a

rough estimate of the higher order theoretical uncertainty it can be observed that the O(oc3
s)

and O(a2
s) results differ by 0.045. Adding this theoretical uncertainty in quadrature to the

experimental uncertainty, one obtains the final result

a3(mT) = 0.334 ±0.053. (5)

This value is significantly larger than the results of at(mz) derived from other LEP mea-

surements [16], and thus supports the running of a,, as expected from QCD. Using the third

order renormalization group equation [17], the result can be evolved from the r to the Z°
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Channel
eve

n^

P

7T>37rO

3TT

37T > l7T°
5TT > Oir°

18.09
17.35
12.55
24.56

9.85
1.53
8.93
4.95
0.10

A.LEPH

±0.64
±0.55
±0.55
±1.09
±1.05
±0.61
±0.74
±0.71
±0.05

PDG
17.9
17.8
11.6
22.6

7.5
3.0
6.7
4.6

0.114 ±

1990

±
±
±
±
±
±
±
±
0.

0.4
0.4
0.6
1.1
0.9
2.7
0.6
1.0

027

Table 4: Result of the ALEPH quasi-exclusive branching ratio analysis. In this table, the
results corrected by ALEPH for contributions from K" and 7ru> final states are presented.
These states are assumed to contribute (1.4 ± 0.2)% and (1.6 ± 0.5)%, respectively.

% •

ALEPH

DELPHI

OPAL

LEP Average
PDG '90

r —• TT(K)V T •—* pv

12.55 ± 0.44 ± 0.33 24.56 ± 0.69 ± 0.84
11.9 ±0.7 ±0.7 22.4 ±0.8 ±1.3
11.7 ±0.5 ±0.5

12.2 ±0.4 23.8 ±0.9
11.6 ±0.6 22.6 ±0.9

Table 5: Measured hadronic branching ratios for the decay modes T —> ir(K)v and r —•• pv.

mass scale:

a,(mz) = 0.123 ± 0.003 ± 0.005 ± 0.001. (6)

Here the first error is experimental, the second is from higher order QCD, and the third

comes from the extrapolation due to the uncertainty on the mass scale to be used. The

final result is in good agreement with other determinations of Q3 from LEP, and it shows a

competitive accuracy.

4.4 Hadronic decays

Results on the hadronic branching fractions of the r have been presented by ALEPH [9],

DELPHI [11] and OPAL [12]. Whereas ALEPH has performed a so-called quasi-exclusive

analysis, where each r decay is classified according to a set of predefined categories, the two

other collaborations have performed fully exclusive analyses of selected channels, where the

final state is required to be completely identified.

For their quasi-exclusive analysis, ALEPH defines eight categories, corresponding approxi-

mately to the decay modes T —> evv, r —> (ivv, r —> T(K)V, T —> pi/, r —• ̂ 2^°^, r —* 7r37r°f,

T —» 3TTI/, and finally a category which contains decays of the type r —» hxv and r —+ STTTT0!/.

A sample of 8429 r decays with fixed normalization known from the measured luminosity

and the known T+T~ cross section (in practice, determined by the number of multihadronic
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events observed in the same data sample) is distributed according to these categories. This

classification depends critically on the fine transverse and longitudinal granularity of the

ALEPH electromagnetic calorimeter for identification of photon pairs from TT°'S. The result

of the study is presented in Table 4. The sum of the branching ratios is consistent with

completeness: £f=1 B, = (100.4 ± 1.8)%. Each resulting category is analysed in terms of

momentum and invariant mass distributions and compared to Monte Carlo samples. Good

agreement between Monte Carlo and data is generally observed, and no hints for unknown

decay modes are seen. The results of the quasi-exclusive analysis have been checked against a

completely exclusive analysis of states with 7r°'s in the final state. This analysis confirms the

result of the quasi-exclusive analysis, but with larger statistical uncertainties. In summary

the ALEPH analysis sees no evidence of the "1-prong problem". This is caused by a general

highness of the ALEPH branching ratios compared to the previous world averages. Large

disagreements are observed for the two a,i channels: the r —> ̂ 2x°i/ and r —• 3nu modes are

1.7 and 2.3 standard deviations higher than the world average, respectively.

The two dominant hadronic decay modes, T —» T(K)V and r —• pi/, have been studied

by DELPHI. Results from this study along with an OPAL study of the pion decay mode are

presented in Table 5. The LEP average branching fractions for both modes are somewhat

above the previous world averages. In both cases this is caused mainly by the ALEPH

measurements, which are repeated from Table 4. Theoretical predictions for the branching

ratios of the two decay modes are available in units of the electron branching ratio. From the

LEP results one obtains B^K)/Bi = 0.678 ± 0.026 and Bp/Bt = 1.323 ± 0.045, which agree

well with the theoretical predictions, 0.644 ± 0.009 coming from the r —* \iv decay width

and 1.323 ± 0.045 coming from the e+e~ - » 7 - » X+TT~ cross-section assuming CVC [18].

5 Measurement of the r polarization

Fermions produced in Z° decays are polarized due to the different strength of their left-

and right-handed couplings to the weak neutral current. The average polarization is de-

termined by the ratio between the vector and axial vector coupling constants of the final

state fermions. At the peak of the Z° resonance, the polarization of the r~ is approximately

(PT) ~ —2vT/aT ~ —2(1 — 4sin20w), where 0W is the effective electroweak mixing angle at

the Z° [19]. The degree of polarization depends strongly on the production angle of the r~,

being stronger in the forward than in the backward hemisphere. This leads to the forward-

backward polarization asymmetry over the complete solid angle AFB « — (3/2)ve/ae. The

polarization of the r is experimentally accessible through the measurement of its decay prod-

ucts. Assuming the charged current of the decay process to have a pure V — A structure —

an assumption consistent with experimental observations — the spin direction of the r will

influence the momentum of its decay products. The simplest example is the two body decay

T~ —> 7r~i/, where in the rest frame of the r~, the decay is forbidden for the n~ produced

8
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along the direction of the r~ polarization. In the laboratory frame, the rest frame decay

angle <?*, can be found from the momentum of the pion. This leads to the decay distribution

g (7)
where the pion momentum xT is expressed in units of the beam energy. For the leptonic

decays r —> evv and r —+ fii/i>, where the final state contains three spin-| particles, the

situation is somewhat more complicated. The result is a reduced sensitivity given by the

expression

^ I [ PT(1 - 9xJ + 8x?)] . (8)
For T —* pv —* xir°i> and r —• a\V —> Zitv the helicity of the intermediate hadronic state

can assume two possible values; 0 and — 1. As the two helicities have competing effects on

the decay angle distribution, it is necessary to access also the helicity information of the

intermediate hadronic state, in order to maintain the full sensitivity of these channels. The

polarization is thus extracted from a two-dimensional fit to the distribution of the decay

angle 6" (derived as in the r —• irv case from the total momentum of the hadronic final

state) and another angle %j> which characterizes the helicity state of the vector resonance.

For the p decay, ip is the angle between the charged pion and the p direction; for the a\

decay, xp is the angle between the normal to the 3-pion event plane and the ax direction [21].

Experimentally, the measurement of the r polarization is a challenging task. As for the

determination of the exclusive branching fractions, the backgrounds and identification effi-

ciencies for each channel have to be known. But here, in addition, momentum dependencies

have to be understood. Identification efficiencies and background levels are checked through

detector redundancies and through extensive use of valuable control samples of electrons

and muons and to a certain extent also pions, which are available from the data. Non T+T~

backgrounds are usually small and the most serious background problems arise from con-

fusion among the r decay channels. A particular important problem is the r —• -KU decay

channel. This channel, which has the highest sensitivity to the polarization information, is

characterized by a relatively low branching ratio and potential backgrounds from most of

the more abundant decay channels.

The measured values of (PT) are listed in Table 6, along with the derived values for

vTjaT. The difference in precision among the results of the four experiments can in part be

attributed to the different data-set sizes being analysed for the present analyses. ALEPH [20],

DELPHI [11], and OPAL [12] have published results based on their 1990 data-sets. OPAL have

updated their analysis with a partial 1991 data-set, whereas ALEPH and L3 have recently

presented preliminary results based on their full 1991 data-sets. Combining the polarization

measurements of the four experiments results in an average polarization (FT)LEP = — 0.138±

0.024 or vT/aT = 0.069±0.012. From their data, OPAL has in addition measured the forward-

backward polarization asymmetry Aj^ = —0.20 ± 0.08 or ve/ae = 0.14 ± 0.06. Combining
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Measurements of (PT)
Decay Mode
tvv
[ii/i/

7T(A>

pv
axu ('90)
Combined
vT/aT

ALEPH 90/91

-0.152 ±0.090 ±0.061
-0.226 ± 0.074 ± 0.037
-0.107 ±0.038 ±0.024
-0.144 ± 0.037 ± 0.046

-0.15 ±0.15 ±0.07
-0.137 ±0.031
0.069 ± 0.016

DELPHI 90

-0.12 ±0.22 ±0.08
-0.05 ±0.18 ±0.07
-0.35 ±0.11 ±0.07
-0.24 ± 0.09 ± 0.07

-0.24 ± 0.07
0.122 ±0.036

Decay Mode
tvv
fiVV

7T(A>

Combined
vT/aT

L3 91
-0.078 ±0.116 ±0.072
-0.108 ±0.117 ±0.059
-0.147 ±0.056 ±0.048

-0.127 ±0.058
0.064 ± 0.029

OPAL 90/91 Partial
+0.03 ±0.10 ±0.08
-0.10 ±0.11 ±0.10
-0.04 ± 0.08 ± 0.07

-0.03 ± 0.08
0.015 ± 0.040

Measurements of AF5:
Decay Mode
evv
fiVl/

7T(A>

Combined
ve/ae

OPAL

-0.18 ±0.22
-0.21 ±0.17
-0.22 ±0.13
-0.20 ± 0.08
0.14 ± 0.06

Table 6: Measurements of the r polarization variables (PT) and

this result with the average of the polarization measurements under the assumption of lepton
universality, one obtains finally vja = 0.071 ± 0.012 or equivalently sin2 8W = 0.233 ± 0.003.
The combined LEP measurement of sin2 0W is currently about three times more precise
than this result [22]. This is, however, in part caused by the polarization analyses being
somewhat late compared to the line-shape and forward-backward asymmetry analyses, which
are currently dominating the measurement. With the completion of the 1991 analyses and
with the new data arriving, the precision of the polarization measurement is likely to improve
significantly in the future.

6 A test of CP-invariance in T+T~ production

In a recent analysis by OPAL, a test of CP-invariance in T+T~ production has been performed
and a limit on the weak dipole moment of the T derived [23]. Using the momenta q± of the
final state particles, the following CP-violating observable is constructed

_ -q + ) 3 (q_ x q+)3.

10
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Here the index 3 indicates the direction along the incoming electron. Theoretically T33 can

be derived from the effective Lagrangian corresponding to the only CP-violating form factor

at the ZTT vertex

CCP = -^if^KT [dr{q2)F^ + dr(q
2)Z^} . (10)

Here F^u and ZMi, are the electromagnetic and weak field tensors, and the form factors dT(q2)

and dT(q2) are the electric and weak dipole moments of the r, respectively. At the Z° it is

found that
~ TYI7

{T33)ai = dTca-b—, (11)

where the sensitivity cai depends on the spin analyzing power of the momenta of the decay

particles a and b.

The analysis is based on a sample of 5558 Z —• T+T~ events, where only 1-1 topologies are

considered. The event sample is divided into three classes with different sensitivities: lepton-

lepton, lepton-hadron, and hadron-hadron. The J33 distributions, which are constructed for

each class, are nicely symmetric with no evidence of non-zero expectation values. Combining

the classes, a 68% confidence limit on the weak dipole moment of the r of |efT| < 3.8 x 10~17e-

cm is established.

Observing that the decay width for Z° —• T+T~ is influenced by the CP-violating term in

the Lagrangian, allows OPAL to establish the somewhat stricter limit: \dT\ < 2.8 x 10~17e-cm

(68% cl). This limit is, however, based on the assumption that the CP-violating term is the

only new physics term contributing to the Z° —• T+T~ decay width. The limit based on the

observation of the CP-odd variable T33, on the other hand, is little affected by theoretical

biases. OPAL therefore chooses to quote this limit as their final result, which at the 95%

confidence limit reads \dT\ < 7.0 x 10~17e • cm.

7 Conclusions

Including the 1991 running period the four LEP experiments have collected about 80.000

T+T~ pairs, from which numerous results on r production and decay have been extracted.

Precise LEP measurements of the r lifetime and branching ratios along with preliminary

non-LEP r mass measurements have re-directed attention to two long-standing controversies

in T decays. The precision of the measurements does not yet fully suffice to draw firm conclu-

sions on these controversies and further analyses are eagerly awaited. Valuable information

on electroweak parameters have been successfully extracted from the measurement of the r

polarization. No indications of CP-violation in the ZTT coupling have been found, and a

limit on the weak dipole moment of the r consequently established. All measurements are

statistics limited and the precision can be foreseen to improve significantly as new data are

collected and the analysis proceeds.

11
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Abstract

A sample of Z° —> T+T events observed in the DELPHI detector at LEP in
1991 and 1992 is analysed to measure the T polarisation in the exclusive decay
channels ez/i>, fivi>, nv, pv and &\v. The r polarisation is also measured with an
inclusive hadronic analysis which benefits from a higher efficiency and a better
systematic precision than the use of the exclusive decay modes. The results
have been combined with those published on the 1990 data. A measurement
of the T polarisation as a function of production angle yields the values for
the mean r polarisation (PT) = —0.148 ± 0.022 and for the Z° polarisation
Vz = —0.136 i 0.027. These results are used to determine the ratio of vector to
axial-vector effective couplings for taus vTjaT — 0.074 ± 0.011 and for electrons
ve/ae = 0.068 ± 0.014, compatible with e—r universality. With the assumption
of lepton universality, the ratio of vector to axial-vector effective couplings for
leptons vi/di = 0.072 ± 0.008 is obtained, implying a value of the effective weak
mixing angle sin2 ^e

ff
pt = 0.2320 ± 0.0021.
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1 Introduction

For the reaction e+e~ —> Z° —> T+T~ , both the Z° and the r leptons are polarised due
to parity violation in the weak neutral current. The polarisation, VT, of the r leptons
can be measured from the r decay products, assuming the V—A structure of the weak
charged current, and has, due to the Z° polarisation, a dependence on production angle.

At the LEP collider, with a centre-of-mass energy Ecm near the Z° mass, the production
of fermion-antifermion pairs (other than e+e~) in e+e~ annihilation proceeds mainly
through s-channel Z° exchange. The different strengths of the couplings of the Z° to the
right-handed and left-handed e+ and e~ induce a polarisation, 7*, to the produced Z°.
In the absence of beam polarisation, this is given in the improved Born approximation

by[i]
2aeve

where ve and de are respectively the vector and axial-vector effective couplings of the
electron to the Z°.

The produced fermions are also polarised due to the different strengths of the couplings
of the Z° to left and right-handed fermions into which it decays. The mean polarisation
(VT) of the T~ averaged over the full solid angle is

where vT and aT are respectively the vector and axial-vector effective couplings of the
T to the Z°. The r~ and r + are produced with opposite polarisations. Throughout
this paper we refer to the polarisation of the r~. Due to CP-invariance in charged
current leptonic weak decays, the decay products of the r + have the same angular and
momentum distributions as their charge conjugate particles in T~ decays with the opposite
polarisation.

The polarisation of the Z° induces a dependence of VT on the polar angle 0 of the r~
production relative to the incident e~ beam. At the Born level, this has the form

m ( n ) ( i + cose) + p z2coSe
' ~ (1 +cos20) + (VT)VZ • 2cos0 ' ( '

By studying the dependence of the r polarisation on 0 the ratios of the effective cou-
plings ve/ae and vT/aT can be measured simultaneously, allowing a test of e—r universality
and a comparison with results obtained from forward-backward charge asymmetries. In
addition, an estimate of the effective weak mixing parameter for leptons sin2 6^ can be
derived assuming universality from the relation vi/ai = 1 — 4 sin2 0 ^ 1 I =e, r. This can
be compared with results obtained from other measurements to test the validity of the
Standard Model.

The above expressions for the polarisations as functions of the vector and axial-vector
effective couplings are valid for pure Z° exchange at Ecm = Mz- The measured polari-
sations need to be corrected to account for QED effects. They are also slowly varying
functions of Ecm and corrections need to be applied for data taken with Ecm ^ Mz-
These corrections are quantified in Section 8 when presenting the combination of the
polarisation measurements. They are below the present level of measurement accuracy.

The results given in the following sections are based on a sample of Z° —>• T+T~
events observed in the DELPHI detector in 1991 and 1992 corresponding to an integrated
luminosity of 33.6 pb"1. They improve on the analysis of the 1990 data, published in [2],
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in both statistical and systematic accuracy. The analysis is confined to the barrel section
of the DELPHI detector, the region with polar angle range | cos0| < 0.732. The following
exclusive decay channels of the r have been used as polarimeters:

• evv using a momentum estimator based on both charged particle momentum and
calorimetric energy measurements;

• [ivv using the n momentum spectrum;
• nv and Ku using the momentum spectrum of the TT/K'S, where no attempt is made

at 7T—K separation;
• pu using the variable £ described in [3], composed of various decay angles and the p

invariant mass;
• &\V where the ai decays to three charged 7r's, using moments of various angular

distributions sensitive to the r polarisation [4].

In addition, an inclusive analysis of events where the r decays to a charged hadron with
or without 7r°'s has been performed. This has a higher efficiency but lower sensitivity per
event than the exclusive hadronic analyses. It yields information not already included in
the exclusive decays as the event sample is larger and some of the systematic errors have
a different origin.

The different techniques used to estimate the r polarisation are discussed in Section 2.
The DELPHI detector is described in Section 3 and its particle identification capabilities
in Section 4. The data sample of e+e~ —)• T+T~ events used in the analysis is outlined
in Section 5. The analyses of the exclusive decay modes and the inclusive hadronic one-
prong analysis are described in Sections 6 and 7 respectively. The combination of the
results from the different analyses and the results obtained are discussed in Sections 8
and 9.

Discussion of the systematic uncertainty on ("PT) for each analysis is contained in the
section in which the analysis is described. However, as Vz is derived from a fit of VT as
a function of the r production angle cos©, discussion of its systematic uncertainties is
postponed to Section 8.

2 Techniques used for r polarisation determination

The r polarisation is reflected in the angular distributions of its decay products in the
r rest frame. The angular distribution affects the momenta of the final state particles in
the laboratory frame, which can thus be used to infer the r polarisation.

In the case of a leptonic decay, the only information available to determine the r
polarisation lies in the shape of the momentum spectrum. Ignoring mass effects, at Born
level this has the form [1]

lfl£ = ^1(5 - 9x2 + 4x3) + VT(l - 9x2 + 8*3)], (4)

where x is the lepton energy divided by the beam energy. The analysis took account of
mass effects and higher order corrections.

For a hadronic decay r —> hv the polar angle 0^ distribution of the hadronic system h
with respect to the r direction as seen in the r rest frame has the form

^ ^ l
h ) . (5)

cos Oh
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The angle #/, can be calculated from the laboratory momentum of the hadronic system
Ph via the relation

h * ^ ^ , (6)
1 ^ f

where mh is the mass of the hadronic system. For a decay containing a spin-0 hadron such
as TTV or Kv the constant a is unity. These decays retain the maximum sensitivity to VT.

In decays of the r to spin-1 particles, the possibility of several polarisation states of
the spin-1 particle reduces the sensitivity of the momentum spectrum, the constant a
having the form

ml - 2m2,
( 7 )

This leads to a sensitivity, relative to that for the irv decay, of about 0.46 for the pv and
0.12 for the &\u decay. The sensitivity can be partly regained by including information
from the decay of the spin-1 system. The extraction of the r polarisation will therefore
involve a multidimensional distribution, which can be written in the general form

W(x) = f(x) + VTg{x), (8)

with x representing the set of variables used. These variables are typically functions of
the angles between, and the momenta of, the final state particles. It has been shown [3]
that no information is lost by using instead the one-dimensional distribution

w(0 = /(0[i + *tt], (9)
where £ is denned as £ = g(x)/ f(x). This approach has been used for the measurement
of the T polarisation in the decays r —)• pv.

In the inclusive one-prong hadronic analysis discussed in Section 7 the dominant decay
channel is pv. The variable used in addition to cos 6h to recuperate the spin information
of the hadronic system was related to the angle ip of the emission of the pions in the p
rest frame,

mh Ech — Eneul ; —r, (10)

where Ech,pch are the energy and momentum, in the laboratory frame, of the charged
pion in the decay and Eneu,pneu are the energy and momentum of the n°.

In the one prong decay r —> &yv, the ai decays to 7r7r°7r° via the intermediate state
pTC°. The variable cosi/> defined in Eq. 10 can also be denned experimentally for the
r —> aif —> pir°v —>• mroir°v decay by summing over the two TTO'S for the neutral energy
Eneu and momentum pneu- The p carries the spin of the aj and although cos?/' no longer
has the strict meaning of Eq. 10, it does retain sensitivity to the polarisation state of
the ap The 2-dimensional distribution of cos#/i versus cos ifi for r —>• a.iv has a similar
behaviour to that for r —> pv, but somewhat smeared. The r —>• &\v and r —> pv can thus
be fitted simultaneously in an inclusive manner in the plane c o s ^ versus cos0 without
significant loss of sensitivity by comparison with the r —> pv channel alone [5].

For the decay r —y a ^ —>• 3n±v a method has been used which takes advantage of the
most complete r —> 3 ^ * ^ decay distribution determined in [6]. A fit to various moments
of different angles in the 'in system is used. This is discussed in more detail in Section 6.5.

The selected r decays in each analysis were grouped in six bins of equal width in
cos© between —0.732 and -(-0.732. The polar angle of the decay products is a good
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approximation to the r polar angle, the two angles being typically within 3° of each
other. The polarisation VT in each cos© bin for each analysis was then estimated by
fitting the data distributions to a linear sum of the predicted distributions for positive
and negative polarisation states generated by the KORALZ program [7] using Monte
Carlo techniques and passed through a full detector simulation [8]. These distributions
included background events. A correction was made for the ratio of the acceptances of
the different polarisation states. To determine Vz and (VT), the polar angle dependence
of the r polarisation was fitted with the function in Eq. 3.

3 The DELPHI detector

The DELPHI detector is described in detail elsewhere [9]. The sub-detector units
particularly relevant for this analysis are summarized here. All these covered the full
solid angle of the analysis except where specified. In the DELPHI reference frame the
z-axis is taken along the direction of the e~ beam. The angle 0 is the polar angle
defined with respect to the z-axis and 4> is the azimuthal angle about this axis. The
reconstruction of a charged particle trajectory in the barrel region of DELPHI resulted
from a combination of the measurements in:

• the Vertex Detector (VD), made of three layers of 24 cm long single-sided silicon
microstrip modules, at radii r of 6.3, 9.0 and 11.0 cm from the beam axis. The space
point resolution was about 8 ̂ m and the two track separation was 100 /jra in r</>.

• the Inner Detector (ID), with an inner radius of 12 cm and an outer radius of 28
cm. A jet chamber measured 24 r<ji> coordinates and provided track reconstruction.
Its two track separation in T<fr was 1 mm and its spatial resolution 50 /im. It was
surrounded by an outer part which served mainly for triggering purposes.

• the Time Projection Chamber (TPC), extending from 30 to 122 cm in radius. This
was the main detector for the track reconstruction. It provided up to 16 space points
for pattern recognition and ionisation information extracted from 192 wires. Every
60° in (j> there was a boundary region between read-out sectors about 1° wide which
had no instrumentation. At cos© = 0 there was a cathode plane which caused a
reduced tracking efficiency in the polar angle range | cos0| < 0.035. The TPC had a
two track separation of about 1.5 cm in r</> and in z.

• the Outer Detector (OD) with 5 layers of drift cells at a radius of 2 metres from the
beam axis. Each layer provided a space point with 110 /um precision in r</>.

These detectors were surrounded by a solenoidal magnet with a 1.2 Tesla field parallel
to the z-axis. In addition to the detectors mentioned above, the identification of the r
decay products relied on:

• the barrel electromagnetic calorimeter, a High density Projection Chamber (HPC).
This detector lay immediately outside the tracking detectors and inside the magnet
coil. Eighteen radiation lengths deep for perpendicular incidence, its energy reso-
lution was AE/E = 6.5% for electrons with an energy of 45.6 GeV. It had a high
granularity and provided a sampling of shower energies from nine layers in depth.
It allowed a determination of the starting point of an electromagnetic shower with
an accuracy of 0.003 radians in polar angle and 0.006 radians in azimuthal angle.
The HPC had a modularity of 15° in azimuthal angle. Between modules there was a
region with a width of about 1° in azimuth where the resolution of electromagnetic
showers was degraded. In this region a different treatment of the data had to be
carried out for certain analyses.
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• the Hadron Calorimeter (HCAL), sensitive to hadronic showers and minimum ion-
ising particles. It was segmented in 4 layers in depth, with a granularity of 3.75° in
polar angle and 2.96° in azimuthal angle. Lying outside the magnet solenoid, it had
a depth of 110 cm of iron.

• the barrel Muon Chambers (MUB) consisting of two layers of drift chambers, the first
one situated after 90 cm of iron and the second outside the hadron calorimeter. The
acceptance in polar angle of the outer layer was slightly smaller than the other barrel
detectors and covered the range | cos0| < 0.602. The polar angle range 0.602 < | cos0|
was covered by the forward Muon Chambers (MUF) in certain azimuthal zones.

The Ring-Imaging Cherenkov detector (RICH), although not used in the present anal-
yses, had an important effect on the performance of the calorimetry as it contained the
majority of the material in the DELPHI barrel region. Lying between the TPC and OD
in radius, it was 0.6 radiation lengths deep and 0.15 nuclear interaction lengths deep for
particles of perpendicular incidence.

The DELPHI trigger was highly efficient for the r final states, due to the redundancy
existing between its different components. From the comparison of the response of inde-
pendent components, a trigger efficiency of (99.98 ± 0.01)% has been derived.

4 Particle identification and energy calibration

In order to minimize the biases and allow an accurate measurement of the polar-
isation, a clean separation of the final states is required. The detector response was
studied extensively by using simulated data as well as various test samples of real data
for which the particle identity was unambiguously known. Examples of such test samples
are e+e~ —> e+e~ events, e+e~ —>• n+fJ.~ events, e+e~ —> (e+e~)e+e~ events and Compton
events (scattering of a beam electron on a virtual photon). Test samples could also be
produced using the redundancy of the detector for particle identification. An example of
such a sample is r —>• 7rn7r°, (n>0), selected using tagging of the n° from the electromag-
netic calorimetry, which could be used to measure the response of the HCAL and muon
chambers to charged pions.

4.1 TPC Ionisation Measurement

The energy loss dE/dx of charged particles through ionisation in the TPC, gives
separation between electrons and more massive particles, particularly in the momentum
range below 15 GeV/c. After the removal of the 20% of wire hits with the largest pulse
heights, to remove tails due to delta rays, the resolution obtained on the dE/dx was 6.1%
for isolated tracks in r decays. The pull variable ^ldEidx for the hypothesis of particle
type j (=e, 7r,/x,K) was defined as

n j _ dE/dx\meas - dE/dx\exp{j)
llW*°~ a(dE/dx) ' ( '

where dE/dx\meas is the measured value, dE/dx\exp(j) is the expectation value for a
particle of type j (dependent on its momentum), a(dE/dx) is the resolution. Fig. 1 shows
the spectra of HdE ,dr for data samples of electrons and hadrons chosen with independent
calorimetric cuts. The separation between the means of the pion and electron signals is 3.5
standard deviations at a momentum of 5 GeV/c and 2.0 standard deviations at 15 GeV/c.
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4.2 Electromagnetic calorimetry
The HPC electromagnetic calorimeter is used for electron, photon and n° identifica-

tion. For charged particles Eass is the energy of the electromagnetic shower in the HPC
associated to the track. This association requires that the shower lie within about 4 cm
of the track impact point on the HPC. For electrons Ea3S should match the measured
particle momentum within measurement errors. Muons, which are minimum ionising,
deposit on average 200 MeV energy uniformly in depth in the HPC.

For hadrons the value should be lower than for electrons because some hadrons pass
through the HPC without interacting and those which do interact in the HPC leave a
significant energy deposition only from the decays of 7r°'s in the interaction products.
The ratio of the energy deposition in the HPC to the reconstructed momentum has a
peak at one for electrons and a rising distribution towards zero for hadrons. The pull
variable HE/P

 iS defined as
Egss/P' — 1 , „ ,

H (12)

where p' is the reconstructed momentum excluding the OD from the track fit, discussed
below in Section 4.5, and cr(Eass/p') is the the expected resolution for an electron of
momentum p'. RE/P should thus be centered on zero with unit width for electrons and be
negative for hadrons and muons. The distribution of TIE/P

 IS plotted in Fig. 2 for electrons
in r decays selected using TPC dE/dx and hadrons in r decays selected using TPC
dE/di in conjunction with the HCAL and muon chambers. There is a good separation
above 1 GeV. Separation is best at highest momenta.

Electron rejection with high efficiency for hadron selection can be performed using the
associated energy deposition in only the inner four layers of the HPC, corresponding to
about six radiation lengths for perpendicular incidence. This is shown in Fig. 3 for both
electrons and hadrons.

Photons were identified by electromagnetic showers in the HPC, not associated to
charged particles. Hadronic interactions in the HPC could also cause deposition of energy
in the HPC which was unassociated with any charged particle. The high granularity of the
HPC allowed many such showers to be rejected while retaining electromagnetic showers.
An HPC shower which was not associated to a charged particle track was considered to
be of electromagnetic origin if it satisfied the following criteria:

• a starting point in the first three layers of the HPC;
• three or more layers of the HPC with deposited energy;
• at least two consecutive layers with deposited energy in the HPC.

These requirements also eliminated some badly measured photon showers near boundary
regions in the HPC. Further rejection of hadronic showers was performed by requiring
the shower to have an energy greater than 0.5 GeV.

Due to the finite spatial resolution of the electromagnetic calorimeter, the probability
for reconstructing a n° as either one or two neutral showers was a function of the energy
of the ir°. This is illustrated in Fig. 4 which shows the fractions of simulated events
with a single TT° giving zero, one, two and more than two neutral showers in the HPC
as functions of the generated n° energy. At energies below 2 GeV 7r°'s appeared mostly
as single showers or remained undetected due to the energy threshold in the HPC. At
medium energy, between approximately 2 and 10 GeV, most of the TT°'S had at least two
showers. Above 10 GeV, the two photons tended to be close to one another and were
often not resolved in the HPC. The 7r°'s giving rise to more than two showers were due to
photon conversions in front of the HPC and splitting of showers with large fluctuations.

6
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The tail (less than 5%) of 7r°'s without signals in the HPC was due to photons lost in
boundary regions between modules of the HPC.

The energy scale for neutral electromagnetic showers in the HPC was estimated using
photons from final state radiative e+e~ —>• e+e~7 and e+e~ —> fi+fi~f events. These
photons covered the energy range 5 GeV to 40 GeV. A precision on the neutral energy
scale of 2% over the full energy range was estimated.

4.3 Hadron calorimetry and muon identification
A muon candidate appears as a minimum-ionising particle in the hadron calorimeter,

penetrating through to the muon chambers. Due to ionisation loss, a momentum of about
2.5 GeV/c was needed in order to penetrate the iron.

Hadron-muon separation was performed with the mean energy deposition per hit layer
of the hadron calorimeter Ehiay, denned by

Ehlay = EHCAL/Nmayers, (13)

where EHCAL is the total energy associated to the charged particle in the HCAL and
Niiiaytrs is the number of layers in the HCAL with deposited energy. This is shown in
Fig. 5 for pions in r —>• pv —> Tnrov events and muons in e+e~ —> fi+fi~ events. A clean
separation between the TT and fi signals was obtained by cutting in Ehlay around 3 GeV.

One or more hits in the muon chambers, when there was a low energy deposition in
the HCAL, gave positive identification of a muon.

4.4 Momentum determination and scale
A good knowledge of the momentum and energy scales is important in the determi-

nation of the polarisation. This is particularly true in the leptonic decay channels.
The precision on the momentum component transverse to the beam direction, pt,

obtained with the DELPHI tracking detectors was A(l/p*) = 0.0008 (GeV/c)"1 for par-
ticles, other than electrons, with the beam momentum. An absolute calibration of the
momentum was obtained from e+e~ —> n+fi~ events. For lower momenta, more represen-
tative of T decays, the reconstructed momentum was checked from the reconstruction of
the masses of the Kg and the J/^\ The absolute momentum scale for particles other than
electrons was estimated to be calibrated to a precision of 0.2% over the full momentum
range.

4.5 Electron momentum estimation
For the estimation of the momentum of electrons two variables were used. Firstly, for

identification purposes, where an estimator from the tracking system was needed, use was
made of the reconstructed momentum without inclusion of the information from the OD.
Secondly, for the extraction of the T polarisation from the sample of identified electron
candidates, use was made of an estimator based on the combined information from the
tracking system and the electromagnetic calorimetry to estimate as accurately as possible
the true momentum of the decay elections.

In passing through the RICH from the TPC to the OD, particles traversed about
60% of a radiation length. Some fraction of electrons would therefore lose substantial
energy through bremsstrahlung before reaching the OD. As a consequence, the standard
reconstructed momentum of electrons tended to be biased towards lower values. The
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effect of radiation could to some extent be circumvented by exclusion of the information
from the OD in the reconstruction of electron trajectories. The resulting alternative
momentum estimator p' displayed a more Gaussian behaviour for electrons than the
standard momentum measurement. It had a resolution of A(lfp') = 0.002 (GeV/c)"1.

For the extraction of the r polarisation, a combined momentum estimator was con-
structed from the measured momentum of the charged particle and the deposited electro-
magnetic energy. The combination was based on the observation that both the measured
momentum p' and the associated electromagnetic energy Eass tended to be biased towards
lower values than the true electron momentum. Whereas the momentum bias originated
from bremsstrahlung in front of the TPC, the bias on the electromagnetic energy was
primarily caused by edge effects in the HPC close to boundary regions between modules.
The value of Eass/p' was used to indicate whether p' or Eass was a more reliable estimator
for a given electron candidate. This relied on the fact that the downward biases of the
two estimators cause opposite effects on the value of Eass/p'. An algorithm was con-
structed such that, when Ea3S/p' was consistent with the electron hypothesis, i.e. close
to unity, the two estimators p' and Eaas were combined through a weighted mean, where
the weights were inversely proportional to the square of the measurement uncertainties.
However, the further the value of Eaas/p' was away from the electron hypothesis, the more
the weight of the estimator with the lower value was scaled down relative to the other. In
this way the downward bias in the momentum estimation was reduced significantly and
the resolution was improved by exploiting all available information. The final electron
momentum estimator, pei, was then obtained by adding to this weighted mean the energy
of neutral electromagnetic showers situated within 1° of the track plane on the outside
of the track curvature, and hence compatible with bremsstrahlung photons.

The calibration of pe; was performed with electron samples where the true momen-
tum was known from kinematic constraints. Non-radiative decays of the Z° into e+e~
pairs provided a high statistics calibration of the high end of the momentum spectrum.
Radiative e+e~ —> e+e~7 events covered the important momentum range between 20
and 35 GeV/c. For the momentum range below 15 GeV/c a test sample of electrons
produced by Compton scattering was used where the unobserved electron was assumed
to be scattered through a negligible angle, as confirmed by the Monte Carlo event gener-
ator TEEGG [10]. From a comparison of the real and simulated data for the three test
samples, pei was shown to be calibrated to a precision of 0.6%.

5 Event sample

The data sample corresponded to an integrated luminosity of 33.6 pb"1 composed
of: 22.9 pb-1 at Ecm = 91.2 GeV in 1992; 6.7 pb"1 at Ecm = 91.2 GeV in 1991; 4.0
pb~' spread across the six centre-of-mass energies Ecm = 88.5, 89.5, 90.2, 92.0, 93.0 and
93.7 GeV in 1991. Selected according to the criteria outlined below, it consisted of a
high purity sample of dileptonic events (e+e~ —> e+e~, ^+//~, T+T~) where cosmic rays,
e+e~ —»• qq and e+e~ —> (e+e~).V two-photon events had been removed. Backgrounds
from the e+e~ and /J.+fJ.~ final states were removed later in a channel specific way in order
to minimise biases.

At LEP energies, a T+T~ event appears as two highly collimated low multiplicity
jets in approximately opposite directions. An event was separated into hemispheres by
a plane perpendicular to the event thrust axis, where the thrust was calculated using
all charged particles. To be included in the sample, it was required that the highest
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momentum charged particle in at least one of the two hemispheres lie in the polar angle
region | cos0| < 0.732.

Background from e+e~ —>• qq events was reduced by requiring a charged particle
multiplicity less than or equal to six, and an isolation angle, defined as the minimum
angle between any two charged particles in different hemispheres, greater than 160°.

Cosmic rays and beam-gas events were rejected by requiring that the highest mo-
mentum charged particle in each hemisphere have a point of closest approach to the
interaction region less than 4.5 cm in z and less than 1.5 cm in the rcf) plane from the
centre of the interaction region. It was furthermore required that these particles have a
difference in z of their points of closest approach at the interaction region of less than 3
cm. The offset in z of tracks in opposite hemispheres of the TPC was sensitive to the
time of passage of a cosmic ray event with respect to the interaction time of the beams.
The background left in the selected sample was computed from the data by interpolating
the distributions outside the selected regions.

Two-photon events were removed by requiring a total energy in the event greater than
8 GeV and a total event transverse momentum greater than 0.4 GeV/c.

The preceding requirements were used to produce a sample of dileptonic decays of the
Z° with 87% efficiency for T+T~ events within the polar angle fiducial region, calculated
from simulated data. Approximately 27000 T+T~ events remained after application of
all the cuts described above. The background was estimated to consist of 0.8% from
e+e~ —> qq events and 0.4% from two-photon events with respect to the e+e~ —> T+T~
events. The cosmic ray contamination was negligible.

Contamination from e+e~ —> /i+/x~ and e+e~ -> e+e~ events was reduced by requiring
that the event acollinearity 0acoi = cos~l(—pi • P2/IP1I/IP2I) be greater than 0.5°. The
variables p\ and pi are the momenta of the highest momenta charged particles in hemi-
sphere 1 and 2 respectively. This cut was applied for all except the r —> TT(K)I/ analysis
where the fx+fi~ and e+e~ final states were not significant backgrounds.

For the analyses of pu and aii/ decays, the background from n+fJ,~ and e+e~ final
states was reduced further by requiring that praj = (|pi|2 + |P2|2)^2 be less than the
beam momentum pbeam and that Erad — (Ef + E\)x^2 be less than the beam energy
Ebeam- The variables E\ and Ei are the total electromagnetic energies deposited in cones
of half angle 30° about the momentum vectors p\ and p2 respectively.

In all analyses, samples of simulated events were used which had been passed through a
detailed simulation of the detector response [8] and reconstructed with the same program
as the real data. The Monte Carlo event generators used were: KORALZ [7] for e+e~ —>
T+T- events; DYMU3 [11] for e+e" -» fi+fi~ events; BABAMC [12] for e+e~ -> e+e~
events; JETSET 7.3 [13] for e+e~ —> qq events; Berends-Daverveldt-Kleiss [14] for e+e~ —>
(e+e~)e+e~ events; the generator described in [15] for e+e~ —> (e+e~)/i+/i~ and e+e~ —>•
(e+e~)r+r~ events.

6 Exclusive r decays

6 . 1 r —•>• eisis

A r —¥ euu decay has the signature of an isolated charged particle which produces
an electromagnetic shower in the HPC. The produced electrons are ultra-relativistic and
leave an ionisation deposition in the TPC corresponding to the plateau region above
the relativistic rise. Backgrounds from other r decays arise principally from one-prong
hadronic decays where either the hadron interacts early in the HPC or an accompanying
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7T° decay is wrongly associated to the charged particle track. The polarisation was derived
from a fit to the spectrum of the electron momentum estimator pe; described in Section 4.5.

To be identified as an electron candidate it was required that a hemisphere contain an
isolated charged particle track with a momentum measured without the OD, p', greater
than 0.01 x pbeam- To ensure optimal performance of the HPC it was required that the
track lie in the polar angle region 0.035 < |cos0| < 0.707, and that its extrapolation to
the HPC be further than 1° from the centre of an HPC azimuthal boundary region.

As dE/dx played an important role in the selection, it was demanded that the particle
track have at least 38 wires with an ionisation measurement in the TPC. This led to a 4.1%
loss of tracks around the boundary regions of the TPC sectors which was well described by
the simulated data. It was required that the dE/dx measurement be compatible with that
of an electron by demanding that the pull H.edE/dx be greater than —2. This significantly
reduced the background from hadrons and muons, especially at low momentum, with a
very low loss of signal.

The background was reduced further with a logical OR of two independent sets of
selection criteria based on the HPC and the TPC dE/dx respectively. This ensured a
high identification efficiency over the full momentum range.

• For particles with p' > 0.05 xp(,eam the associated HPC energy had to be compatible
with the momentum p': it was required that the pull UE/P be greater than —2. This
cut had an overall efficiency of 88%.

• It was required that the TPC dE/dx signal lie more than three standard deviations
above that expected for a pion: IIJ^ ,dx > 3. This had an efficiency which varied from
99.5% for the lowest momentum particles to 10% for momenta of about 20 GeV/c.
This criterion was applied only to charged particles with p' < 0.5 x pbeam, and had
an overall efficiency of 36%.

In order to reduce the residual background from hadronic r decays it was required that
the particle have no muon chamber hits and no associated energy in the HCAL beyond
the first layer. Furthermore there could be no neutral HPC shower with an energy greater
than 4 GeV in a cone of half angle 18° about the track. Neutral showers within 1° in
polar angle of the track and hence compatible with a bremsstrahlung photon were not
included in this cut.

The identification criteria were studied using test samples of real data. The efficiency
in the high momentum region was obtained from a sample of e+e~ —> e+e~ events and in
the low momentum region from a sample of e+e~ —> (e+e~)e+e~ events. For intermediate
momenta the redundancy between the dE/dx and HPC criteria was exploited to give a
precise determination of each of the two. Since the simulation showed that the two
criteria were instrumentally uncorrelated, the overall efficiency was computed from the
two independent measurements. An identification efficiency of 94% within the angular
and momentum acceptance, excluding the loss due to the cut on the number of TPC
wires for dE/dx, was derived. As shown in Fig. 6a, the efficiency was constant within
2% over the full electron energy range. Using the redundancy of the dE/dx and HPC
identification requirements in a similar manner, the background from other r decays,
primarily the r —> pu channel, was found to be (2.2 ± 0.5)%

Most e+e~ —> e+e~ events were rejected already with the event acollinearity cut 0acoi >
0.5°. Remaining Bhabha contamination was reduced using cuts on the hemisphere op-
posite the identified decay. These cuts were dependent on the value of pe;, defined in
Section 4.5, of the identified electron. If pei was less than 0.7 x pi,eam for the identified
electron, the total energy in a cone of half-angle 30° about the track had to be less than
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0.8 x Ebeam'i for Pel > 0.7 x pbeam both the cone energy and the momentum of the high-
est momentum track in the opposite hemisphere had to be less than 0.7 x p6eam- The
corresponding efficiency is also shown in Fig. 6a. The step at 0.7 x pbeam is due to the
above selection criteria, and shows a relative efficiency loss of (3.5 ± 0.8)% in the high
momentum region.

Background from e+e~ —> (e+e~)e+e~ events was reduced by asking that, in events
with only one charged particle in each hemisphere and where both had momentum less
than 0.2 x pieam, the dE/dx for the opposite hemisphere track be inconsistent with that
of an electron. This gave a relative loss of (4.0 db 0.6)% for pei < 0.2 x pbeam-

The selection efficiency within the angular acceptance for r —> euu decays after the
Bhabha rejection cuts was 87%, with a background of (2.1 ± 0.7)% from Bhabha events
and (0.3 ± 0.1)% from e+e~ —> (e+e~)e+e~ events. The background from other r decays
was (2.2 ± 0.5)%. The selected sample consisted of 5417 candidate decays. The pe;
spectrum summed over all bins in cos© is shown in Fig. 6b, with the simulated data
spectrum for the fitted value of (VT) superimposed. To reduce the effect of the Bhabha
background, the polarisation was fitted only over the region pei < 0.9 xpi,eam. The Bhabha
background in this region was (0.5 ± 0.2)%.

The polarisation Vr was fitted in each of the six bins of cos0 as described in Section 2.
The results are shown in Table 1. A fit of Eq. 3 to VT as a function of cosO gave a mean
r polarisation of

(VT) = -0.148 ±0.077,

and a Z° polarisation of
Vz = -0.209 ±0.111,

where the errors are statistical only.
The contributions to the systematic error in (VT) included that due to the identifi-

cation efficiency (0.025), estimated from cross-checking of dE/dx and HPC cuts. The
uncertainty from backgrounds, estimated by varying them within their errors, was, for
the Bhabha background, 0.020, for the e+e~ —> (e+e~)e+e~ background, 0.005, and back-
ground from other r decays 0.020. The 0.6% uncertainty in the electron momentum scale
gave an uncertainty of 0.050, and the finite simulated data statistics an error of 0.035,
resulting in a total systematic error of 0.072.

6 . 2 r —>• fii/P

In r —> \iuv decays the r polarisation was measured using the reconstructed momen-
tum spectrum for the candidate decays, which were identified using techniques described
in Section 4.3.

In order to identify such a decay it was required that there be only one charged
particle track in a hemisphere and that it be able to penetrate to the outside of the
DELPHI magnet iron. Thus the charged particle reconstructed momentum had to be
greater than 0.067 x pbeam and lie in the polar angle region 0.035 < |cos©| < 0.732. To
identify the particle positively as a muon it was required that it have an associated hit in
the muon chambers or deposited energy in the outer layer of the HCAL. Rejection of r
decays containing a high energy hadron whose showers penetrated deep into the HCAL
was performed by demanding that the average energy deposited per layer Ehiay^ defined
in Section 4.3, be less than 3 GeV. Decays containing a hadron associated to a large
hadronic shower in the HPC were rejected by the cut Eass < 3 GeV, which was very
efficient for muons. By demanding that the neutral electromagnetic energy in a cone of
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Bin
1
2
3
4
5
6

cos0 range
[-0.732,-0.488]
[-0.488,-0.244]
[-0.244, 0.000]
[ 0.000,+0.244]
[+0.244,+0.488]
[+0.488,+0.732]

(VT) systematic error
Bin

1
2
3
4
5
6

cos© range
[-0.732,-0.488]
[-0.488,-0.244]
[-0.244, 0.000]
[ 0.000,+0.244]
[+0.244,+0.488]
[+0.488,+0.732]

(Vr) systematic error

euv

-0.063 ±0.171
+0.118 ±0.169
+0.044 ± 0.217
-0.583 ± 0.226
-0.180 ±0.174
-0.315 ±0.173

0.063
pv

-0.099 ± 0.079
-0.037 ± 0.081
+0.080 ± 0.079
+0.123 ±0.077
-0.349 ± 0.083
-0.141 ±0.079

0.027

\LVV

-0.166 ±0.159
-0.040 ±0.166
+0.109 ±0.182
+0.219 ±0.181
-0.275 ±0.175
+0.009 ± 0.146

0.028

+0.137 ±0.141
-0.110 ±0.145
-0.136 ±0.141
-0.100 ±0.202
-0.420 ±0.162
-0.363 ±0.177

0.051

TTl/

-0.191 ±0.091
-0.104 ±0.084
-0.008 ± 0.095
-0.281 ± 0.093
-0.295 ± 0.082
-0.295 ± 0.087

0.036
inclusive

-0.115 ±0.051
+0.061 ± 0.055
-0.105 ±0.055
-0.165 ±0.057
-0.268 ± 0.048
-0.273 ± 0.045

0.012

Table 1: r polarisation values in bins of cos© for the ei/i/, fii/i/, in/, pi/, a.\v and inclusive
analyses. Errors are statistical only. Also shown is the systematic error, excluding that
due to simulated data statistics, for the (VT) result for each channel, taken as fully
correlated from bin to bin. The systematic uncertainty due to simulated data statistics
in each bin is about 30% of the statistical error.

half-angle 30° about the track be less than 1 GeV, both the contamination from T —t pi/
events and that from e+e+ e~ events were reduced.

The detection efficiency was measured with data and simulated test samples of r —>•
events selected with tighter requirements in the muon chambers only and covering the

whole momentum spectrum, and with samples of both data and simulated e+e —>• p,+fi
events selected with kinematical cuts. The efficiency of the muon identification in the
angular and momentum acceptance was 95%, and its momentum dependence is shown in
Fig. 7a. The misidentification efficiency of the HCAL and MUB criteria for background
r decays was checked by a comparison of real and simulated data samples of r —̂  hi/nn°,
(n>0), events.

Contamination from cosmic ray events was reduced by requiring that at least one of
the highest momentum charged particles in either hemisphere have an impact parameter
in the vcj> plane of less than 0.3 cm. In events with a single charged particle in both
hemispheres it was further required that the difference in z of the point of closest approach
of the two tracks to the interaction region be less than 2 cm.

Background from /x+/u~ events remaining after the event acollinearity cut 6acoi > 0.5°
was reduced by demanding that prad, defined in Section 5, be less than 1.2 x pbeam-
Where the highest momentum particle in the other hemisphere had muon chamber hits
or energy deposition in the outer layers of the HCAL it was required that the maximum
momentum of any charged particle in the event be less than 0.7 x p(,eam- Any event in
which a charged particle passed within 1° in (pof a TPC sector boundary and in which any
charged particle had a momentum greater than 0.6 x pbeam was rejected. This removed
some JJL+f.i~ events with poor momentum reconstruction and poor extrapolation of one of
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the tracks to the muon chambers. The resulting momentum dependence of the efficiency
is shown in Fig. 7a.

The number of candidate r decays remaining after these cuts was 6617. The overall
efficiency to identify a r —>• y,uv decay inside the angular and momentum acceptance was
88%. The background was composed of (3.4 ± 0.3)% from other r decays, (0.5 ± 0.1)%
from /x+/i" events, (0.6 ± 0.1)% from e+e~ ->• (e+e~)/xV~ events and (0.4 ± 0.1)% from
cosmic rays.

The polarisation VT was fitted in each of the six bins of cos0 as described in Section 2.
The results are shown in Table 1. A fit of Eq. 3 to VT as a function of cos0 gave a mean
r polarisation of

(VT) = -0.033 ± 0.068,

and a Z° polarisation of
Vz = +0.024 ± 0.099,

where the errors are statistical only. The momentum spectrum summed over all bins in
cos0 is shown in Fig. 7b, with the simulated data spectrum for the fitted value of (VT)
superimposed. The step at 0.7 x j»(,eam stems from the effect on the T —>• \iuv events of
the criteria for n+n~ rejection and is well controlled with data test samples.

Systematic errors in (PT) included the following contributions: the uncertainty in the
muon identification efficiency coming from the statistics of the data samples used in its
determination (0.017); the uncertainty in the background contamination of hadronic r
decays due to the finite statistics of the data sample used in its determination (0.003);
contamination from e+e~ —> fi+fi~ events (0.012), e+e~ —> (e+e~)/j,+fi~ events (0.005)
and cosmic rays (0.001); the effect of the n+fi~ rejection cuts on the selection efficiency
in the high momentum region (0.007); the momentum resolution uncertainty and mo-
mentum scale (0.017); the finite simulated data statistics (0.030). This resulted in a total
systematic uncertainty of 0.041.

6 .3 r —>• T T ( K ) I /

A typical irv or Kv decay is characterised by a single isolated charged particle which
deposits energy deep in the HPC or in the HCAL. The separation of pions from electrons
and muons requires the use of almost all components of the DELPHI detector. An
important background arises from r —> pv —>• TnrQu decays where the 7r° is not detected,
due to threshold effects or dead regions in the calorimeter.

For efficient suppression of muons it was required that the isolated charged particle
have a momentum exceeding 0.05 x pbeam and lie in the polar angular region 0.035 <
| cos0| < 0.707. In the region near the transition from the barrel to the end-cap part of the
detector the muon chamber and HCAL coverages were incomplete. Regions without muon
chambers and with a reduced HCAL coverage were excluded from this study, reducing
the efficiency in the polar angular region | cos0| > 0.616 by about a factor two.

The separation of pions from muons relied on the observed signal in the HCAL and
muon chambers. Whereas muons penetrate the HCAL as minimum ionizing particles
and leave signal in the muon chambers, most pions interact early in the HCAL without
reaching the muon chambers. A fraction of pions, however, interact late and are therefore
likely to be confused with muons. To reduce this effect, the mean energy per layer de-
posited in the HCAL, Ekiay, was used to group the charged particle tracks into candidate
and non-candidate minimum ionizing particles. In the candidate region, Ehiay < 3 GeV,
the ratio of pions to muons was low. As the pions in this region tended to have low
momentum and did not penetrate deep into the HCAL, a muon veto was applied by
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excluding all particles which were observed in the rauon chambers or the outer layer of
the HCAL. For Ehiay > 3 GeV the ratio of pions to muons was high and a muon veto
was applied by excluding particles only if they were observed in the outer layers of the
muon chambers.

For electron rejection it was required that the electromagnetic energy deposited by
the charged particle in the first four HPC layers did not exceed 350 MeV, and that the
dE/dx did not exceed the expected signal of a pion by more than two standard deviations:
TljE,dx < 2. Within 0.5° of an azimuthal boundary between HPC modules, where the
rejection power of the HPC criterion was poorer, the dE/dx requirement was tightened
by asking that HdE/dx be less than one.

A further reduction of the background from electrons and muons was ensured by
requiring that the charged particle was either observed in the HCAL or deposited at least
500 MeV in the last five layers of the HPC.

Hadronic r decays containing 7r°'s were rejected by insisting that there be no neutral
electromagnetic showers in a cone of half angle 18° about the charged pion. These showers
had to satisfy the following criteria: the shower had to be separated by at least 1° from
the impact point of the charged particle on the HPC surface, had to start within the first
four and extend over at least three HPC layers; a minimum energy of 0.8 and 0.5 GeV
was required for the 1991 and 1992 data respectively; showers between 1° and 2° from
the charged particle impact point had to have a minimum energy of 1.5 GeV.

The identification criteria were studied as far as possible using real data test sam-
ples. The efficiencies of the rauon and electron rejection criteria were investigated using
a sample of charged hadrons from r decays to pv and SLIV tagged by the presence of a 7r°
in the HPC. The misidentification probabilities were obtained from samples of electrons
and muons tagged by kinematic constraints or by the use of independent detector com-
ponents. No suitable test sample was available to study the criteria aimed at rejecting r
decays containing 7r°'s. Their study thus relied on consistency checks between real and
simulated data where the stabilities of the measured r polarisation and of the branching
fraction result were checked against variations in the photon definition criteria. The over-
all identification efficiency within the angular and momentum acceptance was estimated
to be 65%. The efficiency as a function of momentum, obtained from the simulated data
with corrections for observed differences in the real data, is shown in Fig. 8a.

The background from e+e~ —> e+e~(7) and e+e~ —> fi+fi~(~f) events was reduced
by requirements on the hemisphere opposite to the identified candidate decay. It was
asked that the highest momentum charged particle in that hemisphere lie in the polar
angle region 0.035 < |cos0| < 0.732. Requirements were applied dependent on whether
this particle was identified as a muon or electron candidate, using loose criteria. These
requirements were different if the momentum of the pion candidate was less than or greater
than 0.7 x pbeam- If it was greater, the track momentum in the opposite hemisphere had
to be less than 0.75 x pbeam- For electron candidates the electromagnetic energy deposited
in the hemisphere had to be less than 0.75 x £ t e M , while for rnuon candidates the sum
of these two quantities had to be less than 0.75 x pbeam. If it was below, the total
electromagnetic energy in the opposite hemisphere had to be less than 0.75 x £(,eam for
electron candidates; otherwise the momentum had to be less than 0.85 x pbeam- These
criteria, with an overall efficiency of 93% excluding the fiducial requirement, created a
relative drop in the efficiency of (6.5 ± 0.8)% for momenta exceeding 0.7 x pbeam-

A total of 2956 candidate decays were selected. The estimated background from other
r decays was (11.9 ± 2.7)%, including contributions of 7.2%) from the pv mode and 2.
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from 7TKL^ final states of the K*(892)f mode. The background of Z° decays into electron
or muon pairs was (0.5 ± 0.2)%. Other backgrounds were negligible.

From a fit of Eq. 3 to the obtained values of VT in the six bins of cos0, as given in
Table 1, a mean r polarisation of

(Pr) = -0.199 ±0.036

and a polarisation of the Z°
Vz = -0.115 ±0.057

were obtained. The uncertainties are statistical only. The momentum spectrum of all
selected candidates is shown in Fig. 8b with the spectrum of the simulated data for the
fitted value of (VT) superimposed.

The uncertainty in (VT) due to the momentum scale was negligible for this channel.
The systematic error in (VT) included contributions from the identification efficiency
and the background estimates. For the identification efficiency, contributions of 0.015
and 0.019, respectively, from the anti-electron and anti-muon requirements, were caused
primarily by the limited statistics of the test samples used for their study. At high
momenta the statistics of the pion test sample was severely limited. The uncertainty
arising from the separation of the nu decay mode from hadronic modes with accompanying
neutral hadrons was estimated through variations of the photon definition criteria and
through a simultaneous variation by 30% of the background rates of im^u and TTKJV.

From this study a contribution of 0.026 was estimated. The uncertainty arising from the
remaining background of e+e~ —>• e+e~(7), fj.+fi~(~f) events and from the effect on the
signal of the rejection criteria aimed against this background was 0.011. The uncertainty
due to radiative corrections to the r decay process [16] contributed an error of 0.001.
Combining these contributions in quadrature with the statistical uncertainty of 0.018
from the limited amount of simulated data, a total systematic uncertainty of 0.041 was
obtained.

6 .4 r —>• pv

The T decay to pv was selected by requesting an isolated charged particle in the polar
angle region |cosG| < 0.732 with an accompanying n0 candidate. The charged particle
had to be incompatible with the electron hypothesis using cuts on TIE/P and YldE/dr similar
to those outlined in Section 6.1.

Candidate 7r°'s were subdivided in four different classes:

1. two showers of energy E\ and E? with

2.5 GeV < Ex + E2 < 10 GeV,

and an angle greater than 1° between the photons and the charged track. The
reconstructed two-photon invariant mass had to lie in the range 0.04 GeV/c2 to
0.25 GeV/c2.

2. one shower with energy greater than 5 GeV and more than 1° from the charged
track.

3. two showers with
Ei + E2 > 10 GeV.

In this case the second shower was generally either a hadronic interaction of the
charged pion or a secondary associated with the main shower. Only the highest
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energy shower was used in the calculation of the p invariant mass and an additional
cut was applied to reduce contamination:

4. two neutrals, including at least one photon which had converted before the TPC,
with a reconstructed invariant mass in the range 0.04 GeV/c2 to 0.25 GeV/c2. Pho-
tons which converted into e+e~ pairs in the material before the start of the TPC
were reconstructed with an efficiency of (73 ± 1)% in pu events using the tracks
reconstructed in the TPC.

The 7T7T0 invariant mass distribution is shown in Fig. 9. To reduce background it
was required that the reconstructed p invariant mass lie in the range 0.48 GeV/c2 to
1.20 GeV/c2. The sample remaining after the cuts contained 5903 r decays. The selection
efficiency inside the angular acceptance was 45%. The remaining background from other
r decays was 15.6% consisting of: TTTTW (10.7±0.3)%; TrnTrV, (n>2) (2.0±0.2)%; KTTV

(1.8±0.2)%; TTI / (1 .1±0.1)%. Contamination from e+e~ -> e+e~(7) and e+e~ -> fi+n~{-y)
events was (0.6 ± 0.2)%.

The polarisation was estimated using the variable £ described in Eq. 9. This variable
was a function of the decay angle of the p in the r rest frame, of the TT^ in the p rest
frame and the hadronic invariant mass. The dependence of the efficiency on £, estimated
from simulation, is displayed in Fig. 10a.

The polarisation VT was fitted in each of the six bins of cos© as described in Section 2.
The results are shown in Table 1. A fit of Eq. 3 to VT as a function of cosO gave a mean
r polarisation of

(VT) = -0.070 ± 0.033,

and a Z° polarisation of
Vz = -0.085 ± 0.050,

where the errors are statistical only. The £ spectrum summed over all bins in cos©
is shown in Fig. 10b, with the simulated data spectrum for the fitted value of (VT)
superimposed.

The systematic uncertainty in (PT) due to the finite statistics of the simulated data was
0.017. An uncertainty of 0.015 due to the energy cuts for the candidate 7r°'s in classes 1, 2
and 3 was estimated by varying the cut limits over wide ranges. An uncertainty of 0.001
due to the backgrounds from other r decays was estimated by varying the values of the r
branching ratios within their errors. Uncertainty of the HPC energy resolution and scale
contributed an error of 0.013. Small discrepancies between data and simulation for high
energy neutral showers in class 3 events where the HPC pattern recognition reconstructed
a false low energy secondary shower nearby gave an uncertainty of 0.007. The uncertainty
due to the n° mass cuts was estimated by varying the lower and upper cuts on the 7r° mass
to be 0.006. Similarly, by varying the cuts on the p mass by 0.15 GeV/c2 the uncertainty
due to the acceptance for p particles was estimated to be 0.015. By following the same
procedure as in Section 6.3 the uncertainty due to radiative corrections was estimated
to be 0.001. The uncertainty in the momentum scale had a negligible effect. The total
systematic uncertainty was 0.032.

6 .5 r —> 3.\i/ —»• n~7C+7r±i/

The decay r —> 3ir±vT is characterised by a topology containing three charged particles
with no neutral electromagnetic energy present in that hemisphere.
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The first requirement in the selection of such events was that the hemisphere contain
three charged particles with an absolute value of the sum of their charges equal to unity.
The vector sum of their momenta P^s had to lie in the polar angle region | cos0| < 0.732
and have a magnitude greater than 10 GeV/c. As the three particles should originate
from a r decay it was required that the invariant mass of the 3TT system be less than
2 GeV/c2.

An important background source was one-prong r decays with accompanying photons
which converted in the material of the detector to produce a e+e~ pair. Most conversions
take place after the microvertex detector which, together with the beam-pipe, accounts
for about 2% of a radiation length of material. Most e+e~ tracks are thus not expected
to produce a signal in the microvertex detector. It was demanded that at least two of
the three tracks have at least one associated hit in the microvertex detector. To suppress
photon conversion background further, a pair finding algorithm was used to reconstruct
the interaction point of the photon. If either of the two possible combinations of oppositely
charged particles had a difference in polar angle between the two particles of less than
0.3° and a reconstructed vertex more than 2 cm in the r</> plane from the interaction
region the decay was rejected. No attempt was made to identify e+e" pairs from Dalitz
decays.

Events with three prongs accompanied by photons were rejected. These photons had
to satisfy the requirements described in Section 4.2. A photon was assigned to the 3n
hemisphere if the angle between the photon and the 3TT resultant momentum direction
was less than 30°.

A r —> "iixn^u (n>0) decay can also fake a r —>• 3n±i/r event if the photons overlap
with the charged particles and are associated to them. To reject these events and suppress
photon conversions further, an additional cut was applied, E$*/P^f, < 0.2, where E$n is
the sum of the energy deposited in the first five layers of the HPC and associated to the
tracks.

To reduce non-resonant background, it was required that at least one of the two
possible 7r+7r~ combinations have an invariant mass in the range 0.6 GeV/c2 < mv+v- <
1.2 GeV/c2. This cut was asymmetric with respect to the p peak because the background
should peak in the low mass region, as was the case for the distribution of like sign charged
combinations.

These cuts produced a sample of 1830 candidate duv events. The efficiency within the
polar angle acceptance was 40%. The background from other r decays was estimated
to be (5.9 ± 1.8)%, while other backgrounds were negligible. The 37r invariant mass
distribution is shown in Fig. 11. A fit to the mass and width of the ai, in the Kiihn and
Santamaria model [17], yielded the values ma, = 1270 ±15 MeV/c2 and r a , = 604 ± 50
MeV/c2, in agreement with other studies of r decays [18,19].

The VT measurement was performed with a method based on moments of various decay
distributions, as advocated by Ku'hn and Mirkes [6], whose notation is followed below.

The T —> 37r±i/T decay rate can be written as

<x ^ LxWxd^dcos 6hdcos j3dQ2dsxds2, (14)
A'

where 9h is the angle in the r rest frame between the r flight direction and the direction
of emission of the hadronic system, f3 is the angle in the hadronic rest frame between the
normal to the 3TT decay plane and the direction of the hadrons in the laboratory system,
and 7 corresponds to a rotation around the normal to the decay plane and determines the
orientation of the pions within their production plane. The hadronic structure functions
W\ contain the dynamics of the 37r decay and depend in general on the invariant masses
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Si, s2 of the two 7r+7r~ combinations and on Q2, the invariant mass of the 3n system.
The lepton factors L\ are functions of the angles Oh, (3 and 7. They also depend on VT.

The hadronic structure functions W\ do not factorize in expression (14). Hence, for a
given set of cos Oh, 7, cos j3, s\, S2, and Q2, the Wx(si,S2, Q2) must be calculated in order
to perform a fit to the polarisation. In general, the result will depend on the particular
model assumed for the hadronic current.

The values of VT are derived from a combined fit to the cos Oh distribution and the
one-dimensional distributions of the following set of moments as a function of c o s ^ :

( (3cos 2 / ? - l ) /2) , <cos27), (S12sin27), (512cos/?),

where Sn — {s\ — ̂ / l ^ i — 2̂1 is the sign of the expression (si — S2). Fits to each of
the distributions have been performed, always finding consistent values, thus allowing
cross-checks of the fitting procedure. The polarisation VT was fitted in each of the six
bins of cos© as described in Section 2. The results are shown in Table 1. A fit of Eq. 3
to VT as a function of cos© gave a mean r polarisation of

(VT) = -0.184 ±0.069,

and a Z° polarisation of
Pz = -0.264 ±0.103,

where the errors are statistical only. The data for the two most sensitive moments,
summed over all cos© bins, are shown in Fig. 12.

The method used for measuring VT relates the various components of the hadronic
current. Thus, particular care should be taken in understanding possible biases due to
the model dependence of the hadronic structure functions Wx- The effects of changing
the Breit-Wigner parameters, of using different theoretical models [17,20,21] and of the
possible presence of a scalar contribution have been investigated. From a detailed anal-
ysis [4], an estimate for the uncertainty in (PT) arising from the theoretical modelling of
ai decays of 0.015 was obtained. The uncertainty in (VT) due to the selection efficiency
for 3n was estimated to be 0.030 by varying the selection cuts. The cuts in m7r+n- were
estimated to contribute an error of 0.020 by varying their values by 40 MeV/c2. The
uncertainty due to the acceptance in cos Oh was estimated to be 0.010 and that due to
description of the energy thresholds in the HPC to be 0.010. The uncertainty from the
momentum scale and resolution contributed an error of 0.030. The uncertainty arising
from the simulated data statistics was 0.030. The total systematic uncertainty was 0.059.

7 Inclusive r —> one-prong hadronic decay

The highest sensitivity to the r polarisation is obtained in the decays to nu and pu.
The identification of these channels requires, however, stringent cuts in order to avoid
background contamination, mostly due to hadronic decays with more 7rOis.

An inclusive measurement was made of the polarisation for decays to a single charged
hadron with or without accompanying 7r°'s. This increased the selection efficiency, at the
expense of a somewhat lower sensitivity per event to the polarisation. A charged particle
originating directly from the decay of a r was selected by requesting that it have associated
VD hits. It had to lie in the polar angle range |cos©| < 0.732. Additional tracks were
permitted provided that these did not have associated VD hits. This ensured that the
hemisphere contained only one charged particle arising directly from the decay of the r,
while keeping a high efficiency for retaining events with a photon conversion. Background
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from 3-prong and 5-prong r decays was negligible. Furthermore, the extrapolation of the
r decay track to the HPC had to lie more than 1° away from any azimuthal boundary
region of the HPC as the HPC response to electrons near these regions was degraded,
rendering electron rejection more difficult.

The analysis was performed as a function of the hadronic invariant mass, rrih, computed
from the charged particle track and all neutral electromagnetic showers in a cone of half
angle 30° about the track. It was assumed that the charged particle had the mass of
a pion and that the particles causing the neutral showers had no mass. The data were
separated into three regions of hadronic mass, below 0.3 GeV/c2, from 0.3 to 0.9 GeV/c2

and above 0.9 GeV/c2 but below 1.8 GeV/c2 ~ mT. These regions correspond to the
dominating decay being Ttv, pu and &\V respectively.

The first stage of electron rejection was performed using the dE/dx of the TPC. It
was required that TldE,dx be less than 2. This cut was particularly important in the low
momentum region. Additional cuts described below, dependent on the hadronic invariant
mass, were performed to reduce the backgrounds further.

• Decays with low hadronic mass were more heavily contaminated by muons and
electrons. In the region rrih < 0.3 GeV/c2, the hadron identification criteria were
tighter. To reject electrons, it was required that the associated electromagnetic
energy deposited in the first 4 layers of the HPC be less than 1 GeV, or that there
be associated energy in the HCAL beyond its first layer. The momentum of the
single charged particle had to be greater than 0.067 x pbeam to ensure that it had
sufficient momentum to reach the muon chambers, thus enabling efficient rejection
of muon background. Muons were rejected by requiring that Ehiay be greater than
4 GeV or, if E^iay w a s zero or between 0.6 and 4 GeV, there be no hit in the inner
layer of the muon chambers. The region 0 < Ehiay < 0.6 GeV contained few pions
and was rejected.

• In the two higher mass bins, the background from muons was small enough not to
require additional suppression. For mh > 0.3 GeV/c2, in order to reject electrons it
was required that the electromagnetic energy deposited in the first 4 layers of the
HPC be less than 5 GeV, or that there be associated energy in the HCAL beyond
its first layer.

In order to reduce the contamination from fi+fi~ and e+e~ events further it was re-
quired that the event acollinearity be greater than 0.5°, that there be no particle in the
opposite hemisphere with momentum greater than 0.8 x Pbeam and that Erad, as defined
in Section 5, be less than Ebeam-

The sample remaining after the cuts contained 15092 r decays, selected with an effi-
ciency of 78% within the angular and momentum acceptances. The background consisted
of (4.0 ±0.4)% from other r decays and (0.4 ±0.2)% from non-r sources. The distribution
of the hadronic mass is presented in Fig. 13. The background affects mostly the region
of low hadronic mass. Table 2 shows the percentages for the three signal channels, and
the backgrounds, in each of the three invariant mass ranges, taken from simulation. The
efficiencies for the nu and pu channels are higher than for the exclusive analyses where
more stringent cuts were made to remove the pv and &\V decays respectively. Also shown
are the different backgrounds to the three mass regions.

The polarisation was estimated using a 2-dimensional fit to the variables cos 9h, defined
in Section 2, and cos xph1 closely related to the emission angle of the charged pion in the
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Mass range
[GeV/c2]
mh < 0.3
0.3 < mh < 0.9
0.9 <mh < 1.8

Signal channels
•KV

83.8 ±0.5
12.1 ±0.2
4.1 ±0.2

pv

5.9 ±0.2
55.9 ±0.3
38.2 ±0.3

1.1 ±0.2
20.8 ± 0.4
78.1 ±0.4

Backgrounds
eui>

1.1 ±0.1
2.1 ±0.2
0.2 ±0.1

\ivv

5.7 ±0.6
1.2 ±0.1
1.1 ± 0.1

non-r
0.5 ±0.3
0.3 ±0.2
0.3 ±0.2

Table 2: Columns 2, 3 and 4 contain percentage of the events in each range of measured
mass, for each of the three main decay modes used in the inclusive hadronic analysis.
Other columns show background percentages in each mass range.

hadronic rest frame, as described in Eq. 10. Its precise form is

Ech — Eneu
COS rph, =

Ech + En
(15)

where Ech is the energy, calculated using the measured momentum, of the charged particle
in the decay and Eneu is the neutral energy in a cone of half-angle of 30° about the charged
particle. In the low mass region a one dimensional fit to cos Oh only was performed as
cos iph has no real significance in this region.

Fits of VT in the six bins of cosO were performed as described in Section 2 for the
three invariant mass regions. The results are shown in Table 3.

COS0
bin
1
2
3
4
5
6

vTmh < 0.3
-0.143 ±0.085
-0.013 ±0.086
-0.221 ± 0.093
-0.292 ± 0.086
-0.331 ± 0.082
-0.338 ± 0.077

0.3 < mh < 0.9
-0.111 ±0.076
+0.065 ±0.086
-0.045 ± 0.087
+0.008 ± 0.090
-0.240 ± 0.073
-0.216 ±0.071

0.9 < mh < 1.8
-0.081 ±0.142
+0.191 ±0.166
-0.012 ±0.142
-0.277 ±0.140
-0.277 ±0.147
-0.256 ±0.141

Combined
-0.115 ±0.053
+0.061 ± 0.057
-0.105 ±0.057
-0.165 ±0.059
-0.268 ± 0.051
-0.273 ± 0.048

x'/n.d.f.
0.2/2
1.3/2
2.4/2
6.5/2
0.7/2
1.6/2

Table 3: For the inclusive hadronic analysis, VT in bins of cos© for each of the invariant
mass ranges. The uncertainties include simulated data statistics. Mass units are GeV/c2.
The last column gives the \ 2 and number of degrees of freedom of the combined result.

The combination of the three mass regions over the six bins in cos© gives a \ 2 of 14.5
for 12 degrees of freedom, showing good compatibility. Thus fits of the polarisation to
all three mass ranges combined were made in bins of cosO. These are shown in Tables 1
and 3. A fit of Eq. 3 to VT as a function of cos© gave for all three mh bins combined a
mean r polarisation of

{VT) = -0.150 ±0.021,

and a Z° polarisation of
V.L = -0.144 ±0.032,

where the errors are statistical only. The distributions of cos#/, and cosi/^, summed over
all cos© bins, are displayed in Fig. 14, with the simulated data distributions for the fitted
value of (VT) superimposed.

The momentum dependent efficiency for hadrons surviving the muon rejection cuts
was estimated from a test sample of pions selected using dE/dx and HPC information.
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In this manner uncertainties in the polarisation due to the muon rejection cuts and the
cut on HCAL energy beyond the first layer were estimated. In an analogous manner test
samples of electrons and muons were used to estimate the uncertainty due to background
from other r decays.

The loss of neutral showers in the HPC due to threshold effects and dead space was
responsible for an additional uncertainty. The migration of events between the medium
and low mass regions was varied by 20% to give an estimate of the effects of lost 7r°'s in
pv decays or extra interactions of pions in the detector. This gave anti-correlated changes
in the lowest and central invariant mass ranges, and thus a partial cancellation in the
overall uncertainty. A similar procedure was carried out between the two highest mass
bins.

The branching fractions of the irv, pv and Tnr°Tr°v decay modes of the r were varied
by the uncertainties in the world average values in [19]. This contains corrections to the
uncertainties arising from inconsistencies between results from different experiments.

The invariant mass region boundaries were varied by 0.1 GeV/c2 and the variation in
the polarisation taken as a systematic uncertainty coming from the choice of binning.

The neutral definition was tested by changing the requirements outlined in Section 4.2
to include all neutrals regardless of energy, shower extent and starting layer in the HPC.

The uncertainty due to radiative corrections in the r decay processes was estimated
in the manner described in Section 6.3.

A shower from a n° or photon could accidentally be associated to the charged particle,
causing the variables used in the analysis to be mismeasured. This was studied by adding
the full energy associated to the charged track in the HPC into the neutral cone energy
in the definitions of cos Oh and COST/V The change in the measured polarisation was
negligible, in the overall fit and in each mass bin.

The uncertainties, separated into their components for each invariant mass region, are
listed in Table 4, showing the cancellation of some systematics. The total systematic
uncertainty in the combined value of (VT) was 0.017.

Systematic source
Simulation statistics
Muon rejection
Neutral energy scale
Migrations
r branching ratios
Mass binning variation
Non-r background
HCAL energy cut
Neutral definition
r decay background
Radiative corrections
Total

Mass range [GeV/c2]
mh < 0.3

0.018
0.009
0.000

+0.027
+0.003
+0.015
+0.008
+0.007
+0.010
+0.005

0.001
0.040

0.3 <mh< 0.9
0.018
0.000
0.008

-0.030
-0.004
-0.023
-0.001
-0.002
-0.013
-0.001

0.001
0.045

mh > 0.9
0.035
0.000
0.008

-0.010
-0.011
-0.020
-0.001
-0.010
+0.025

0.000
0.000

0.051

Combined
A(VT)
0.012
0.005
0.005
0.005
0.004
0.004
0.003
0.003
0.003
0.002
0.001
0.017

Table 4: Systematic errors in (VT) for the inclusive hadronic analysis split into the
different mass ranges. The signs of the uncertainties in the second and third mass bins
show the direction of change relative to a positive change in the lowest mass region.
Absence of signs implies no correlation between mass bins.
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8 Combination of results

The results of the different exclusive channels and inclusive one-prong hadronic analysis
in each of the six bins of cosO are shown in Table 1. The fitted values of (VT) and Vz for
each of the individual analyses are shown in Table 5.

Channel
T —)• evv

T —> flVV

T —> n(K)v

T —> pv

r —>• &\v

Inclusive

fa)
-0.148 ±0.077 ±0.072
-0.033 ±0.068 ±0.041
-0.199 ±0.036 ±0.041
-0.070 ± 0.033 ± 0.032
-0.184 ±0.069 ±0.059
-0.150 ±0.021 ±0.017

vz
-0.209 ±0.111 ±0.006
+0.024 ± 0.099 ± 0.003
-0.115 ±0.057 ±0.004
-0.085 ± 0.050 ± 0.004
-0.264 ±0.103 ±0.003
-0.144 ±0.032 ±0.003

Table 5: Values of (Vr) and Vz from the fit of "PT(cos0) for all channels. Uncertainties
are statistical followed by systematic. The systematic error in Vz contains a systematic
error of 0.003 common to all channels.

The correlation coefficient of the statistical uncertainties was estimated to be 0.3 be-
tween the inclusive and nv channel and 0.4 between the inclusive and pv channel from the
overlap of events in the different samples. A maximal correlation in the systematic errors
of the ni/ and inclusive hadronic analysis was assumed, while the correlation between
the uncertainties in the pv and inclusive hadronic analyses was low, arising principally
from the HPC energy threshold uncertainties. The final results were insensitive to the
correlation coefficients under a variation of ±0.1.

The results of the different analyses were combined taking into account the correlations
in each of the six bins. The results are shown in Table 6 and in Fig. 15. The \2 P e r degree
of freedom is 39.2/30, indicating that the different channels gave compatible results. The
statistical part of the error has been multiplied by a factor 1.02 to take account of the
anticorrelation of the r + and r~ helicities in an event.

Bin
1
2
3
4
5
6

-0.100 ±0.043
-0.002 ±0.044
-0.042 ± 0.046
-0.110 ±0.047
-0.287 ±0.042
-0.244 ± 0.040

X7n.d.f.
3.2/5
4.7/5
6.0/5
18.0/5
1.8/5
5.6/5

Table 6: r polarisation values in bins of cosQ for the combination of all analyses. The
errors are statistical only. The final column shows the \2 for each bin of the combination.

The combined data were fitted to the functional form of the polarisation given in
Eq. 3. In contrast to the case for (VT), Vz and its associated systematic uncertainty are
dependent on the correlations introduced between different bins in cosO. By combining
the simulated data distributions for bins of cosO reflected in cos© = 0, which had identical
acceptance effects, the uncertainty in Vz due to simulation statistics was greatly reduced.
Other systematic uncertainties in the polarisation for the different channels affect Vz if
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they are forward-backward asymmetric in a different way for differently charged decay
particles. An example is the track curvature in the TPC, which can be offset by detector
effects differently for opposite hemispheres, causing different charge-dependent losses in
sector boundaries of the TPC for positive and negative z. This, however, was estimated
to have negligible effect on Vz. An error in the calibration of the 0 measurement for
charged particles would lead to an offset in the measurement of Vz. An uncertainty on Vz

of 0.002 was estimated due to this effect. Similarly the choice of the decay product polar
angle rather than that of the r generates a smearing of the cosO distribution for which
the fitted value of Vz must be corrected. From simulated data it was estimated that this
offset was less than 0.001 and so an uncertainty of 0.001 in Vz was taken. Misidentification
of the r charge from its decay products was estimated to be less than 1%, leading to a
systematic uncertainty on Vz of 0.001.

Systematic uncertainties due to simulated data statistics were assumed to have the
maximum possible common error between bins reflected about cos© = 0, and no corre-
lations between other pairs of bins. The other systematic errors in (PT) were taken as
being common to all cos0 bins for each channel.

The weighted mean value of cos0 was taken in each bin as the position of the point in
the fit. The uncertainty in Vz due to this procedure was estimated to be less than 0.001.
The fit gave the results

(Pr) = -0.136 ± 0.018 ± 0.009 ± 0.011,

Vz = -0.131 ± 0.026 ± 0.001 ± 0.003.

The first error is statistical, the second is due to the simulated data statistics and the third
due to all other systematic uncertainties. The best fit function is plotted superimposed
on the data in Fig. 15. The \2 P e r degree of freedom is 9.7/4. The correlation between
the fitted values of (VT) and Vz was -f-0.03. A second fit assuming lepton universality
gave the result

(VT) = VZ = -0.134 ± 0.014 ± 0.006 ± 0.006.

The \ 2 was 9.7 for 5 degrees of freedom, and the best fit function is displayed in Fig. 15.
Alternatively, (VT) and Vz can be derived by combining the results from the fit to

•Pr(cos0) obtained separately for each channel. This gave essentially identical results to
those shown above with a x2/n.d.f. of 5.6/5 for the combination of the (PT) results for
the different channels and 6.6/5 for the combination of the Vz results.

The observed polarisations (PT) and Vz have to be corrected for QED effects and for
the centre-of-mass energies different to M%. These corrections were evaluated with the
program ZFITTER [22]. They have the forms (VT)corr = ax(VT)obs + A, and Vz

corr =
a2T°bs + A2 where a 1 2 and A1|2 are, respectively, multiplicative and additive corrections
to the observed polarisations. Their values for this analysis are cc\ = o2 = 1-0206 and
A! = A2 =-0.0020, in the Minimal Standard Model for Mtop = 150 GeV/c2 and MHiggs =
300 GeV/c2. The uncertainties arising from varying Mtop between 91 and 250 GeV/c2

had a negligible effect.
Application of these corrections resulted in the following values for the mean r polar-

isation and the Z° polarisation:

(VT) = -0.141 ± 0.018 ± 0.009 ± 0.011,

Vz = -0.136 ± 0.027 ± 0.001 ± 0.003,

where the first error is statistical, the second is due to the finite statistics of the simulated
data and the third due to all other systematic uncertainties. The corrected result from
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the fit assuming universality was

(Vr) =VZ = -0.139 ± 0.015 ± 0.006 ± 0.006.

The analysis [2] on 1990 data yielded the result for the mean r polarisation (VT) —
—0.24 ±0.07. This is compatible with the results of the current analysis. They have been
combined assuming fully correlated systematic errors, to yield a mean r polarisation

(VT) = -0.148 ± 0.017(stat.) ± 0.014(syst.),

and with the assumption of universality,

(Vr) = VZ = -0.144 ± 0.014(stat.) ± 0.008(syst.).

9 Summary and Conclusions

The polarisation of the r and its polar angle dependence have been determined through
the study of exclusive decay channels and from an inclusive analysis. The different mea-
surements were found to be consistent with each other. The polar angle dependence is
displayed in Fig. 15 and in Table 6. The data have been combined with the published
1990 results [2]. The results were

[VT) = -0.148 ± 0.017(stat.) ± 0.014(syst.),

Vz = -0.136 ± 0.027(stat.) ± 0.003(syst.).

These results yielded for the ratios of the effective weak couplings of the r and e respec-
tively

vT/aT = 0.074 ±0.011,

vjde = 0.068 ±0.014,

supporting the hypothesis of lepton universality.

The assumption of lepton universality yielded the result

(VT) = VZ = -0.144 ± 0.015(stat.) ± 0.008(syst.),

giving, for the ratio of effective leptonic couplings,

vi/ai = 0.072 ± 0.008,

and leading to the result
sin2^e

ff
pt = 0.2320 ±0.0021,

compatible with the values obtained from previous measurements of the r polarisation
at LEP [23] and from forward-backward charge asymmetries in Z° decays [24].
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Figure 1: Distribution of the pull on dE/dx for the pion hypothesis, n*dE,dx, for two
different data sets in r decays. The clear histogram is for an electron test sample. The
hatched area shows a pion test sample.
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Figure 2: Distributions of the electron identification variable ^IE/P f°r samples of electrons
(clear histogram) and for pions (hatched histogram). Only particles depositing more than
1 GeV in the HPC were included.
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Figure 3: Distribution in data of energy deposition in the first four layers of the HPC for
an electron test sample (clear histogram) and a pion test sample (hatched histogram).
The area in the hatched histogram is 0.58 as 42% of hadrons did not leave any energy
deposition in the first four layers of the HPC. The bump on the right hand side for the
hadron sample arises from hadrons which interact in the first four layers of the HPC or
in the RICH.
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Figure 4: Probabilities of reconstructing a single TT° in simulated data as n clusters in the
HPC as a function of n° energy. Open circles are for n = 0, solid circles for n = 1, open
squares for n = 2 and solid squares for n > 2.
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Figure 5: Distribution of average energy per layer Ehiay m the hadron calorimeter for real
data test samples of pions (clear histogram) and of muons (hatched histogram).
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Figure 6: a) The solid circles show the identification efficiency for r —>• e w decays as a
function of pei/pbeam- The open circles show the efficiency after all cuts including rejection
of backgrounds other than from r decays, b) pei/pbeam spectrum for candidate r —> eui>
decays. The dots are data and the solid line is simulated data for the fitted value of
(VT). The hatched area is background and the dotted and dashed lines correspond to the
positive and the negative polarisation contributions respectively.
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Figure 7: a) The identification efficiency for r -> ^i/f decays and b) the spectrum of can-
didate r —*• / iw decays, as a function of the reconstructed muon momentum normalised
to the beam momentum, with the same conventions as in Fig. 6.
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Figure 8: a) The efficiency of identification criteria and b) the spectrum, for r —>• TT(K)U

decays as a function of the 7r(K) momentum normalised to the beam momentum, with
the same conventions as in Fig. 6.
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Figure 9: nn0 invariant mass distribution for r —> pv —> mr°i/ candidate decays. The dots
show the real data and the solid line simulated data. The hatched area is the background
predicted by the simulation.

Figure 10: a) The selection efficiency determined from simulated data, as a function of
£. b) The observed £ spectrum of candidate r —» pf/ decays with the same conventions
as in Fig. 6.

31



220 Appendix F

>250

in 200

OB

100

50

0

DELPHI
1 1 • 1 1 1 • 1 1 1 1 • 1 1 1 1 1 1

T - ^ B j V

0.6 0.8 1 1.2 1.4 1.6 1.8 ,2
m3n (GeV/c2)

Figure 11: The 3n invariant mass spectrum from r —> 3n±uT decays. The points are data
and the histogram corresponds to simulated events generated with the mass and width
obtained from a fit to the data.
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Figure 12: The two most sensitive moments in the polarisation fit of the r —> a ^ channel
as a function of c o s ^ : a) {(3cos2/3— l)/2) and b) (cos 27). The dots show the data and
the solid line is simulated data with the fitted value of (VT). The dotted and dashed lines
correspond to the positive and the negative polarisation distributions respectively.
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Figure 13: The observed invariant mass distribution for candidate events in the one-prong
hadron inclusive analysis, before cuts to remove electrons. The pole at m = m^ is not
shown. The dots are data, the solid line is simulated data, and the hatched area is
background.
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Figure 14: For the one-prong hadron inclusive analysis, the projections of the
cos 0^ vs cos^/! 2-dimensional distributions for the three invariant mass regions: a)
mh < 0.3 GeV/c2; b) and c) 0.3 GeV/c2 < mh < 0.9 GeV/c2; d) and e)
0.9 GeV/c2 < mh < 1.8 GeV/c2; The dots are data and the solid line is simulated
data for the fitted value of (VT). The hatched area is background and the dotted and
dashed lines are the positive and negative polarisation contributions respectively.
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the fit result without the assumption of universality, while the dashed line is the fit with
universality assumed.
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1 Introduction

At LEP energies, where the annihilation process e+e~ —*• T+T~ is dominated by the production
and subsequent decay of a Z° boson, the final state taus are polarised. This is a consequence
of parity violation in the weak neutral-current interactions. The different strengths of the Z°
couplings to left- and right-handed fermions, induce a longitudinal polarisation of the taus as
well as a polarisation of the Z°. The polarisation of the Z° induces a dependence of the tau
polarisation on the polar angle of the T+T~ emission.

Ignoring Oim^jM^) mass effects, helicity conservation at high energies assures that the pair-
produced r + and T~ have opposite helicities. Conventionally, VT is defined as the polarisation
of the T~ . In the improved Born approximation, at the Z° peak, the polarisation of the Z° and
the polarisation of the tau, averaged over all emission angles, are given by [1]

Vi - - A
Z " C " (

_T _T
9A9V (2)

where <7V and ge
k are the effective vector and axial vector couplings of the Z° to lepton t. The

dependence of the tau polarisation on the angle 9 between the e~ and the T~ then appears as [1]

The measurement of the tau polarisation as a function of cos 6 provides a simultaneous
determination of Vi and (VT) and, thus, of the Z° couplings to the initial state electrons and the
final state taus, respectively, allowing a test of electron-tau universality. In the Standard Model,
where the lepton couplings are equal, and hence Ae — Ar, the tau polarisation measurement
can be expressed in terms of the effective weak mixing angle through the relation <7V/#A =

This note presents a detailed description of the tau polarisation analyses in the eui> and nt/
decay modes. These analyses form part of the DELPHI measurement of the tau polarisation [2],
which in addition includes analyses of the exclusive decay modes f.iui> [3], pv [4], and s^u [5] and
a simultaneous analysis of the inclusive one-prong hadronic decay modes [6]. The analyses are
based on a sample of about 31,000 tau pairs from Z° decays detected during the 1991 and 1992
LEP data-taking years by the DELPHI detector within its polar angular range of | cos#| < 0.732.
The majority of the events (94.5%) were observed at the top of the Z° peak and the remainder
at center-of-mass energies within 3 GeV above and below the peak of the resonance.

A brief outline of the polarisation formalism and of the experimental problem is presented
in the next section. Section 3 describes the DELPHI detector and the specifics of the Monte
Carlo simulation. The preselection of the tau-pair sample is discussed in Section 4. Detailed
descriptions of the polarisation analysis in the r —> QVV and r —> TSV decay modes follow in
Sections 5 and 6. Finally, there is a short conclusion summarising the main results of the
analysis.

2 Tau Polarisation Measurement

The tau polarisation can be deduced from an analysis of the kinematics of the r decay prod-
ucts. The V —A structure of the weak charged current decay, which, as supported by other

1
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Figure 1: Expected momentum spectra for the two polarisation states, VT = — 1 (dotted line)
and VT = +1 (dashed line), and for VT = -0.14 (full line).

measurements [7], is assumed exact in this analysis, induce characteristic differences in the an-
gular distributions of the decay products in the tau rest frame between taus of opposite helicity.
These angular differences translate into differences in the energy distributions in the laboratory
frame.

In the case of a tau decay to a charged lepton or a pion and accompanying neutrinos, the
tau polarisation can be deduced from the shape of the charged particle momentum spectra.
Ignoring, for a moment, mass and radiative effects, which are, however, accounted for in the
analysis, the distributions depend linearly on VT, as [8]

for the decay r —> Ivu, and
l d T

(4)

(5)

for the decay r -» irv. Here x is denned as the momentum of the charged decay product in
units of the beam momentum. The expected momentum spectra for the two polarisation states,
VT = — 1 and VT = +1, as well as for VT = —0.14 are shown in Fig. 1.

Because the pion is a spin-0 particle and the decay contains only one undetected neutrino,
the pion momentum carries the maximum possible information about the helicity of the tau.
The leptonic decays, on the other hand, contains three spin-| particles in the final state, of
which the two neutrinos go undetected. The relation between the lepton momentum and the
tau helicity is therefore less direct, resulting in a reduced sensitivity of these decay modes. This
can be inferred from Fig. 1, where the relative difference between the VT = — 1 and VT = -fl
spectra, in the lepton case is much smaller than in the pion case.

The selection of pure samples of tau decays proceeded in three stages. Firstly, tau pair
events were preselected by retaining low-multiplicity events mainly coming from Z° decays into
lepton pairs. Secondly, after association of the charged and neutral particles with one of the two
hemispheres in the event, as defined by the event thrust axis, the individual tau decays were
identified, based on the observed signal in the calorimeters and the muon chambers and the
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ionisation in the TPC. Finally, strict channel specific requirements on the hemisphere opposite
to the identified decay suppressed non-tau backgrounds with minimum kinematic biases.

The event selection and particle identification procedures were checked extensively not only
using Monte Carlo simulation but as far as possible using physics channels well identified in the
data from kinematic constraints. Examples of such channels were Z° decays to electron or muon
pairs, and 77 interactions. Furthermore, the detector response to the various particle types
was studied in detail by exploiting the redundancy existing between different components of the
detector.

For the extraction of the tau polarisation, the identified candidates for each decay mode were
grouped into six equal width bins in cos# between —0.732 and +0.732. The polarisation in each
bin was then estimated for the individual decay modes by fitting the real data distribution to a
linear sum of the predicted distributions for positive and negative helicity states generated by
Monte Carlo simulation techniques and passed through the same reconstruction and analysis
chain as the real data. The simulated data distributions were combined for bins of cos 9 reflected
in cos 6-0, which had identical acceptance effects. This way, the uncertainty from the statistical
precision of the simulated data was fully correlated between the reflected bins. This had no effect
for the determination of {VT), but led to a substantial reduction of the systematic uncertainty
on Vz- The determination of Vz and (VT) followed from a fit of Eq. (3) to the observed angular
dependence of the polarisation.

3 The DELPHI Detector and Monte Carlo Simulation

The DELPHI detector is described in detail elsewhere [9]. The main elements used in this
analysis, which was confined to the barrel part of the detector covering the polar angular region
of I cos 6\ < 0.732, included

• the vertex detector (VD), a precise three layer silicon microstrip detector extending in
radius from 6 to 12 cm;

• the inner detector (ID), extending to 28 cm in radius, consisting of a drift chamber with
jet-chamber geometry, providing 24 measurements of the azimuthal coordinate, and five
surrounding layers of multi-wire proportional chambers, mainly for triggering purposes;

• the time projection chamber (TPC), extending to 116 cm in radius, the main device for
reconstruction of charged particle trajectories providing 16 space point measurements, and
with up to 192 samples of specific ionisation a measurement of dE/dx with 6.1% resolution;

• the outer detector (OD), five layers of drift cells situated outside the Ring Imaging Che-
renkov counter at a radius of 2 m, combined with the information from the other tracking
detectors, providing a momentum resolution of approximately Sp/p2 = 8 X 10~4 GeV"1;

• the electromagnetic calorimeter, a 18 radiation length deep high density projection cham-
ber (HPC), with nine readout layers in depth and a high granularity for measurement
of transverse coordinates of electromagnetic showers, providing an energy resolution of
approximately 3 2 % / ^ ( G e V ) © 4.4%;

• the hadron calorimeter (HCAL), consisting of 20 layers of streamer tubes interleaved with
the 110 cm deep iron of the magnet return yoke, with the hadronic energy read out by
projective tower cathode pads of about 3 x 3 degrees and grouped electronically into four
equally deep readout layers;

3
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• the muon chambers, two layers of drift tubes, the first situated within the outer HCAL
readout layer after 90 cm iron, the second outside the HCAL after a further 20 cm of
iron, providing two precise three-dimensional coordinates for muons which penetrate the
HCAL.

The tracking detectors and the HPC all lay inside the super-conducting solenoid, which provided
a 1.2 Tesla magnetic field parallel to the beam axis.

The Ring Imaging Cherenkov counter (RICH), although not used directly in the analysis,
had an important effect on the performance of the tracking, especially for electrons, and on the
calorimetry. Situated between the TPC and the OD it constituted the majority of the material
in front of the HPC, corresponding to about 60% of a radiation length and 15% of a nuclear
interaction length at normal impact.

The complete polar angular range of the barrel was covered by all detectors except the HCAL
and the muon chambers, which had partial or complete inefficiencies in part of the transition
regions between the barrel and end-caps of the detector (0.616 < cos# < 0.732)

The DELPHI trigger system, which was based on highly redundant signals from various
detector elements, provided a trigger efficiency of essentially 100% for tau pair final states.

For the study of the signal of Z° decays to tau pairs and of the various potential backgrounds,
use was made of simulated data. The response of the DELPHI detector to the generated particles
was simulated using the Monte Carlo simulation program DELSIM [10], containing its own
detailed description of electromagnetic processes, and interfaced to the GEISHA program [11]
for the modeling of hadronic interactions. The simulated data were reconstructed and analysed
identically to the real data.

Generated tau pair events were obtained using the KORALZ 3.8 event generator [12], which
accounted for the tau polarisation and its effect on the decay spectra, as well as for the spin
correlation between the two taus. The simulated tau pair sample was approximately four times
larger than the real data sample. Background events from multi-hadronic Z° decays were gen-
erated using the JETSET 7.3 program [13]. Decays of the Z° into electron pairs and muon
pairs were produced using the event generators BABAMC [14] and DYMU3 [15], respectively.
Non-resonant lepton pair events from 77 interactions were produced using the event generators
described in Refs. [16] and [17].

4 Event Preselection

The preselection of Z° decays to tau pairs followed closely the selection procedure used for the
1991 lineshape measurement [18]. To avoid kinematic biases, however, only the requirements
aimed against multihadronic Z° decays, non-resonant events from 77 interactions, and cosmic
rays were applied. Thus, the preselected sample, used for the extraction of the tau polarisation,
consisted of Z° decays to lepton pairs.

In a further step, a tau pair sample was established by requirements aimed against Z° decays
to e+e~(7) or fi+/-i~{~/) final states. This sample was used extensively throughout the analysis
for the selection of various test samples from tau decays, used for the study of the detector
response.

As an initial step, so-called good tracks were identified. These were charged particle trajec-
tories originating from within a cylindrical region about the center of the interaction region of
5 cm radius and 10 cm length in either direction along the beam axis. Trajectories not satis-
fying this requirement were mostly originating from secondary processes, where a particle had
interacted with the material of the detector, and were neglected in the analysis.
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4.1 Lepton Pair Events

Events were separated into hemispheres by a plane perpendicular to the thrust axis1, which
was calculated using charged tracks. It was required that at least one of the two leading tracks
(highest momentum track in a hemisphere) lie within the polar angular region of | cos#| < 0.732.
Poorly reconstructed events were excluded by demanding at least one track per hemisphere.
Most cosmic rays were rejected by requiring that both leading tracks had a point of closest
approach to the center of the interaction region of less than 4.5 cm along the beam axis and of
less than 1.5 cm in the plane perpendicular to the beam axis. Requiring additionally, for two
track events, that the tracks were separated by less than 3 cm along the direction of the beam
axis at their closest approach to the interaction point exploited the timing information of the
TPC to remove remaining cosmic ray events not arriving within about ±110 ns of the collision
time. The majority of multi-hadronic decays of the Z° were removed by requiring a maximum of
six charged tracks originating from the interaction region and a minimum angle between any two
tracks in opposite hemispheres exceeding 160°. Two-photon events were excluded by requiring a
total energy in the event (sum of neutral electromagnetic and charged energy) exceeding 8 GeV
and a total transverse momentum (relative to the beam axis) of charged particles exceeding
0.4 GeV in events with a total energy less than 20 GeV.

After discarding a small fraction of the data in which one or more sub-detectors, which
were essential for the analysis, had not been operating satisfactorily2, these criteria selected
about 21,000 and 64,000 events, respectively, from the 1991 and 1992 data. About one third of
the sample were T+T~ events, which were selected by an efficiency of 87% within the angular
acceptance. The background consisted of 0.6% from e+e~ -+ qq events and 0.6% from non-
resonant events produced via 77 interactions. Here the background rates are given relative to
the T+T~ events. The momentum spectrum of the selected sample is shown in Fig. 2, from
which good agreement between the real and the simulated data can be observed.

4.2 Tau Pair Events

Further requirements were applied for the selection of the reference sample of tau pair events
used for detector studies. It was asked that, in two track events, the acollinearity3 exceeded
0.5°, and that the two variables prad = Jp\ + ~p\ and JSraa = \JE\ + E\ both be less than the
beam momentum. Here the variables Pm) and ̂ 1(2) were, for hemisphere 1 (2), the momentum
of the leading track and the total electromagnetic energy inside a 30° cone about this track,
respectively.

The thrust T is defined as

T - max ' '—r^~,
E.IP-I

where p , is the momentum vector of particle i, and the sum runs over all particles in the event (in this case, all
charged particles). The vector n,, which maximises the thrust, defines the direction of the thrust axis.

2For the analysis of the two decay channels, it was asked that the run quality identifiers of the following
sub-detectors were within the ranges:

T — ej/j/: TPC 5-7, HPC 5-7;
T — -KV: TPC 5-7, HPC 5-7, HCAL 5-7, MUB 4-7.

The run quality identifiers ranged from 7, which signified that the detector was fully operational, to 0, which
signified that it was dead. The stricter requirement for the r —+ TSV channel lead to an additional 2.8% loss of
events.

3The acollinearity is defined as the supplementary angle to the angle in space between two tracks.
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Figure 2: Momentum of the leading tracks of the selected lepton pair sample (two entries per
event). The points with error bars show the real data. The full line shows the simulated data.
The shaded area corresponds to the simulated T+T~ events.

5 The r —> ei/P Channel

For the analysis of the r —> euu decay mode, the fiducial region was further reduced. Firstly, to
enable a maximum suppression of non-tau backgrounds, especially Z° decays to electron pairs,
the leading track in both hemispheres were required to point to a region with HPC coverage,
i.e. to the polar angular region of 0.035 < |cos#| < 0.732 and away from two (for the 1991
data, three) HPC modules with a reduced sensitivity. Secondly, an optimal HPC performance
for the electron identification and for the measurement of the electron energy was ensured by
requiring the particle impact on the calorimeter surface to be within a slightly reduced barrel
region of 0.035 < | cos#| < 0.707 and to be further away than 1° from the center of one of the 24
azimuthal boundaries between HPC modules. Relative to the preselected sample, the efficiency
of these requirements was 72.6% for tau pair events.

5.1 Estimation of the Momentum of Electrons

Because of the relatively low sensitivity of the electron channel to the tau polarisation, the sus-
ceptibility to systematic biases tended to be large. This was especially true for biases affecting
the momentum reconstruction. A simple four-vector Monte Carlo study showed that an average
systematic offset of the reconstructed momentum by 1% would lead to a bias of the tau polari-
sation result by 0.084. The control of the momentum scale was therefore crucial for this decay
channel.

5.1.1 Momentum Measurement

In passing through the RICH area from the TPC to the OD, particles traversed about 60% of a
radiation length. Some fraction of electrons would therefore lose energy through bremsstrahlung

6
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Figure 3: Comparison of the generated and the reconstructed momenta for simulated r —* evv
decays; (a) generated (line) and reconstructed (points with error bars) momentum spectra,
(b) event-by-event ratio between the reconstructed and generated momenta.

before reaching the OD. As a consequence, the standard reconstructed momentum of electrons
tended to be biased towards lower values. The effect is illustrated, for the simulated data, in
Fig. 3, which shows the generated and reconstructed momentum spectra superimposed. The
substantial bias of the reconstructed momentum spectrum was of the same size as the change
resulting from an increase of VT by 0.6! Also shown is the distribution of the event-by-event
ratio between the reconstructed and the generated momenta, which features a very pronounced
downward tail.

Figure 4 (a) shows the standard reconstructed momentum for samples of Z° decays to e+e~ or
/z+/i~, selected by a strict acollinearity requirement combined by a tag in the opposite hemisphere
of either an electron or a muon. The good agreement between the real and the simulated
data followed a careful tuning of the simulation. The tuning, which was based on the /i+/i~
sample, involved a reduction of the OD efficiency by 3%, followed by a refit of the concerned
tracks without the use of this detector, and a smearing of the reconstructed momentum by two
double Gaussians: one for the majority of tracks (95%) observed in the OD and another for
the remainder. The effect of bremsstrahlung from electrons was responsible for the dramatic
difference between the muon and electron distributions. Whereas the muon distribution was
well described by a double Gaussian centered at the beam momentum (of 3.4% width for 74%
of the data and 9.4% width for the remainder) the electron distribution was dominated by a
downward tail.

For more than one third of electrons, the track reconstruction procedure had been unable to
associate hits in the OD to the track element reconstructed from TPC, ID, and VD measure-
ments. This was a result of electromagnetic interactions happening primarily in the RICH area.
In an attempt to circumvent part of the bremsstrahlung effect, tracks were refitted without the
use of the OD. The philosophy being that the OD hits picked up for the track reconstruction
were occasionally caused by secondary particles, in which case the reconstructed track would be
pulled away from the primary electron trajectory. This was confirmed by the fact that the \ 2

probability of the electron track fit was badly behaved with about 30% of reconstructed tracks
having a probability less than 1%. The alternative momentum estimator, p, resulting from the
track refit, is shown in Fig. 4 (b) for the e+e~ and /'+/<~ samples. For the non-radiating muons,



236 Appendix G

1500

1000 -

500 -

4000 -

2000 -

0.5 1 0 0.5
P/Pbeam

(a) Standard reconstructed momentum

1500 -

1000 -

500

2000 -

1000 -

(b) Reconstructed momentum without OD

Figure 4: Reconstructed momentum (in units of the beam momentum) for selected samples of
Z° decays to electron and muon pairs; (a) OD included in track fit, (b) OD excluded from track
fit. Points with error bars show real data; the full line shows simulated data.

the resolution of the refit momentum was about 2.5 times inferior to that of the standard track
fit. For electrons, however, the refit momentum was found to be somewhat better behaved with
a more Gaussian-like peak and slightly less data in the tails of the distribution. A similar effect
was observed at lower momenta from studies of the simulated data and of real data electron
samples, in which the true momentum was known from kinematic constraints.

Despite the improved electron momentum measurement resulting from the exclusion of the
OD information from the track fit, a substantial bremsstrahlung bias remained. Therefore,
to reduce the bremsstrahlung effect for the extraction of the tau polarisation, the information
from the electromagnetic calorimetry was taken into account as well. For electron identification
purposes, on the other hand, where a measurement based exclusively on the tracking system
was needed, use was made of the refit momentum estimator p.
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e+eFigure 5: Deposited HPC energy (in units of the beam energy) for electrons from e+e
events; (a) energy associated to track, (b) sum of associated energy and energy of neutrals
compatible with bremsstrahlung photons.

5.1.2 Electromagnetic Energy Measurement

As compared to the tracking system measurement, the calorimetric measurement of the electron
momentum was expected to be less severely affected by bremsstrahlung. In case of radiation,
both the photon and the secondary electron would continue forwards. In the absence of a
magnetic field they would, therefore, reach the calorimeter with a negligible separation leaving
the deposited energy essentially unaffected. In the strong magnetic field of DELPHI, however,
slow secondary electrons would be bent away from the bremsstrahlung photon trajectories.
Multiple electromagnetic energy depositions, all at the same polar angle but separated in the
azimuthal direction, were thus expected. A transition from low primary electron momenta,
where all radiated photons would tend to be separated from the electron impact on the HPC,
to high momenta, where a sizeable separation would only result from hard radiation (and thus
soft secondary electrons) was foreseen. For an unbiased measurement of the primary electron
momentum, radiated photons, therefore, had to be accounted for.

The response of the HPC to electrons from the e+e~ —> e+e~ sample is illustrated in Fig. 5.
The good agreement between the real and the simulated data followed a detailed tuning, in
which a small polar angular dependence of the HPC response was corrected for separately in the
real and the simulated data after which the resolution of the simulated data was adjusted to that
of the real data by a Gaussian smearing. The energy dependent tuning was based on the high
energy electron sample from e+e+ e ~ e+e~ events, and at lower energies, on a study of
the ratio between the associated electromagnetic energy and the reconstructed track momentum,
for an electron sample from tau decays, separated from hadronic decays by the use of dE/dx
and the energy deposition in the HCAL. The small bump around 0.1 in the distribution of
associated energy (in units of the beam energy) was caused by hard bremsstrahlung. As shown
in Fig. 5 (b), it essentially disappeared after adding to the associated energy £band> the energy
of electromagnetic neutrals situated within a narrow band of 1° on either side of the track plane
on the outside of the track curvature, and hence compatible with bremsstrahlung photons.

The study of the HPC response to lower momenta electrons is illustrated by the simulated
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Figure 6: For simulated r —• evu decays, comparison of the generated momentum (line) and
the deposited electromagnetic energy (points with error bars); (a) energy associated to track,
(b) sum of associated energy and energy of neutrals compatible with bremsstrahlung photons.
Also shown is the event-by-event ratio between the electromagnetic energy and the generated
momentum.

data from r —* ci>i> decays in Fig. 6. As expected, the downward bias of the associated energy
was more pronounced here than at higher momenta. Again, however, the inclusion of radiated
photons reduced the bias significantly. The figure illustrates another important feature of the
measurement of elections with the DELPHI detector. For more than 4% of the displayed electron
sample, the data reconstruction procedure had been unable to associate a HPC energy deposition
to the charged track. Once more this was primarily due to hard bremsstrahlung, which caused
the main energy deposition to be positioned somewhat away from the reconstructed impact of
the electron on the calorimeter surface. The association inefficiency was found to vary strongly
with the electron momentum. From about 70% for momenta less than 2.3 GeV, which for the
same reason were not included in Fig. 6, the inefficiency fell rapidly to reach an approximately
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flat 1% level for momenta exceeding 16 GeV. This effect called for a careful design of the electron
momentum estimation as well as of the electron identification criteria, in order to avoid kinematic
biases.

5.1.3 Combined Electron Momentum Estimator

In order to benefit simultaneously from the better resolution of the tracking system at low
electron momenta and the smaller bremsstrahlung bias featured by the electromagnetic energy
measurement, a combined electron momentum estimator was constructed. The reconstructed
track momentum and the associated electromagnetic energy were combined through a weighted
average, which took into account the downward biases of both measurements. The energy of
radiated photons were then added, to further reduce the effect of bremsstrahlung.

In the case of no bremsstrahlung and optimal measurements of both the track momentum
and the associated electromagnetic energy, the best estimator of the true electron momentum
would result from a weighted mean, where the weight of each of the two measurements were
inversely proportional to the square of the standard measurement uncertainties, as determined
from kinematically constrained test samples. In this procedure, the HPC energy measurement
would have a weight of about 2% at 5 GeV via 30% at 25 GeV to 65% at the beam momentum.
Relative to the HPC measurement alone, the combined estimator would, thus, provided a large
improvement, especially at low momenta. In the ideal case, E^/p would form a Gaussian
distribution centered at unity and with a momentum dependent width calculable from the
resolutions of p and E^s. Due the respective downward biases of the two variables, however,
the observed distribution had non-Gaussian tails in both directions: a small downward tail from
the combined effect of bremsstrahlung and edge effects in the HPC, leading to an occasional
underestimation of the associated energy, and a more pronounced upward tail from the frequent
underestimation of the track momentum due to bremsstrahlung.

For the combination of the two measurements, E^ and p, both were assumed to be subject
to downward biases only. Although not absolutely correct, this was a fair assumption, as seen
from the above discussion. For a given electron candidate, the calculated value of E^f p was
used to determine whether the two measurements were mutually consistent or whether one of
them was likely to be biased toward lower values. An algorithm was constructed such that,
when -Eass/p w a s consistent with unity, the two estimators p and £ „ , were combined through
an essentially standard weighted mean. However, the further the value of .Eass/p w a s away from
unity, the more the weight of the estimator with the lower value was down-scaled relative to the
other. The scaling factor was taken to be approximately inversely proportional to the square of
the number of standard deviations by which £ass/p differed from unity. By gradually reducing
the weight of the lower of the two momentum estimators, this procedure led to an improved
peak resolution and, more importantly, to a significant reduction of the downward tail. The
final estimator, pe\, of the electron momentum was obtained by adding to the combination of
Eass and p the energy, £band, of possible bremsstrahlung photons situated inside the previously
denned narrow radiation band about the track plane.

It was found that the combined momentum estimator pe\ provided a good estimation of the
true electron momentum, as it can be seen for the simulate data from Fig. 7. For the extraction
of the tau polarisation it was, of course, necessary to ensure that the momentum scale of the
real and the simulated data were consistent.
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Figure 7: For simulated r —> evv decays, comparison of the generated momentum (line) and
the reconstructed momentum (points with error bars) as provided by the estimator pei, based
on the combined information from the tracking detectors and the calorimetry. Also shown is pe\
track-by-track in units of the generated momentum.

5.1.4 Electron Momentum Calibration

The calibration of the electron momentum estimator pei relied on electron test samples in which
the true momentum was known from kinematic constraints.

A high statistics calibration of the high end of the momentum spectrum was performed using
non-radiative decays of the Z° to electron pairs. Events were selected by a strict acollinearity
requirement combined with the veto of activity beyond the first HCAL layer and of neutral
electromagnetic showers in the barrel as well as the forward calorimeters. Events were selected
equivalently in the real and the simulated data, and the peak position of the pe\ momentum
estimator of the simulated data was adjusted to coincide with that of the real data, as illustrated
in Fig. 8. Furthermore, it was necessary to adjust the HPC energy scale of the simulated tau pairs
to that of the simulated electrons pairs. The two event samples had been produced with slightly
different sets of HPC calibration constants, resulting in a small difference in scale between the
two. After the calibration, the momentum scales of the real data and the simulated agreed to
an estimated precision of 0.3%.

Radiative Z° decays to e+e~7 final states were used for the calibration of the important
intermediate momentum range between about 20 GeV and the beam momentum. Events were
selected by asking for one charged particle in each hemisphere and a single electromagnetic
neutral of energy exceeding 6 GeV. To reduce the background from tau pair events, it was
asked that the three final state particles were contained in a plane. Remaining backgrounds
were reduced by excluding events with activity beyond the first HCAL layer and by requiring a
loose tag of a high momentum electron in the hemisphere recoiling against the electron/photon
system. The "true" momenta of each of the final state particles were derived from the collision
energy and the angles in the decay plane between the particles. To avoid interference between
the two electromagnetic showers in the HPC, a minimum angle of 5° was required between
the softer of the two electrons, used for the calibration, and the accompanying photon'1. The

4The HPC energy scale for photons was calibrated using the photons from the e+e "7 sample as well as from
a sample of fi fi~~i sample selected by similar requirements.
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Figure 8: The momentum estimator pe\ for selected Z° decays to electron pairs. Points with
error bars show real data; the full line shows simulated data.

calibration sample is illustrated in Fig. 9. The momentum distribution, as obtained from the
kinematic constraint, was peaked close to the beam momentum with a long tail towards lower
momenta. Only the region between 10 and 40 GeV were used for the calibration. Besides the
momentum distribution, the figure shows the reconstructed momentum, p, the sum of associated
and radiated electromagnetic energy, and the combined electron momentum estimator, pel- All
three variables are shown in units of pkjn, the "true" electron momentum as determined from the
event topology. Apart from some tendency towards a more pronounced radiation tail in the real
data, the agreement between the real and the simulated data was good. From Gaussian fits to
the distributions of pei/Pkin the simulated data was adjusted to the real data with an estimated
precision of 0.6%, clearly limited by the small statistics of the test sample.

The low end of the momentum spectrum was calibrated using an electron sample from
so-called Compton scattering events. In these events a virtual photon, radiated from one of
the primary electrons, had Compton-scattered against the other, resulting in the photon and
one of the electrons being observed in the detector. Assuming, as confirmed by the Monte
Carlo event generator TEEGG [19], that the unobserved electron was scattered at a negligible
angle, the "true" momenta of the three final state particles were again calculable. Due to
the filtering of events [20] during the general reconstruction of the DELPHI data, an unbiased
sample was unfortunately only available for reconstructed electron momenta exceeding 5 GeV.
Events were selected by asking for a single charged particle pointing to the barrel region and
an electromagnetic neutral in one of the end-cap calorimeters with an energy of at least 80%
of that expected from the event topology. No other high energy neutrals were allowed. The
two observed particles should be contained in a plane also containing the beam axis. The
selected electron sample is illustrated in Fig. 10. To be included in the sample, it was required
that Pkin, the calculated electron momentum from the event topology, exceeded 7.5 GeV, in
order to minimise the bias from the 5 GeV cut in the reconstructed momentum. Whereas the
momentum measurement showed a clear tendency to a stronger bremsstrahlung effect in the
real than in the simulated data, the HPC energy showed a reasonable agreement when radiated
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Figure 9: Electron test sample from Z° decays to e+e 7 for the calibration of the electron mo-
mentum scale; (a) momentum spectrum from kinematic constraint, (b) reconstructed momen-
tum, (c) sum of associated and radiated electromagnetic energy, (d) the combined momentum
estimator pe\. Real data is shown as points with error bars, simulate data as a full line histogram.

photons were included. In the distribution of the ratio pel/Pkin between the reconstructed and
the "true" electron momenta, the increased radiation in the real data was reflected in somewhat
broader "shoulders". Double Gaussians were fitted to the real and the simulated data, and the
scale of the simulation adjusted such that the peak positions coincided. The adjustment was
checked by comparing the distributions of the real and the simulated data in terms of their
means as well as their medians. The small discrepancies, which were observed, were taken as
systematic uncertainties on the procedure. Added in quadrature with the statistical error, a
total uncertainty of 0.8% was estimated.

In summary, the electron momentum scale was calibrated by the use of three electron test
samples of mean momenta 12 GeV, 31 GeV, and the beam momentum to estimated accuracies
of 0.8%, 0.6%, and 0.3%, respectively. Except for the high momentum point, the accuracies were
highly limited by the statistics of the test samples. For the publishing of the tau polarisation
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Figure 10: Test sample of Compton scattering electrons for the calibration of the electron mo-
mentum scale; (a) momentum spectrum from kinematic constraint, (b) reconstructed momen-
tum, (c) sum of associated and radiated electromagnetic energy, (d) the combined momentum
estimator pe\. Real data is shown as points with error bars, simulate data as a full line histogram.

results, the calibration was summarised by stating an average accuracy of 0.6% over the whole
momentum range. The fact that the calibration did not cover the momentum range below
7.5 GeV was found to be of limited importance, since the polarisation result depended only very
weakly on (realistic) changes of scale in this region.

5.2 Electron Identification

The decay r —> avv has the signature of an isolated charged track accompanied by an electro-
magnetic shower which matches the track in energy as well as position. Being ultra-relativistic
the decay electrons leave an ionisation in the TPC corresponding to the Fermi plateau above the
relativistic rise. Potential backgrounds from other tau decays arise primarily from one-prong
hadronic decays where either the hadron interacts early in the HPC or a photon from a TV° decay
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is wrongly associated to the charged track. Other major background sources are electron pair
final states from Z° decays and 77 interactions.

5.2.1 Main Identification Variables

The main ingredients for the electron identification were dE/dx, the specific ionisation in the
TPC, and E^/p, the ratio between the electromagnetic energy associated to the track and the
reconstructed track momentum. For both quantities, pull variables were constructed based on
the measured value of the variable in question, its resolution, and its expectation based on the
electron, and, for dE/dx, also the pion, hypothesis. The pull variables U^E/dx and ^E/p were
defined as the signed number of standard deviations by which the measured value differed from
its expectation.

In the case of dE/dx, the pull variables based on the electron and pion hypotheses, respec-
tively, were given by

d£/dz|yrt=e,7r / —IHH.OJ. > —icxpi . /„..
dE/d* - a(dE/dx) ' { '

A precise empirical calibration of dE/dx was performed. This included the following steps:
i) removal of the dependence of the observed signal on external variables, most noticeably the
polar angle of tracks; ii) adjustment of the resolution of the simulated data to that of the
real data; iii) adjustment of the assumed resolution, cr(dE/dx), to the observed resolution; and
iv) tuning of the function providing the expected momentum dependent mean ionisation, for the
various particle types, to agree with the observed signal. After the calibration, the agreement
between the real and the simulated data was excellent, and independently of momentum, for the
correct particle hypotheses, the H<iE/dx variables formed Gaussian distributions which were well
centered at zero with unit width—an important condition to avoid kinematic biases. A detailed
account of the calibration and of the data quality is presented in Ref. [21].

Based on the expected matching between E^ and p for electrons, the pull variable UE/P
was defined as

£ass/p~ 1 , .
nE/p = —TT;—IT' \')

where a(Eassj' p) denotes the expected resolution of E^/p. Thus, for well measured electrons,
UE/P formed a Gaussian distribution centered at zero and with unit width. Especially at high
momenta, where the HPC resolution was best, HE/P enabled a powerful suppression of hadrons.

Figures 11 and 12 show the pull variables n ^ , ( l x and HE/P, respectively, for test samples
of electrons and hadrons from tau decays selected by independent criteria. Also shown are the
same variables after all other electron identification criteria had been applied. In general, good
agreement between the real and the simulated data was observed. For fl^/p, this was a result of
the detailed tuning of the momentum reconstruction and of the HPC energy response described
above. A discrepancy was, however, observed in the response of the HPC to hadrons, where the
deposited energy was overestimated in the simulation. The discrepancy, which is apparent from
Fig. 12 (b), was largest for momenta below 10 GeV. In the same plot, the tail of hadrons with
positive Hf;/p values was caused by accidental overlaps between the charged pion and a photon
shower from a 7T° decay.

5.2.2 Identification Procedure

For a tau decay to be identified as r —*• eyu it was required that the hemisphere contained a
single charged track with momentum exceeding 0.01 x Pbeam- Since dE /dx played an important
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Figure 11: Pull variable ^^E/dx for a) electron test sample, b) hadron test sample, and c) after
all other electron identification criteria had been applied. Points with error bars show real data.
The full line shows the simulated data. The shaded area shows the background from hadronic
tau decays.

400

Figure 12: Pull variable nE / p for a) electron test sample, b) hadron test sample, and c) after
all other electron identification criteria had been applied. The discrepancy in the HPC response
to hadrons is clearly visible. Points with error bars show real data. The full line shows the
simulated data. The shaded area shows the background from hadronic tau decays.

role for the identification, it was asked that the ionisation was recorded by a minimum of 38 TPC
sense wires (30 wires after a 80% truncation) corresponding to an observed particle trajectory
of 16 cm length. This led to a 4.1% loss of tracks around the boundary regions between TPC
sectors which was well described by the simulated data.

As an initial step of the identification, dE/dx was asked to be compatible with that of an
electron by requiring that Re

dEidx be greater than —2. This reduced significantly the background
from hadrons and muons, especially at low momenta, with a very limited loss of signal. A high
identification efficiency over the whole momentum range was ensured by a logical OR of two
independent, and in terms of momentum dependent efficiency, complementing criteria based on
EIp and dE/dx, respectively:
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Figure 13: Energy of electromagnetic neutrals situated inside a 18° cone around r —• euu can-
didates, which were selected by applying all other identification criteria. Neutrals consistent
with bremsstrahlung from the charged track (see text) were not included. Points with error bars
show the real data. The full line shows the simulated data. The shaded area represents the
background from other tau decays.

• Particles with momentum exceeding 0.05 x Pbeam which deposited an electromagnetic en-
ergy matching the track momentum were retained. To allow for additional energy deposited
by photons and to avoid biases from the downwards bias of the momentum measurement,
candidates were retained even if the energy exceeded the track momentum. It was, thus,
required that N-E/P be greater than —2. The efficiency of this criterion was 88%.

• Particles with momentum less than 0.5 X Pbeam which left an ionisation clearly exceeding
that of a massive particle like a pion or a muon were retained. It was required that
^dE/dx -> 3- ^he efficiency of this criterion varied from 99% for the lowest momenta to
about 10% at 0.5 x pbeam resulting in an overall efficiency of 36%.

To reduce a residual background of hadronic tau decays, candidates with associated energy be-
yond the first HCAL layer were excluded5. Furthermore, it was required that no electromagnetic
neutral inside a cone of 18° half-angle about the charged particle had an energy exceeding 4 GeV
(see Fig. 13). Neutral showers situated within 1° of the track plane on the outside of the track
curvature were assumed to originate from bremsstrahlung and were excluded from this require-
ment. This in order to maintain a high identification efficiency and to avoid potential biases
from the description of the interaction probability of electrons in the material of the detector.

To illustrate the identification procedure, the efficiencies of a few of the involved steps are
shown in Fig. 14. The plots are based on the simulated data with corrections from the real data
for observed differences (see below). Figure 14 (a) shows how the logical OR of the ^E/dx > 3

5It was found that the leakage of electromagnetic showers through the HPC to the HCAL was not well described
in the simulated data. Therefore, contrary to other electron identification procedures, e.g. Ref. [22], a veto on
deposited energy in the first HCAL layer was avoided.
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Figure 14: Efficiency of electron identification criteria: (a) the efficiency of the logical OR (black
squares) of the RE/P > —2 (open triangles) and the ^l^£/dx > 3 (open squares) requirements,
and (b) the efficiency of all other identification requirements.

and the II^/p > —2 requirements ensured a high overall efficiency independently of momentum.
The lower efficiency of the HE/P requirement for soft electrons (p/pbeam < 0.2), which was
mainly caused by a lower association efficiency between reconstructed tracks and electromagnetic
showers, was compensated by the better dE/dx separation in this region. Figure 14 (b) shows the
efficiency of all other requirements. Here the main efficiency losses were due to the nd£;,dx > —2
requirement (1.4%) and to the veto of high energy electromagnetic neutrals (2.1%).

5.2.3 Identification Efficiency and Hadronic Background

The performance of the identification procedure was studied in detail by the use of independent
real data test samples and by the exploitation of the redundancy between the different detector
components. Use was also made of the simulated data. From detailed comparisons of the
behaviour of real and simulated data test samples selected by identical requirements, differences
were looked for and possible correction factors established.

The identification efficiency at the higher and lower momentum regions was obtained from
samples of electron pairs from Z° decays and 77 collisions, respectively. Clean samples were
selected by requirements on the event topology and by the tagging of an electron in the recoiling
hemisphere. In the momentum range between 0.05 X Pbeam and 0.5 X Pbeam> the redundancy
between the ^Eidx and the n£y/p criteria enabled a precise determination of the efficiency
of each of the two. Their combination relied on the assumption that the two criteria were
uncorrelated, as confirmed by the simulation. Also the other identification criteria were studied
using the tau data themselves. Independent criteria were used for the selection of electron
test samples from which the efficiencies were derived. Basically, dE/dx was used to establish
test samples for the study of the calorimetry and vice versa. After combining all contributions
which were established this way, it was found that the overall efficiency was overestimated by
2.1 ± 0.8% in the simulation. The main source of disagreement (1.5%) arose due to the veto of
electromagnetic neutrals with energy exceeding 4 GeV. An overall efficiency of 94% within the
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Figure 15: The electron identification efficiency as a function of momentum. The filled squares at
the extremes of the momentum range show the efficiency as obtained directly from independent
real data test samples. The open squares show the estimated efficiency from the simulation
corrected for observed differences from the real data.

angular and momentum acceptance, excluding the loss due to the requirement on the number
of dE/dx samples, was derived. Good agreement was observed between the efficiency obtained
from the simulated data with corrections from the tau data themselves and the efficiencies at
the higher and lower momentum regions obtained from the independent electron samples. The
efficiency was constant within approximately ±1% over the whole momentum range, as shown
in Fig. 15.

The probability for mis-identifying a hadron as an electron was likewise estimated by ex-
ploiting the redundancy between the dE/dx and the calorimetry. In addition, extensive use was
made of a test sample of charged hadrons from tau decays to pv and a ^ , which were tagged by
the presence of a 7r° in the HPC. It was found that the simulation overestimated the hadronic
background, with the main source of discrepancy arising from the description of hadronic show-
ers. In the simulated data, hadrons tended to deposit too much energy in the HPC and did
not penetrate deep enough into the HCAL. Thus, more hadrons passed the HE/P criterion and
less were excluded by the HCAL veto. This effect is illustrated in Fig. 16 which shows the be-
haviour of the hadron test sample when subjected to these criteria. From this study, a hadronic
background of 2.2 ± 0.5% was inferred as compared to the simulation estimate of 3.7%. The
background was dominated by pv final states. The momentum dependence of the background
was estimated through a re-weighting of the simulated background. The weight of each hadronic
decay, which passed the identification criteria, was calculated based on the candidate momentum
and the observed value of E^/p.

5.3 Suppression of non-r Backgrounds

After identification, the selected sample contained about 15% tau decays. The rest was back-
ground from electron pair final states from Z° decays and 77 interactions. The background was
suppressed primarily by requirements on the hemisphere opposite to the identified decay. How-
ever, because of the efficiency in reducing the background from e+e~ — e+e~ events, it was first
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Figure 16: Illustration of the different behaviour of hadrons in real and simulated data: (a) the
initial sample; (b)-(d) the remaining sample after application of electron identification cuts as
specified in the figure. Points with error bars show real data; the full line shows simulated data.

asked that, in two track events, the acollinearity exceeded 0.5°. A small bias of the momentum
spectrum followed from this requirement due to the correlation between the acollinearity and
the track momenta. This was, however, weighted up against the reduction by almost a factor
three of the main background source.

Since the background events were characterised by having electrons in both hemispheres,
events were subjected to no further requirements if the leading particle in the opposite hemi-
sphere was clearly not an electron. Clear non-electrons were identified based on the HCAL and
muon chamber response and, at low momenta, also the dE/dx signal. In case the leading par-
ticle in the opposite hemisphere did not satisfy the non-electron criteria, strict requirements on
the response of this particle ensured a maximum background suppression. These requirements
were dependent in three steps on the momentum, pei, of the identified electron.

Firstly, for the suppression of the e+e~ -+ e+e~ background, it was required that, for pe\ less
than 0.7 x pbearm the total electromagnetic energy within a 30° cone around the leading track
in the opposite hemisphere did not exceed 0.8 x pheam- For pe\ greater than 0.7 x Pbeaim this
condition was made stricter be requiring that neither the cone energy nor the momentum of the
leading track exceeded 0.7 X Pbeam- To ensure maximum reduction power of these requirements,
the energy deposited in the first HCAL layer was added into the cone energy whenever the
leading track in the opposite hemisphere pointed closer than 0.5° from an azimuthal boundary
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Number of selected candidates 5417
Identification efficiency 94%
Selection efficiency relative to event selection 87%
Backgrounds: Internal 2.2 ± 0.5%

e+e~ -> e+e~ 2.1 ± 0.7%
e+e- -+ (e+e-)e+e- 0.3 dh 0.1%

Table 1: Summary of the main characteristics of the r —• euv selection.

between HPC modules. Despite these rather harsh requirements, an estimated background of
2.1 ± 0.7% remained. The majority of this was related to the underestimation of the energy of
radiated photons which hit the HPC close to one of its boundary regions.

Electron background from 77 interactions was effectively reduced by asking that the dE/dx
of the opposite hemisphere track was inconsistent with that of an electron (11^ ,Ax < 3) in
events with only two charged tracks both softer than 0.2 X Pbeam- A background of 0.3 ± 0.1%
remained after this requirement.

The overall efficiency of the above criteria was 93%. The stricter requirements for pe\ <
0.2 x Pbeam and pe\ > 0.7 x Pbeam resulted in well-controlled relative steps in the efficiency of
4.0 ± 0.6% and 3.5 ± 0.8%, respectively.

5.4 Polarisation Extraction

A sample of 5417 candidate r —• efi> decays were selected by the criteria described above. The
main characteristics of the selection are summarised in Table 1. The pel spectrum of the selected
sample is shown in Fig. 17, with the spectrum of the simulated data for the fitted value of (VT)
superimposed. To reduce the effect of the e+e~ —> e+e~ background, the polarisation was fitted
only over the region pei < 0.9 x Pbeam where the background was 0.5 ± 0.2%.

The polarisation was fitted in each of the six bins in cosO, as described in Sec. 2. The pe\
spectra corresponding to the fits are shown in Fig. 18. The obtained results are summarised in
Table 2. From a fit of Eq. (3) to VT as a function of cos# the following results were obtained

{VT) = -0.148 ±0.077
Vz = -0.209 ±0.111,

where the errors are statistical only. The fit had a \ 2 of 4.4 for 4 degrees of freedom. The
measured VT values and the fit result are displayed in Fig. 19. Also shown is a fit where
electron-tau universality has been assumed. This gave the result (VT) = Vz — —0.168 ± 0.066
with a \2 of 4.4 for 5 degrees of freedom.

5.5 Systematic Uncertainties

The systematic uncertainties on (VT) and on V'i are qualitatively very different. The fact that
Pz expresses the difference in polarisation in the forward and backward hemispheres, where
"forward" and "backward" depend on the charge of the tau, leads to a cancellation of most of
the systematic effects which contribute to the uncertainty on {VT). Only systematic effects which
show asymmetry in polar angle and charge affect the determination of Vz, which is, therefore,
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Figure 17: Momentum spectrum for selected r —• euv candidates. Points with error bars show
the real data. The solid line shows the simulated data for the fitted value of (PT) with the dotted
and dashed lines, respectively, representing the positive and negative polarisation contributions.
The total background is shown as a shaded area with the background from other tau decays
superimposed in a darker shading.

Bin
1
2
3
4
5
6

All

cos# range
[-0.732;-0.488]
[-0.488; -0.244]
[-0.244; 0.000]
[ 0.000;+0.244]
[+0.244; +0.488]
[+0.488; +0.732]
[-0.732; +0.732]

No. candidates
1039
954
692
750
939

1043
5417

(cosfl)
-0.5946
-0.3714
-0.1476

0.1486
0.3693
0.5981

-

-0.063 ±0.171
+0.118 ±0.169
+0.044 ±0.217
-0.583 ± 0.226
-0.180 ±0.174
-0.315 ±0.173
-0.148 ±0.077

X7n.d.f.
21.4/17
14.9/17
19.5/17
28.8/17
15.2/17
19.6/17
24.3/17

Table 2: VT results from r —> evu for the six cos 6 bins.

characterised by a low systematic uncertainty. After first discussing the systematic uncertainty
on {VT) in detail, residual effects which might affect Vri will be mentioned briefly.

5.5.1 Uncertainty on {JPT)

Important contributions to the systematic uncertainty on (VT) included the electron momentum
scale, the selection efficiency, the background rates, and effect of the limited statistical precision
of the simulated data.

The calibration of the electron momentum scale to a precision of 0.6% gave rise to the single
largest source of systematic error of ±0.050. It was evaluated by repeating the polarisation fit
after shifting the momentum scale in the simulated data by one standard deviation in either
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Figure 18: Momentum spectra for r — ei>v candidates in bins of cos 0. Signature as in Fig. 17.
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Figure 19: Measured 'PT(cos#) from r —• eui/ decays. The solid (dashed) line shows the fitted
functional form with (without) the assumption of tau-electron universality.

direction.
The uncertainty on the selection efficiency was estimated by considering a ±2% linear vari-

ation of the relative efficiency across the momentum spectrum (e"1 • de/dz = ±0.02). From this
variation, which accounted for the uncertainties from the preselection, the identification proce-
dure, and the rejection of external backgrounds, an uncertainty on the polarisation of ±0.020
was obtained.

The uncertainties from the background rates were estimated by varying the backgrounds
within their systematic errors as summarised in Table 1. For the background of hadronic tau
decays, an additional contribution of the same size as that obtained from the variation of the
amount of background was added in quadrature to account for the uncertainty on the shape
of the background. This resulted in an uncertainty of ±0.025. Contributions of ±0.020 and
±0.005, respectively, were estimated due to the electron pair background from Z° decays and
77 interactions.

Because the polarisation results were obtained through a fit of the real data to a linear sum of
the two polarisation states obtained from simulated data, the limited statistical precision of the
simulated data affected the polarisation results directly. The resulting uncertainty was estimated
by randomising the simulated distributions (using the original distributions as starting point)
and repeating the fit. From the observed spread of the polarisation results obtained this way, a
systematic uncertainty of ±0.035 was estimated.

The systematic uncertainties are summarised in Table 3. By adding the contributions in
quadrature, a total systematic uncertainty of ±0.072 was obtained.
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Momentum scale 0.050
Identification efficiency 0.020
Bhabha background 0.020
(ee)ee background 0.005
Internal background 0.025
Monte Carlo statistics 0.035
Total 0.072

Table 3: Summary of systematic uncertainties on (VT) from r —• ei/i/.

5.5.2 Uncertainty on Vz

Following the argumentation of Ref. [2], a common systematic uncertainty on Vz of ±0.003 was
assigned for all decay modes. This covered primarily systematic effects affecting the reconstruc-
tion of the production polar angle of the tau pairs. For the r —> et/i> decay mode, an additional
contribution of ±0.005 was included to reflect the uncertainty on the polar angular dependence
of the Bhabha background. Adding the two contributions in quadrature a total uncertainty of
±0.006 was obtained.

6 The r —• -KV Channel

Also for the r —> zv decay mode, the fiducial region was further reduced relative to the preselec-
tion. Firstly, like for the r —• ei/P analysis, the leading track in both hemispheres were required
to point to a region with HPC coverage, i.e. to the polar angular region of 0.035 < | cos#| < 0.732
and away from two (for the 1991 data, three) HPC modules with a reduced sensitivity. Sec-
ondly, to ensure an optimal HPC performance for the final state identification, it was required
that the isolated charged particle considered for identification lay in the polar angular region of
0.035 < | cos#| < 0.707. Close to the transition regions between the barrel and the end-cap parts
of the detector, the muon chamber and HCAL coverage were not complete. Regions without
muon chambers, which had a reduced HCAL coverage, were excluded from the study, reducing
the acceptance in the polar angular region of 0.616 < |cos#| < 0.707 by about a factor two.
Relative to the preselected sample, the overall efficiency of these requirements was 79.1%.

The decay modes r —• zv and r —• Kv were treated together in the analysis and for simplicity
referred to in the following as "71V.

6.1 Identification of r —•»• iris decays

The T —* zv decay mode is characterised by having a relatively low branching fraction of about
12% and potential backgrounds from most other tau decay modes. The separation of pions
from electrons and muons require the use of essentially all components of the DELPHI detector.
The main potential background arises from pv final states where the z° goes undetected either
because its energy is below threshold for observation or because it points to a detector region
with a reduced sensitivity. In the following, the selection of r — zv decays is described in
terms of the suppression of other decay modes, which leave distinct signatures in the detector:
i) electrons, ii) muons, and iii) hadronic decay modes containing 7T°'s.
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Figure 20: The fractional suppression of electrons (closed markers) and pions (open markers)
after the dE/dx requirement Yl"c/A^ < 2.

To enable an efficient suppression of muons it was required that the isolated charged particle
had a momentum of a least 0.05 x

6.1.1 Electron Rejection

The rejection of electrons relied on the specific ionisation measurement in the TPC and on the
measurement of the longitudinal shower profile in the HPC.

An important suppression of electrons, especially at low momenta, was obtained by asking
that the dE/dx did not exceed the expected signal of a pion by more than two standard de-
viations: rijg,d:c < 2. The performance of this requirement is illustrated in Fig. 20. Within
0.5° of an azimuthal boundary between HPC modules, where the calorimetric separation was
poorer, the dE/dx requirement was tightened by asking that H*{E/(ix was less than one. After
this, the overall efficiency of the dE/dx requirement was 96.4%. The momentum dependence of
the efficiency was studied using test samples of hadrons selected by calorimetric requirements.
The resulting error was equivalent to an uncertainty on the polarisation of ±0.004.

The calorimetric separation of electrons from hadrons relied on the longitudinal sampling
of showers in the HPC. The 40 drift gaps of the HPC, each of which were separated by 0.43
radiation lengths of lead, were grouped into nine readout layers. An efficient rejection of electrons
was achieved by requiring that the charged particle deposited an energy of less than 350 MeV in
the first four readout layers, which corresponded to 14 drift gaps or, equivalently, six radiation
lengths at normal impact6. Since hadronic showers tend to start late, the majority of hadrons
passed through this material as minimum ionising particles.

The signature of minimum ionising particles was studied using rnuon test samples. Figure 21
6In order to keep the material depth approximately constant, also at inclined angles, this condition was

modified, for |cos#| > 0.616, to ask for less than 350 MeV in the first three readout layers.
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Figure 21: Deposited energy by muons in various combinations of HPC readout layers: (a) all
layers, (b) the inner four layers, and (c) the outer five layers. Points with error bars show real
data; histogram shows simulated data.
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Figure 22: Muon signature in the HPC: (a) number of layers above threshold, and (b) layer
number of first layer above threshold. Points with error bars show real data; histogram shows
simulated data.

shows the deposited energy summed over various combinations of HPC layers, for the 1992 data.
The efficiency of reconstructing a minimum ionising particle signature in the HPC was 61.6% in
the real and 65.7% in the simulated data. The loss of efficiency was mainly caused by the fact
that, due to aging effects, the HPC was operated below the design voltage. Figure 22 shows
the number of layers above threshold and the starting layer for the observed energy deposition.
The reasonable agreement between the real and the simulated data shows that the threshold
behaviour was well modeled by the simulation. Asking for less than 350 MeV deposited energy
in the first four readout layers led to a 2.4% loss of muons, which was consistently modeled by
the simulation. For the data of 1991, when the HPC had been operated at a still lower voltage,
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Figure 23: Deposited energy in the first four HPC layers by a test sample of charged hadrons
from p —> 7TX° decays. The first bin {E\^>A

C < 100 MeV) which contains about 70% of the data
has been suppressed. Points with error bars show real data; histogram shows simulated data.

the reconstruction efficiency of minimum ionising particles was about 25% in the real as well as
in the corresponding simulated data.

Figure 23 shows the energy, E^4-,, summed over the first four HPC readout layers for the
sample of hadronic tau decays tagged by the presence of a TT° in the HPC. To illustrate the
region around the cut at 350 MeV more clearly, the peak of the distribution (about 70% of
all candidates including those with E^^ = 0) has been suppressed by not showing the first
bin. The efficiency of the i?HPC < 350 MeV requirement on this sample was 77.6 ± 0.7% for
the real and 75.8 ± 0.3% for the simulated data. The momentum dependence of the efficiency
was studied by fitting a straight line in the fractional momentum x to the ratio Rf of the real
and simulated data efficiencies. The error on the slope dRe/da; of ±0.049 corresponded to an
uncertainty on the polarisation of ±0.025. It was found, however, that this method of estimating
the uncertainty was not very solid, since the energy £^pc depended on the detailed interplay
(overlaps and other forms of "cross talk") between the energy deposited by the charged particle
and the nearby photon showers. Thus, in the simulation, both the overall efficiency (87.5%
versus 76.2%) and its momentum dependence were clearly different for the r —> itv and r —> pu
decay modes.

To gain more detailed information on the interaction probability of hadrons in the HPC and
on the quality of the Monte Carlo modeling, an alternate study was performed. A test sample
of one-prong hadronic tau decays was selected by rejecting muons and electrons as described in
this and the following subsections. In particular, the -E^pc < 350 MeV condition was applied,
as for the standard analysis. This way, the occurrence of track/shower overlaps was minimised.
The interaction probability was studied by observing the fraction of hadrons which interacted
in the remaining five readout layers. To mimic as far as possible the conditions of the first four
layers, the remaining layers were divided into two "stacks", each of which were of approximately
the same thickness as layers 1 to 4. A hadron was said to have interacted in the second stack
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Figure 24: Probability of a pion penetrating layers 5 to 9 of the HPC as a minimum ionising
particle. Filled markers show the real data; open markers show the simulated data. The observed
discrepancy for p/pbeam < 0.15 was corrected for in the analysis.

(readout layers 5 to 7) if the energy sum, E^,7C, was greater than 350 MeV, and in the third
stack (layers 8 and 9) if the energy sum, ^HPC' w a s g r e a t e r t n a n 300 MeV. Figure 24 shows,
as a function of momentum, the fraction of the test sample which passed through both stacks
without interacting. Good agreement between the real and the simulated data was observed
for momenta above 0.15 x Pbeam> where the ratio of the real and simulated data efficiencies was
0.999 ± 0.008. Below 0.15 X Pbeam, however, the interaction probability appeared to be lower
in the real than in the simulated data. This observation was consistent with the conclusions
from the electron analysis, where, as illustrated in Fig. 12, a clear discrepancy was observed
in the E/p distribution for hadrons. The ratio of the real and simulated data efficiencies for
p < 0.15 X Pbeam was 1.047 ± 0.016. After having corrected for this discrepancy, the uncertainty
on the momentum dependence was studied by performing a straight line fit in x to the ratio
of real and simulated data efficiencies in each bin of Fig. 24. The uncertainty on the slope was
±0.030. As a cross check, the whole exercise was repeated for the subsample of hadronic tau
decays, where decays with accompanying neutral electromagnetic showers had been excluded.
Consistent results were found from this smaller sample, with somewhat larger uncertainties.

In applying the results of the above investigation to the E\^c < 350 MeV requirement,
the difference in material thickness between the inner four layers (14 drift gaps) and the outer
five layers (26 drift gaps) had to be taken into account. Based on the observed difference in
interacting probability for p < 0.15 x pbeami the efficiency of the simulated data was corrected
by a factor 1.024 in this region, corresponding to a change of the polarisation result of ap-
proximately +0.010. The uncertainty on the momentum dependence of the efficiency for the
^HPC < '^0 MeV requirement was assumed to be the same as for the requirements of the
above investigation, i.e. it was assumed that it could be parameterised by an error of ±0.030
on the slope of a straight line fit in x to the ratio of real and simulated data efficiencies. This,
despite the smaller amount of material, giving rise to a smaller inefficiency and, thus, naively
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Figure 25: The HCAL response to muons: (a) energy versus cos#, (b) energy with real (points
with error bars) and simulated (histogram) data superimposed.

to a smaller uncertainty. The "conservative" estimate was retained to cover possible systematic
effects associated with extrapolation of the result from the last five layers of the HPC to the
first four layers. The assumed uncertainty on the efficiency corresponded to an uncertainty on
the polarisation result of ±0.015.

6.1.2 Muon Rejection

The suppression of muons relied on the observed signal in the HCAL and muon chambers.
A loose association of muon chamber hits to the charged tracks had been performed during

the general reconstruction of the DELPHI data7. To enable a maximum suppression of muons,
this association was used directly without further requirements on the association \2- The muon
chamber efficiency was studied using test samples of muons and hadrons selected by independent
criteria. Inside the acceptance, the efficiency for observing a muon in the muon chambers was
found to be 93.4%. The main loss of efficiency was due to the inclusion of a small fiducial region
(~4.5%) without muon chamber coverage. Outside this region, the muon chamber efficiency was
97.4% with good agreement between the real and the simulated data. The probability of a pion
penetrating the HCAL and being observed in the muon chambers varied across the momentum
spectrum from about 5% at low momenta to about 10% at high momenta. The majority of
muon chamber hits from hadrons were observed in the inner layer, which was situated within
the outer readout layer of the HCAL.

Figure 25 illustrates the response of the HCAL to muons. The smooth cos# dependence of
the signal was understood to arise from the gradual appearance of multiple streamers in the
streamer tubes at inclined angles. The sudden change of amplitude around |cos#| ~ 0.65 was
caused by the reduced number of streamer tube layers in the transition region between the barrel
and end-cap parts of the detector. The narrow azimuthal boundary regions between the 15°

7Good agreement between the real and the simulated data was ensured by the use of the MUCFIX [23] package,
which corrected the muon chamber efficiency in the simulated data.
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Figure 26: The HCAL response to pions: (a) energy, (b) shower depth in readout layer units.
Zero shower depth indicates that the shower was not observed in the HCAL. Points with error
bars show real data; histogram shows simulated data.

wide HCAL modules caused an inefficiency to muons of about 4%. Figure 26 shows the response
of the HCAL to the test sample of hadronic tau decays tagged by the presence of a n° in the
HPC (see Fig. 16 (a)). A marked discrepancy is observed between the real and the simulated
data. As mentioned earlier, in the simulation, hadronic showers did not penetrate deep enough
into the HCAL8. Thus, the probability of a pion penetrating to the fourth layer of the HCAL
was found to be about 60% higher in the real than in the simulated data. A similar discrepancy
was observed in the probability of a pion penetrating to the muon chambers. The numbers given
above were thus valid for the real data.

From the deposited energy in the HCAL, the variable E^QAL was constructed in order to
group the charged particles into candidate and non-candidate minimum ionising particles. The
variable was defined as

£HCAL x F(9)

Nlay
(8)

where £HCAL is the total HCAL energy associated to the track, N)ay is the number of HCAL
read-out layers with deposited energy, and F{6) is a correcting factor9 applied in order to remove
the smooth polar angular dependence of the energy deposition for muons. The E^QAL variable
is shown for test samples of muons and pions in Fig. 27. The region E™CAL < 3 GeV was
dominated by muons. Since, furthermore, the pions in this region tended to have low momentum

8Inspired by the difference in the energy response at low HCAL energies, as seen from Fig. 26 (a), it was
investigated whether the discrepancy in the shower depth could be caused entirely by different HCAL thresholds
in the real and the simulated data. This did not seem to be the case. Firstly, the threshold behaviour was well
modeled for muoiis, as seen from Fig. 25 (b). Secondly, the shower depth still showed discrepancy after increasing
simultaneously the thresholds in the real and the simulated data.

9The correction factor was given by

F(6)= 1 +
1 - sin 0 1
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Figure 27: The variable for test samples of muons (shaded) and pions (open histogram).

and, thus, a lower than average probability of penetrating deep into the HCAL, a strict muon
veto was applied by excluding all particles which were observed in either the muon chambers
or the outer layer of the HCAL. The region E™QAL > 3 GeV, on the other hand, had only few
muons. Thus, a loose muon veto was applied by excluding particles only if they were observed in
the outer layer of the muon chambers10. The performance of these criteria was studied on test
samples of pions and muons from tau decays. Figure 28 (a) shows the efficiency as a function
of momentum for a pion test sample. For the real data, an overall efficiency of 93.8 ± 0.3% was
derived. For the simulated data, the discrepant modeling of the shower extension gave rise to
a somewhat higher efficiency of 96.1 ± 0.1%. To estimate the uncertainty on the momentum
dependence, the ratio of the real and simulated data efficiencies was fitted to a straight line in
the fractional momentum x. The error on the slope was ±0.022. From the study of clean muon
samples, it was found that 0.6 ± 0.1% of muons passed the veto. Most of these were situated in
the problematic regions (| cosf9| > 0.616) outside the coverage of the barrel muon chambers.

A further reduction of the background from muons (and electrons) was ensured by asking that
the charged particle was either observed in the HCAL or deposited an energy clearly exceeding
that of a minimum ionising particle in the last five layers11 of the HPC: î HPC > 500 MeV
(c.f. Fig. 21). By requiring that the candidate was actually observed in either the HPC or the
HCAL, this criterion ensured that muons were not mistakenly accepted as pions in case one or
more detector elements was unexpectedly malfunctioning. The combined performance of this
criterion and the other muon rejection criteria was studied by a repetition of the procedures
described above. The efficiency as a function of momentum is shown in Fig. 28 (b). Especially
at low momenta, the additional requirement led to a substantial loss of efficiency. The agreement
between the real and the simulated data was good, however. The combined overall efficiency
was 87.3%. From the error of ±0.036 on the slope of a straight line fit in x to the ratio of real

10In regions with a reduced HCAL or muon chamber coverage (basically for |cos#| > 0.606) these criteria had
to be somewhat modified to keep the muon background at a tolerable level.

"For |cos#| > 0.616 this condition was modified to > 600 MeV.
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Figure 28: Efficiency of the muon rejection criteria from real (closed markers) and simulated
(open markers) pion test samples: (a) excluding, (b) including the requirement of observing the
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Figure 29: Muon rejection efficiency around threshold. Real data is shown as closed markers;
simulated data as open markers.

and simulated data efficiencies, an uncertainty on the polarisation of ±0.018 was inferred.
Figure 29 shows, for a muoii test sample from 77 interactions, the efficiency of rejection

according the above criteria. Below 0.04 x Pbeann ^ i e muons ranged out before reaching the
fourth layer of the HCAL and the muon chambers. From about 0.05 x Pbeam, the muon rejection
efficiency reaches the plateau level, justifying the p > 0.05 x pbeam requirement.
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6.1.3 Rejection of hadronic tau decays containing TT°'S

The separation of r —• •KV decays from hadronic decays containing x°'s relied on the observation
of neutral electromagnetic showers in the HPC. It was required that there, within a 18° cone
about the charged track, was no neutral shower which was considered to be of electromagnetic
origin according to criteria to be specified below.

Since no suitable test sample was available for the study of the HPC response to (soft)
photons, the study of the x0 rejection relied primarily on consistency checks between the real
and the simulated data. For this purpose, use was made mainly of the inclusive sample of
one-prong hadronic tau decays established by applying the rejection criteria against electrons
and muons, described in the previous subsections. The selected sample is illustrated in Fig. 30,
which shows (a) the charged pion momentum; (b) the number of reconstructed electromagnetic
neutrals within a 18° cone about the charged pion; (c) the sum of energy of these neutrals;
and (d) the invariant mass of the hemisphere assuming the pion mass for the charged particle
and zero mass for the neutrals. Reasonable agreement between the real and the simulated data
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Figure 30: Inclusive one-prong hadronic tau decay sample: (a) charged track momentum,
(b) number of electromagnetic neutrals inside 18° cone about track, (c) sum of neutral elec-
tromagnetic energy inside 18° cone, and (d) invariant mass of hemisphere. In (c) and (d), the
poles, which correspond to zero neutrals, have been suppressed. Real data is shows as points
with error bars; simulated data as clear histogram; and simulated r —> itv decays superimposed
as shaded histogram.
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can be observed. It is important to notice that, for the current analysis, use was not made
of the PXPHOT third stage pattern recognition package [24], which is supposed to unfold the
effects originating from the material of the DELPHI detector, for the reconstruction of photons.
Thus, there was in general no direct relationship between the observed low energy neutrals and
genuine photons. This was particularly true in decays with multiple electromagnetic showers,
where a tendency towards shower splitting from the primary shower(s) was observed. More
importantly for the current analysis, also hadronic interactions in the material of the detector
gave rise to secondary electromagnetic showers. These interactions happened, in part, in the
RICH area in front of the HPC and, in part, inside the material of the HPC, where secondary
hadrons occasionally gave rise to satellite showers. The effect can be seen from Fig. 30, where
the shaded area shows simulated r —>• 7ri/ decays. For about 14% of these decays, one or more
electromagnetic neutral was observed close to the impact of the charged pion on the HPC. It
can also be seen that, for a small fraction (~3%) of other hadronic tau decays (the unshaded
area), no neutral electromagnetic shower was observed. These decays constituted an irreducible
background.

The consistency between the real and the simulated data was checked in considerable detail.
Here, a few of the most significant distributions will be presented, in order to demonstrate the
generally good agreement between the two data samples.

Figure 31 presents energy distributions for the electromagnetic neutrals. In Fig. 31 (a),
which shows all observed neutrals, a substantial fraction of low energy neutrals were found to
be secondaries, caused either by electromagnetic or hadronic interactions in the material of the
detector. In Fig. 31 (b), only the highest energy neutral of each decay is shown. The number
of low energy neutrals is therefore much reduced. In general, the agreement between the real
and the simulated data is good for both sets of distributions. A small discrepancy is, however,
apparent in the behaviour around threshold. From the high statistics of Fig. 31 (a), there seems
to be a difference in threshold (or perhaps scale) of about 25 MeV. Of course, this tendency is
less clear from Fig. 31 (b), with its much reduced statistics. Remembering that a large fraction
of low energy showers in Fig. 31 (a) are secondaries, it is not evident whether the observed effect
is due to a genuine threshold (or scale) effect or due to a small discrepancy in the modeling of
secondary showers.

Figure 32 shows various angular distributions for the leading neutrals. Both the polar angular
behaviour and the behaviour around the azimuthal boundary regions of the HPC can be seen
to be well described by the simulation. Detailed investigations, in which the energy profile
was studied for different regions of the HPC separately, showed that the simulation provided a
reasonable description also of difficult regions, like, for example, the boundary regions between
modules. Figure 32 (c) shows the distribution of opening angles at the production vertex between
the charged track and the leading neutral. For reasons still unclear, the real data distribution
seems to peak a few tenths of a degree below the simulated distribution. Apart from this, the
agreement is good.

An important parameter for the reconstruction of low energy neutrals was the threshold
behaviour in the HPC. This is illustrated in Fig. 33, which shows the deposited energy in the
HPC readout layers for the leading neutrals. In general, the agreement between the real and the
simulated data is good. A small discrepancy can be observed, however, between the real data
threshold of about 17 MeV and the simulated threshold which appears to be 1-2 MeV lower.
The effect of this is discussed below. Figure 34 shows the number of layers above threshold and
the starting layer for the neutrals. Also here, a reasonable agreement can be observed. There
is a clear tendency that a sizeable fraction of neutrals from hadronic interactions again the
shaded area shows r —* nu decays start late and extend only over few layers.
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Figure 31: Energy of electromagnetic neutrals for inclusive one-prong hadronic tau decays.
In (a), all neutrals are shown, i.e. multiple entries per candidate; in (b), only the highest energy
neutral per candidate is shown. Real data is shows as points with error bars; simulated data as
clear histogram; and simulated r —» irv decays as shaded histogram.

In order to maximise the separation between r —> wi/ decays and other hadronic decay modes,
a number of quality cuts were developed to distinguish between neutral showers, which were of
electromagnetic origin, and showers originating from hadronic interactions within the HPC. A
neutral shower was considered to be of electromagnetic origin if it satisfied the following criteria:

1. it was positioned further away than 1° from the impact of the charged pion on the HPC;
2. it started within the first four HPC readout layers;
3. it extended over at least three readout layers.

In addition, it should have an energy of at least 500 MeV (800 MeV for the 1991 data, where
the thresholds were higher). Showers situated between 1° and 2° from the impact point of the
charged pion were required to have an energy of at least 1500 MeV.

A dedicated study was carried out to investigate the effect of the small observed discrepancy
in the energy threshold at the HPC layer level. The threshold of the simulated data was adjusted
to agree with that of the real data, i.e. it was increased by 1-2 MeV. After discarding energy
depositions below the new threshold, the remaining layers were tested to see whether the shower
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Figure 32: Angular variables for leading electromagnetic neutral in inclusive one-prong hadronic
tau decays: (a) polar angle, (b) folded azimuthal angle, and (c) opening angle at the production
vertex between charged track and neutral. Real data is shows as points with error bars; simulated
data as clear histogram; and simulated r —»• •KV decays as shaded histogram.
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Figure 33: Deposited energy in the HPC readout layers (one entry per layer) for leading neutral
from the one-prong hadronic tau decay sample. Points with error bars show real data; histogram
shows simulated data.

was still to be considered to be of electromagnetic origin according to the above criteria. It
was found that the change of threshold led to an increase by a factor 1.003 of the efficiency
for r —• ni> decays, with a negligible momentum dependence. Simultaneously, an increase by
a factor 1.02 in the background rates from other hadronic tau decays was observed. Since the
corrections were found to be small, this effect was taken into account by simply correcting all
efficiencies and background rates derived from the standard simulation by a posteriori correction
factors.

Based on the simulated data, the TT° rejection criteria described above, had an efficiency of
91.0% and let through a total background from other tau decays of 11.9% of which the majority
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Figure 34: HPC layer variables for leading neutral from one-prong hadronic tau decay sample.
Real data is shows as points with error bars; simulated data as clear histogram; and simulated
r —> -KV decays as shaded histogram.
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Figure 35: Overall identification efficiency for r —»• T:V.

of 7.2% were pv final states. Combining all identification criteria led to an overall identification
efficiency of 65% within the angular and momentum acceptance. The momentum dependence
of the efficiency is shown in Fig. 35.

6.2 Suppression of non-r Backgrounds

The background of Z° decays into e+e~(7) and /t+/i~(7) final states, where an electron or muon
had been misidentified as a pion, was reduced by requirements on the hemisphere opposite to the
identified candidate. The requirements were dependent on whether the leading charged particle
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Opposite hemisphere tag

i) electron
ii) muon

iii) none

xn < 0.7

xEC < 0.75
x < 0.8
x < 0.9

xr > 0.7

xEC < 0.75 and x < 0.75
x + xEC < 0.75

x < 0.75

Table 4: Summary of rejection criteria against background from e+e (7) and "(7) final
states for the r —• icv selection. The criteria depended on a loose tag of electrons and muons in
the opposite hemisphere. Here xw is the momentum of the identified pion candidate, and x and
xEC, respectively, are the momentum of the leading track in the opposite hemisphere and the
sum of electromagnetic energy inside a 30° cone about this track. All variables are in units of
the beam momentum.

in the opposite hemisphere was tagged as an electron or a muon using loose criteria based on
the observed signal from the HCAL and the muon chambers and the dE/dx. Furthermore, the
requirements were different depending on whether the momentum of the identified candidate
was less than or greater than 0.7 X Pbeam- The requirements are summarised in Table 4. With
an overall efficiency of 93%, they created a well-controlled relative drop in the efficiency of
6.5 ± 0.8% for momenta exceeding 0.7 X Pbeam- The remaining background of 0.5 ± 0.2% was
dominated by e+e~(7) final states. Backgrounds from 77 interactions and from multihadronic
Z° decays were found to be negligible.

6.3 Polarisation Extraction

A sample of 2956 candidate r —• xi; decays were selected by the criteria described above. The
main characteristics of the selection are summarised in Table 5. The momentum spectrum of
the selected sample is shown in Fig. 36, with the spectrum of the simulated data for the fitted
value of (VT) superimposed. For the tau polarisation fits, all candidates with p > pbeam were
gathered into a single bin.

The polarisation was fitted in each of the six bins in cos#. The corresponding momentum
spectra are shown in Fig. 37, and the obtained results are summarised in Table 6. From a fit
of Eq. (3) to VT as a function of cos# the following results were obtained

(VT) = -0.199 ±0.036

V7j = -0.115 ±0.057,

where the errors are statistical only. The \ 2 of the fit was 4.2 for 4 degrees of freedom. The

Number of selected candidates 2956
Identification efficiency 65%
Selection efficiency relative to event selection 60%
Backgrounds: Internal 11.9 ±2.7%

e+e~ and events 0.5 ± 0.2%

Table 5: Summary of the main characteristics of the r — TTI/ selection.
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0.25 0.5 0.75 1
P/Pbeam

Figure 36: Momentum spectrum for selected r —• TTU candidates. Points with error bars show
the real data. The solid line shows the simulated data for the fitted value of (VT), with the dotted
and dashed lines representing the positive and negative polarisation contributions, respectively.
The shaded area shows the total background, with the non-r background superimposed in a
darker shading.

Bin
1
2
3
4
5
6

All

cos# range
[-0.732; -0.488]
[-0.488; -0.244]
[-0.244; 0.000]
[ 0.000;+0.244]
[+0.244; +0.488]
[+0.488; +0.732]
[-0.732;+0.732]

No. candidates
467
579
434
415
579
482

2956

(cos 9)
-0.5894
-0.3743
-0.1455

0.1457
0.3680
0.5875

-

-0.191 + 0.091
-0.104 + 0.084
-0.008 + 0.095
-0.281 ± 0.093
-0.295 ± 0.082
-0.295 + 0.087
-0.199 + 0.036

X2/n.d.f.
17.6/19
13.0/19
19.5/19
26.5/19
16.9/19
10.9/19
18.5/19

Table 6: VT results from r — nv for the six cos 9 bins.

measured VT values and the fit result are displayed in Fig. 38. Also shown is a fit where electron-
tau universality has been assumed. This gave the result (VT) = Vz = —0.176 + 0.031 with a \ 2

of 7.0 for 5 degrees of freedom.

6.4 Systematic Uncertainties

6.4.1 Uncertainty on (TT)

Important contributions to the systematic uncertainty on (VT) included the momentum depen-
dence of the selection efficiency, the background rates, and the effect of the limited statistical
precision of the simulated data. The systematic uncertainty associated with the selection was
evaluated by considering each of the selection criteria in turn.
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Figure 37: Momentum spectra for r —»• TTV candidates in bins of cos 6. Signature as in Fig. 36.
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Figure 38: Measured VT(cos9) from r —> isv decays. The solid (dashed) line shows the fitted
functional form with (without) the assumption of electron-tau universality.

The contributions from the rejection criteria against electrons and muons have been discussed
in detail above. Both were evaluated by studies based on the real data. Contributions of ±0.015
and ±0.019 were estimated from the electron and muon rejection criteria, respectively. As a
cross check, the stability of (VT) was checked against variations in the selection criteria. After
correcting for known differences between the real and the simulated data—most noticeable the
shower depth in the HCAL—the result was found to be stable within the quoted uncertainties
for wide variations of the selection criteria. The largest observed variation of A(VT) = +0.017
occurred for a change of the ^HCAL division point, between the strict and the loose muon veto,
from the nominal value of 3 GeV to 5 GeV. By extending the strict muon veto to a larger fraction
of the data, this change led to a 5% loss of candidates. As seen from Table 7, the remaining
electron and muon backgrounds were small and their systematic effects on (VT) were negligible.

The estimation of the uncertainty from the criteria against hadronic tau decays containing
7r°'s relied on consistency checks between the real and the simulated data. Three different studies
are described in the following. By considering these, an uncertainty of ±0.026 was estimated.

In one method, the stability of (VT) was checked against variations in the photon definition
criteria. The study is summarised in Table 8. Six different criteria were used. The HPC threshold
(the minimum energy required in order to consider a neutral shower to be of electromagnetic
origin) was varied in three steps: i) no requirement, ii) 500 MeV (800 MeV for the 1991 data),
and iii) 1000 MeV. For each step, (VT) was evaluated both with and without the additional
photon quality cuts described above. Under these variations, {VT) was found to be stable within
a maximum fluctuation of about ±0.020. To give a further check on the consistency between
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| Decay mode

r —» evv
T —> \IVV

T —> pV

r —> a,\v

| Total

Fraction
0.7 ±0.2%
0.6 ± 0.2%
7.2 ± 1.8%
0.6 ± 0.2%
2.8 ± 0.6%

11.9 ±2.7%

H-Pr) |
±0.001
±0.002
±0.017
±0.001
±0.008
±0.026 |

Table 7: Backgrounds from other tau decays to the r —> -KV sample. The last column gives the
uncertainty on (VT) resulting from the uncertainty on the background rates. The uncertainties
on the hadronic decay channels have been assumed to be fully mutually correlated.

A
B
C
D
E
F

"Quality
cuts"

no
no
no
yes
yes
yes

Threshold
[MeV]

—
500 (800)

1000
—

500 (800)
1000

No. Cands.

2676
2783
3014
2817
2956
3170

Efficiency
[%]
86.0
88.2
92.0
89.5
91.0
93.6

Bckg.
[%]
8.7

10.2
14.3
10.7
11.9
15.6

ABF
[%]

+0.2
-0.3
+0.3
+ 1.0

—
+ 1.0

A(VT)

+0.008
+0.003
-0.021
+0.001

—
-0.015

Table 8: Investigation of the stability of (VT) against variations in the photon definition criteria
as part of the rejection of hadronic tau decays containing 7r°'s. Columns two and three indicate
the photon definition criteria used: "quality cuts" on/off, and energy threshold (with 1991
value in brackets when different from 1992 value). Column four gives the number of real data
candidates passing all selection criteria. Columns five and six, respectively, give the Monte
Carlo efficiency of the criterion under study and the background from other tau decay modes.
Columns seven and eight present the change in branching fraction and (VT) results, relative to
situation E, which is used for the analysis.

the real and the simulated data, also the change in the apparent r —>• iris branching fraction
was evaluated. A maximum fluctuation of about ±1.0% was observed. Both for {VT) and for
the branching fraction, the observed maximum fluctuations corresponded to about twice that
expected from statistical fluctuations alone.

Another estimate of the uncertainty was established by considering the effect of the back-
grounds from other hadronic tau decays on the polarisation result. With the backgrounds being
peaked at low momenta, (VT) was directly affected by their rates. The backgrounds, as esti-
mated from the simulation12, are presented in Table 7. The uncertainty on {VT) was estimated
by considering a simultaneous variation by 25% of the backgrounds from r —» pv and T -^ &\u
and by 20% of the background from r —> \\*v —? KK^V. For the r —> pv and r —* ?i\i/ decay
modes, this variation was assumed to account for the uncertainty in the identification efficiency

12The numbers given here are for a weighted average of the 1991 and 1992 data. Due to the different HPC
thresholds for the two years, the backgrounds were found to be about 50% higher for the 1991 data than for the
1992 data.
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Momentum scale —
e+e~ and fi+fi~ background and rejection 0.011
fi rejection 0.019
e rejection 0.015
Rejection of decays with 7r°'s and remaining background 0.026
Monte Carlo statistics 0.018
Total 0.041

Table 9: Summary of systematic uncertainties on (VT) from r —• -KV.

for low energy photons. For the r —* K*f —• ̂ K^f decay mode, the situation is somewhat dif-
ferent, in that the charged pion is not accompanied by photons but by the strongly interacting
K°. According to the simulation 25% of these gave rise to an energy deposition in the HPC
which passed the photon definition criteria and caused the rejection of the decay. The 20%
variation of the background rate was assumed to cover the uncertainty in the description of
the HPC response and the about 10% uncertainty on the world average r —> KV branching
fraction [25,26]. As seen from Table 7, the considered variations of the background rates gave
rise to a variations in the polarisation result of ±0.026. The dominant effect was due to the
T —> pv background.

Finally, in order to estimate the systematic uncertainty associated with a possible difference
in energy scale for low energy electromagnetic neutrals between the real and the simulated data,
the HPC threshold was varied in the simulation from the nominal value of 500 MeV to 300 MeV
and 700 MeV, respectively, without a simultaneous change of the threshold in the real data.
This gave rise to changes of (VT) of the order of ±0.010. Differences in energy scale larger than
200 MeV were considered unlikely based on the agreement in the energy distributions of Fig. 31
between the real and simulated data.

The uncertainty from the rejection criteria against the background from e+e~ and n+fi~
final states and from the remaining background from these sources was estimated by varying
the efficiency and background rates within the quoted uncertainties. This way an uncertainty
of ±0.011 was estimated.

With an estimated uncertainty of ±0.2% on the momentum scale of charged particles other
than electrons, the uncertainty on (VT) due to the momentum scale was found to be negligible.

The limited statistical precision of the simulated data gave rise to a contribution to the
systematic uncertainty of ±0.018. By adding this and the other contributions in quadrature a
total systematic uncertainty of 0.041 was obtained. A summary of the systematic uncertainties
is presented in Table 9.

6.4.2 Uncer ta in ty on "Pz

Like for the other tau decay modes, the systematic effects affecting the selection of candidates
were assumed to be symmetric between the forward and backward hemispheres. Thus, most
contributions cancelled for the determination of V%. In addition to the common contribution
of ±0.003 for all decay modes [2], a contribution of the same size was included due to the
uncertainty on the angular dependence of the background from e+e~ and /J,+fi~ final states. A
total uncertainty of ±0.004 was thus obtained.
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7 Conclusions

The measurement of the tau polarisation and its angular dependence in the two decay modes
r —> zvv and r —> 7ri/ has been demonstrated. The results of the analyses are presented in
Tables 2 and 6 in form of the measured VT values in six bins of cos# between —0.732 and
+0.732. From a fit of the polar angular dependence of the polarisation, the following results
were obtained

_ f (VT) = -0.148 ±0.077 ±0.072
T~*euv \ Pz = -0.209 ±0.111 ±0.006

f (VT) = -0.199 ±0.036 ±0.041
T^™ | Vz = -0.115 ±0.057 ±0.004,

where the first uncertainty is statistical and the second contains all systematic effects including
Monte Carlo statistics. The results agree well with electron-tau universality. Combining the
four measurements, under the assumption of electron-tau universality, the following result is
obtained

(VT) = VZ = -0.163 ±0.035

or equivalently
sin2 tfjfff = 0.2295 ± 0.0044.

The two analyses form part of the DELPHI measurement of the tau polarisation reported in
Ref. [2].
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Abstract

A precise empirical calibration of the dE/dx signal in one-prong tau decays is presented. As a
result, a dE/dx resolution of 6.1% is obtained. Examples of the use of dE/dx for electron/pion
and pion/kaon separation in tau decays are given. This includes a prototype measurement of
the T —> Kv branching fraction.
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1 Introduction

The specific ionization in the Time Projection Chamber (TPC) is a valuable tool for particle
identification in tau decays. By providing a clear separation of electrons and hadrons at the low
momentum range it complements nicely the calorimetric separation which is, of course, best at
higher momenta.

Tau decays are characterized by their simple topologies. The final state contains one, three,
or very rarely five charged particles. At LEP, due to the high Lorentz boost of the tau, the
multi-prong final states are very collimated. The typical opening angle in a three-prong decay is
about 3 degrees. In these events, the unavoidable confusion between the tracks makes a precise
measurement of the ionization difficult. In one-prong decays, on the other hand, the track is
completely isolated, and the dE/dx measurement is optimal.

This note describes a precise empirical calibration of dE/dx in one-prong tau decays. The
calibration has been used for the analyses leading to the measurement of the tau polarization [1]
and the exclusive branching fractions of the tau [2,3]. The calibration is based on the leptonic
data from 1991 and 1992 (processings 91E and 92C, respectively) and on simulated data of Z°
decays into tau pairs (processing 91E). It has been performed on top of the official DSTANA
routine GETDEDX from version 1.10 of the DEDXID package [4]. This version is about 18 months
old, so some or all of the peculiarities reported in this note may, by now, have been corrected
in the official procedures.

2 Ionization Energy Loss

Charged particles passing through matter lose energy due to ionization. The mean rate of energy
loss is given by the Bethe-Bloch equation [5],

dE 2 2 2Z 1 f /2mec272/3
^ r m c V In f

272 /32

— In (1)

Here the particle has charge ze and is passing through an element with atomic number Z,
atomic weight A, and effective ionization potential / ; rae and re are the mass and the clas-
sical radius of the electron; and N\ is Avogadro's number. The product 4nN\r\vae(? equals
0.3071 MeV cm2 g"1. The energy loss depends on the velocity (3 of the ionizing particle. At low
velocities |d£ /dx | decreases as /?~5 '3 , it then reaches a broad minimum around (3~j = p/mc ~ 3.2
after which it rises slowly as 2 In 7. The density effect, which arises when the enhanced range
of the transverse electric field of the incident particle becomes comparable to the interatomic
distances, gradually limits the slope to In 7. In the Bethe-Bloch equation the density effect is
represented by 8.

Experimentally one often measures the energy deposited in a layer of absorbing material and
not the actual energy lost by the particle. Much of the relativistic rise is caused by large energy
transfers to few electrons. If these escape detection or are otherwise accounted for separately,
the energy deposition differs from the energy loss. In this case, the density effect causes the
deposited energy (in contrast to the energy loss) to reach a constant value: the Fermi plateau.
This happens for gases at atmospheric pressure for 7 ~ 103, where the ionization reaches about
1.5 times its minimum value. In denser materials, such as gases at high pressure, liquids, and
solids, the asymptotic level is reached much earlier leading to a smaller relativistic rise.

The Bethe-Bloch equation gives the mean energy loss due to ionization. Especially for thin
layers of material there are large fluctuations in the actual energy loss. A small number of
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Figure 1: The mean ionization energy loss in units of its minimum for electrons, pions and kaons.
The small hatched area indicates a 6.1% one standard deviation resolution.

collisions involving large energy transfers (6 rays) give rise to a skewed distribution with a long
tail toward high values (the Landau tail). Although the fluctuations are somewhat smaller in
the deposited energy than in the energy loss, they still necessitate a careful treatment of the
data in order to obtain an unbiased estimator of the mean ionization. One normally samples
the ionization in many layers and calculates a truncated mean where a given fraction of samples
with the highest measured amplitudes are discarded.

Figure 1 shows the expected mean dE/dx as functions of momentum for electrons, pions,
and kaons, respectively, in the DELPHI TPC. Due to their different masses the three particle
types illustrate the different regions of the energy loss curve. Whereas electrons are already on
the Fermi plateau at p — 0.1 GeV, pions show the relativistic rise. The kaons show the minimum
at about three times the kaon mass and the steep rise toward lower momenta. Also shown is the
resolution of the DELPHI dE/dx measurement indicating the separation between the various
particle types.

As in the previous paragraph, in the rest of this note, dE/dx represents the measured ion-
ization energy. It is thus, in contrast to what is the case in Eq. (1), a positive quantity.

3 The Time Projection Chamber (TPC)

The TPC [6] is the principal tracking detector of DELPHI. It consists essentially of two large
drift volumes, separated by the central anode plane, and two end-caps where the ionization
signal is amplified and registered. The active volume extends radially from 32.5 to 116 cm and
along the beam axis 134 cm on either side of the anode plane. The argon/methane (80%/20%)
gas mixture is kept at atmospheric pressure. Maintaining the anode plane at a voltage of —20 kV
gives rise to a uniform 150 V/cm drift field parallel to the 1.2 Tesla magnetic field. The resulting
constant drift velocity of 67 mm//ts corresponds to a maximum drift time of about 20 [is.

2
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192 sense wires

Figure 2: Schematic view of a sector of the TPC endplate.

Each of the two end-caps is divided into six azimuthal sectors, which are equipped with
multiwire proportional chambers. A cathode wire plane, kept at ground voltage, defines the
border between the large drift volume and the 4 mm deep amplification gap. Drift electrons, after
reaching the cathode plane, induce an avalanche onto a plane of 192 sense wires of 20 /jm diameter
kept at +1435 V. This construction assures a proportional amplification with an amplification
factor of about 2 x 104. Behind the sense wires, the ionization signal is picked up through
inductive coupling by an arrangement of 16 circular pad rows. Small pad dimensions of about
7.5 mm times 8 mm were chosen to ensure a good two track separation. The signals from the
pads including drift times provide three dimensional information on track segments for track
finding and precise momentum measurement. The resolution per point has been found to be
900 /im along the drift direction and about 230 (J,m along the azimuthal direction [7]. The two
track separation is about 1.5 cm. The dE/dx measurement is based on the signals from the sense
wires. The individual sense wires are separated by field wires, kept close to ground potential, to
effectively eliminate the electrostatic coupling between neighbouring sense wires. This way each
sense wire constitutes an independent proportional cell and the 192 ionization measurements
can be regarded as independent.

4 Selection of test samples

The event sample used for the dE/dx calibration consisted of Z° decays to tau pairs. The tau
decays provided final state particles well suited for the calibration: isolated electrons, muons,
and hadrons covering the whole momentum range accessible at LEP. The one-prong branching
fractions of the tau lepton are summarized in Table 1.

4.1 The sample

The selection of Z° decays to tau pairs followed closely the selection procedure used for the 1991
line shape measurement [8]. For completeness the procedure is summarized here.

As an initial step, events were separated into hemispheres by a plane perpendicular to the
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Decay mode
e~i>euT

•K~ > ln°i/T

K~vr

K~ > ITTV

Fraction (%)
17.7
18.0
11.7
36.4
0.7
1.0

Table 1: Branching fractions for one-prong tau decays.

thrust axis, which was calculated using charged tracks. It was requ'red that at least one of
the two leading tracks (highest momentum track in a hemisphere) lie within the polar angular
region of | cos#| < 0.732. Poorly reconstructed events were excluded by demanding at least one
track per hemisphere. Most cosmic rays were rejected by requiring that both leading tracks
had a point of closest approach to the center of the interaction region of less than 4.5 cm along
the beam axis and of less than 1.5 cm in the plane perpendicular to the beam axis. Requiring
additionally that the two leading tracks were separated by less than 3 cm along the direction
of the beam axis at their closest approach to the interaction point exploited the implicit time
of-arrival information of the TPC to remove remaining cosmic ray events not arriving within
about ±110 ns of the collision time.

The majority of multi-hadronic decays of the Z° were removed by requiring a maximum of
six charged tracks originating from the interaction region and a minimum angle between any two
tracks in opposite hemispheres exceeding 160°. Two-photon events were excluded by requiring a
total energy in the event (sum of neutral electromagnetic and charged energy) exceeding 8 GeV
and a total transverse momentum of charged particles exceeding 0.4 GeV.

Most decays of the Z° to e+e~(7) and fj,+fj,~(^f) final states were excluded by requiring that

the event acollinearity exceed 0.5° and that the two variables pT&d — \JP\ + v\ and ETeLd =

\ -f E,\ both be less than the beam energy. Here the variables Pi(2) and £1(2) were, for
hemisphere 1 (2), the momentum of the leading track and the total electromagnetic energy
inside a 30° cone about this track, respectively.

After discarding runs where one or more detectors essential for the study of tau decays were
not fully operational1 these criteria selected about 6,500 and 19,000 events, respectively, from
the 1991 and 1992 data,

4.2 Selection of exclusive test samples

The selection of exclusive test samples relied on the use of the calorimetry and the muon cham-
bers. Test samples were established of i) electrons and ii) muons, from the corresponding exclu-
sive decay modes of the tau; and of iii) pions, from the inclusive sample of one-prong hadronic
decays. The pion sample contained a kaon contamination of about 3%, since x/K separation
was not attempted.

As an initial step, one-prong decays with momentum exceeding 2.3 GeV were selected. Like
the corresponding physics analyses the selection was restricted to the barrel region of the de-

'For the following detectors, the run quality identifiers were required to be within the ranges (where 7 means
fully operational and 0 means dead): TPC 5-7; HPC 5-7, HCAL 5 7, MUB 4-7.
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Figure 3: Momentum distributions for selected test samples. Points with error bars show the
real data. The full line shows the simulated data.

tector. Furthermore, a narrow region around the TPC anode plane was excluded. The charged
track was thus required to lie within the polar angular region of 0.035 < | cos#| < 0.732.

To classify a charged particle as an electron the following criteria had to be satisfied:

• The electromagnetic energy associated to the track matched the track momentum accord-
ing to the requirement 0.75 < E/p < 1.3. Furthermore, the total electromagnetic energy
inside a 18° cone around the track did not exceed the track momentum by more than 40%.

• No electromagnetic neutral inside a 18° cone around the track had an energy exceeding
1 GeV. Showers situated in the track plane on the outside of the track curvature were
assumed to originate from bremsstrahlung and were excluded from this requirement.

• No associated hits in the muon chambers or energy deposition beyond the first layer of
the Hadron Calorimeter (HCAL) were observed. The deposited energy in the first HCAL
layer did not exceed 2 GeV.

• The longitudinal profile of the associated electromagnetic energy deposition was consis-
tent with that of an electromagnetic shower. The probability from the shower shape, as
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calculated using the ELECID package [9], exceeded 5%.

With these criteria, about 800 and 2,500 candidate electrons were selected from the 1991 and
1992 data, respectively. The background of hadronic tau decays was estimated from the Monte
Carlo simulation to be 2.0%.

For a charged particle to be classified as a muon the following criteria had to be satisfied:

• The particle was observed in the muon chambers or in the outer HCAL layer.

• The associated HCAL energy was consistent with that of a minimum ionizing particle; the
average deposited energy per active layer (after correcting for a polar angular effect) did
not exceed 2 GeV.

• The associated electromagnetic energy was consistent with that of a minimum ionizing
particle, i.e. less than 1 GeV.

About 1,600 and 5,300 candidate muons were selected with these criteria from the 1991 and 1992
data, respectively. The background from hadronic tau decays was estimated from the simulation
to be 2.9%.

For the classification of a charged particle as a pion the fiducial region was further reduced
by requiring the particle impact on the electromagnetic calorimeter to be further away than 1°
from the center of an azimuthal boundary between modules. The following criteria then had to
be satisfied:

• The track was not observed in the muon chambers or the outer layer of the HCAL. Only
tracks depositing more than 7.5 GeV in the HCAL were observed in the third layer.

• The track deposited more than 2 GeV beyond the first HCAL layer or alternatively left
a total electromagnetic energy less than half of its momentum and deposited less than
500 MeV in the first four HPC layers.

About 1,900 and 6,100 hadronic tau decays with these criteria from the 1991 and 1992 data,
respectively. The background from leptonic tau decays was estimated from the simulation to be
0.2% and 1.1% from electrons and muons, respectively.

The momentum spectra of the selected test samples are shown in Fig. 3. These samples have
been used in a recent study of a new tuning method for the ionization energy loss [10].

5 The original dE/dx signal

From the maximum of 192 samples of ionization measurement for each track a truncated mean,
based on the 80% lowest amplitudes, had been calculated during the general reconstruction of
the data. The mean, the expected resolution, and the number of samples entering the mean
(after truncation) were read from the DST (Data Summary Tapes) using the routine GETDEDX
from version 1.10 of the DEDXID package. This routine corrected possible variations of the
dE/dx signal as a function of time, which could arise due to variations in gas pressure, gas
mixture, temperature, etc.

Because the test samples consisted of isolated tracks, the average number of recorded ion-
ization samples was relatively high. The number of samples remaining after the 80% truncation
is shown in Fig. 4. For the calibration, as later for the physics analysis, it was required that
at least 30 samples entered the calculation of the truncated mean. This requirement, which
corresponded to an observed track length of about 16 cm, led to a 4.1% loss of tracks primarily

6
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Figure 4: Number of samples of dE/dx measurement after the 80% truncation. Real (points
with error bars) and simulated (histogram) data are shown.

around the boundary regions between the TPC sectors, where a narrow non-instrumented region
was located.

For particle identification in tau decays, dE/dx was expressed in terms of the discriminating
variables UdE/dxi derived from the observed ionization, its resolution <r(d£'/da;), and its expec-
tation based on a given particle mass hypothesis. The variables, defined as the signed number
of standard deviations by which the measured dE/dx differed from its expectation,

dE/dx\

o{dE/dx)
(2)

are expected to form Gaussian distributions centered at zero and of unit width when the particle
hypothesis corresponds to the true particle identity.

Figure 5 shows dE/dx and the two discriminating variables TH^Eidx and Jl^EiAx for the
electron, muon, and pion test samples. The observed disagreement between the real and the
simulated data was one of the original motivations behind the detailed calibration described in
this note.

A striking feature of the original dE/dx signal was its large dependence on the polar angle
of the track. Figure 6 shows the mean of the variables 11^ ,dx and i^Eidx as a function of the
polar angle, 0, for the electron and pion test samples, respectively. A variation of two standard
deviations is observed going from 90 to 45 (135) degrees. This corresponds to a variation of
the observed signal by more than 10% across the length of the TPC. An effect like this could
arise from an inadequate correction for the effect of the larger track length at inclined angles or
from the attenuation of the ionization signal over the drift length of the TPC2. A similar effect

2The data showed some evidence for a decrease of the polar angular dependence at the lower part of the
momentum spectrum for pious and muons, i.e. for low particle velocities. This could explain why, for high
momentum isolated tracks, the effect was not correctly dealt with by the official calibration procedure, which was
based primarily on low momentum tracks from multi-hadronic Z° decays [11]
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(a) Electron test sample

dE/dx dE/dx

(b) Muon test sample

dE/dx dE/dx

(c) Pion test sample

"dE/dx

n™
1'dE/dx

'dE/dx

Figure 5: The dE/dx for the 1992 data before calibration. The three columns show the measured
dE/dx and the two variables n ^ , ^ and n^E,da,, respectively. Points with error bars show real
data; the histogram shows the simulated data.

was observed in the simulated data. Here, however, the variation was only about half the size
observed in the real data.

6 The Calibration

As a first step of the calibration, the dependence of the dE/dx signal on external variables like
time, polar angle, and azimuthal angle, was checked. Whereas the signal was found to be uniform

8
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Figure 6: The mean of the variables ^Eidx and ̂ ^/dx as a function of the polar angle 0 before
correction. The error bars indicate the uncertainties on the means.

in time, a large polar angular dependence was observed, as discussed above. It was also found
that the dE/dx depended systematically on the sector number of the TPC. A variation of about
3% between the highest and lowest signal from different sectors was observed in the real as well
as the simulated data. This effect, being small compared to the polar angular dependence, was
ignored during the calibration. However, since the observed difference corresponded to about
half a standard deviation, it could be important for some applications.

The dependence of the dE/dx on the polar angle 9 was corrected empirically. The electron
and pion data of Fig. 6 were found to be compatible, and were thus combined. From two inde-
pendent linear fits for 6 < 90° and 0 > 90°, respectively, correction factors were obtained so that
the dE/dx signal averaged over the polar angle was unchanged by construction. The procedure
was repeated for the real data from 1991 and 1992, separately, as well as for the simulated data.
For all data samples the polar angular dependence was found to be well approximated by linear
functions in 8.

In a following step, the momentum dependence of the mean dE /dx, for each of the exclusive
test samples, was compared with its expectation given by the official routine CALDEDX also
from version 1.10 of the DEDXID package. Especially for the tau polarisation analysis, where
it is crucial to understand the momentum dependence of the identification efficiency, it was
important to ensure that the TL^E/dx variables were well centered at zero independently of the
particle momentum. It was found, however, that the CALDEDX routine did not describe the
data well. An attempt to compare the data with an older version of CALDEDX, which at the
time was called PXDEDX, turned out to be more successful. After scaling down the expectation
from the old routine by an overall 4% it agreed well with both the real and the simulated
data. Thus, the PXDEDX routine was chosen in favour of the newer CALDEDX. Later, after a
detailed study, it was found that the downscaled PXDEDX expectation was slightly too low at
very high values of 7 (basically for electrons). At these high values, it was therefore scaled back
up again by 1%. Figure 7 shows the mean of the variables TL^E,dx and n j £ , d x as a function of
the particle momentum for the test samples of electrons and pions, respectively. For the real
as for the simulated data, the H^E/dx distributions were found to be well centered at zero with
acceptable variations as a function of momentum.
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Figure 7: After the calibration, the mean of the variables n^£ , d x and ^^E/dx as functions of
momentum (in units of beam momentum) for the electron and pion test samples, respectively.
The error bars indicate the uncertainties on the means.

After the corrections of the dE/dx signal, the resolutions of the real and the simulated data
were compared. To reach agreement between the two, the resolution of the simulated data had
to be worsened by 3.6% relatively3. Further, to ensure the correct unit width of the R([E/dx
distributions, the assumed resolution cr(dE/dx), entering their calculation, should correspond
to the observed resolution. After inflating the assumed resolution of the real data by 6% and
of the simulated data by 1%, this condition was satisfied, as seen from Fig. 8, which shows the
variables and

{x
for the real data electron and pion samples, respectively. The fact

that the pion distribution is not perfectly centered at zero and has a Gaussian width slightly
exceeding unity was found to be caused by the 3% kaon contamination, which was responsible

3The calibration was also carried out for simulated data of the major backgrounds to the Z° — r + r sample.
For simulated Z° decays to electron pairs (processing 92D) it was necessary to shrink the resolution of the dE/dx
by 4%. This was done by moving the observed signal closer to the expectation based on the known particle mass.

10



A precise empirical calibration of dE/dx in one-prong tau decays 291

200

150

100

50

0

I.

Hi

J

• f
. I I l a « l . i . l

xYndf
Con&tant
Meal
Sigma

\

\

\

H

41 8« / 37
1927

1527E-O1
9743

(a) Electron test sample
n:

a

dE/dx

400

200

n

il
X*/"<"
Contlant
Mean
Sigma

/ \

59.19 / 46
4434

M23E01
1.032

-4 -2

(b) Pion test sample
n;'dE/dx
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Figure 9: After calibration, the measured dE/dx and its assumed uncertainty for the inclusive
one-prong sample after calibration. Real (points with error bars) and simulated (histogram)
data is shown superimposed.

for an enhanced downward tail. Following these steps, the dE/dx and its assumed resolution
is shown for the inclusive one-prong sample in Fig. 9. Excellent agreement between the real and
the simulated data is observed.

From Fig. 10, which shows the fractional difference between the measured and the expected
dE/dx for the real data muon sample (which was chosen for this study because it has no kaon
contamination problem), a dFJ/dx resolution of 6.1% was derived. A similar study, carried
out before the correction of the polar angular dependence, but with the final choice of the
expectation function, resulted in a resolution of 6.4%. The improvement of about 2%, found
from the subtraction in quadrature of the resolutions before and after correction, corresponds,

11
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Figure 10: The fractional difference between the measured and the expected dE/dx for the real
data muon sample. From the Gaussian fit a dE/dx resolution of 6.1% was derived.

within errors, to the expected improvement of 10%/\/l2 from the 10% linear variation of the
signal over the length of the TPC.

Figure 11 shows, finally, the agreement between the real and the simulated data after the
complete calibration. The improvement in the data quality can be inferred from a comparison
with Fig. 5, which shows the same distributions before the calibration. Small residual discrepan-
cies are expected in the off-diagonal Tl^E/dx distributions (electrons based on pion expectation,
pions based on electron expectation, etc.) due to the small differences between the momentum
spectra of the real and the simulated data test samples, seen from Fig. 3.

7 The Application of dE/dx in tau decays

A typical example of the application of dE/dx for particle identification in tau decays is shown
in Fig. 12. For the selection of a pion sample, the suppression of electrons is illustrated. By
requiring that the observed dE/dx did not exceed the expected signal of a pion by more than
two standard deviations {^E/^x < 2), more than half of the electrons were discarded with a
2.6% loss of pions, independently of the momentum. As seen from the figure, the fractional
suppression of electrons varied from above 99% at the lowest momenta to about 20% close to
the beam momentum. Similar conclusions could, of course, have been reached if the suppression
of the pion background from an electron sample using the variable ^\f,-/^x had been studied
instead.

Another interesting application of dE/dx is that of the separation of pions and kaons. From
its maximum of two standard deviations at 4 GeV, the difference between the mean dE/dx of
pions and kaons decrease to about 1.4 standard deviations close to the beam momentum. This
difference enables a significant statistical separation between the two particle types even at the

12
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Figure 11: The d£"/da; for the combined 1991 and 1992 data samples after the calibration. The
three columns show the measured dE/dx and the two variables WdEidx and II j^ , { x , respectively.
Points with error bars show real data; the histogram shows the simulated data.

high end of the momentum spectrum.
From an identified sample of 2,550 candidate exclusive decays of the tau to hi/, a prototype

measurement of the r —• Kv branching fraction has been performed. Apart from the removal
of the standard dE/dx requirement against the electron background, and the vetoing of the
azimuthal boundary regions between HPC modules, the sample was identical to the one used
for the tau polarisation measurement [1]. In particular, a minimum momentum of 2.3 GeV
was required. Due to their higher masses, kaons tend to occupy negative values in the
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Figure 12: Illustration of the performance of the dE/dx in tau decays. The fractional suppression
of electrons (closed markers) and pions (open markers) after the requirement
shown.

l^g >Ax < 2 is

distribution. This is shown in Fig. 13, where the relative contributions of pions and kaons,
as obtained from the simulated data, have been fitted to the real data distribution. From the
fit, a kaon content of 4.9 ± 0.9% was found. Combining this with the preliminary DELPHI
measurement of the r —̂ hi/ branching fraction of 11.85 ±0.55% [2], and taking into account the
estimated background of 12±3% in the hi/1 sample, a branching fraction of 0.66±0.12±0.04% for
T —• Ku was obtained. Here the quoted uncertainties include the statistical error from the fitting
procedure, and the propagated systematic uncertainties from the hu selection. The systematic
uncertainties associated with the dE/dx usage itself have not yet been evaluated. Despite this,
it can be noted that the obtained branching fraction result is in accord with another DELPHI
measurement based on the usage of Ring Imaging Cherenkov counter [12] and with other recent
measurements [13,14].

8 Summary and Conclusions

The specific ionization measured in the TPC gives an important contribution to the particle
identification capabilities of the DELPHI detector. In one-prong tan decays the dE/dx mea-
surement is optimal. For about 96% of the decays, the ionization is measured over a track length
exceeding 16 cm, which is necessary to provide a usable measurement.

A detailed empirical calibration of the dE/dx signal in one-prong tau decays has been per-
formed. A large dependence on the polar angle of the track has been removed, the resolution
of the simulated data has been adjusted to match the real data, and the function providing the
expected mean ionization has been corrected to match the observed signal for test samples of
electrons, muons, and pions identified using the calorimetry and the union chambers. After the
calibration, a dE/dx resolution of 6.1% has been demonstrated.

14
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Figure 13: The n ^ . ,dx variable for an exclusive sample of tau decays to hi/. The points with
error bars show the real data. The full line shows the simulated data, which is a sum of fitted
contributions of pions (dotted line) and kaons (hatched area at the left) and a small electron
contamination (hatched area at the right).

Apart from the important application of separating electrons and pions, a prototype study
shows that dE/dx can be used for the measurement of the branching fractions of the tau to one-
prong kaon modes. The measurement of the r —> Kv branching fraction has been demonstrated
and a result consistent with other measurements was obtained. With higher statistics data
samples still to arrive, the combination of the dE/dx information with the information from the
Ring Imaging Cherenkov counter looks like a promising possibility, not only adding analyzing
power, but also providing a unique possibility for cross checks between the usage of the two
independent identification procedures.

References

[1] DELPHI Collab., P. Abreu et al., Measurement of the T Polarisation in Z° decays, to be
submitted to Z. Phys.

[2] DELPHI Collab., Summary of r Branching Ratio Results from DELPHI for Glasgow 94,
DELPHI 94 120 PHYS 437, June 1994.

[3] Mogens Dam, Measurement of the r Leptonic Branching Fractions in DELPHI, in Pro-
ceedings from the Third Workshop on Tau Lepton Physics, 19 22 Sep. 1994, Montreux,
Switzerland.

[4] DELPHI Analysis Software Task Groups, DST Analysis Libraries Writeup, unpublished.
[5] U. Fano, Ann. Rev. Nucl. Sci. 13, 1 (1963)
[6] C. Brand et al., Nucl. Instr & Meth. A283 (1989) 567-572.
[7] DELPHI Collab., P. Aarnio et al, Nucl. Instr. & Meth. A303 (1991) 233.
[8] DELPHI Collab., P. Abreu et al., Nucl. Phys. B417 (1994) 3;

F. Matorras, A selection for Tau Lepton Studies, DELPHI 92-124 PHYS 255, Sep. 1992.
[9] M. Feindt, C. Kreuter, and S. Schael, DELPHI note in preparation.

Christof Kreuter, Longitudinal Shower Development in the DELPHI Electromagnetic Calo-
rimeter HPC, Diploma thesis, Universitat Karlsruhe, IEKP- KA/93-9, June 1993.

15



296 Appendix H

[10] Olof Barring, A New Tuning Method for Ionization Energy Loss, CERN-PPE/94-167.
[11] Ahmimed Ouraou, private communications.
[12] DELPHI Collab., P. Abreu et a/., Phys. Lett. B334 (1994) 435.
[13] Particle Data Group, Phys. Rev. D50 (1994) 1173.
[14] B. Heltsley, Review of Hadronic Branching Fractions of the Tau, in Proceedings from the

Third Workshop on Tau Lepton Physics, 19-22 Sep. 1994,

16



Appendix I

Measurement of the r Leptonic
Branching Fractions

297

NEXT PAGE(S)
Uf tBLANK



Measurement of the r Leptonic Branching Fractions 299

KLSKVIKR Nuclear Physics B (Proc. Suppl.) 40 (1995) 227-236

NUCLEAR PHYSICS B

PROCEEDINGS
SUPPLEMENTS

Measurement of the r Leptonic Branching Fractions in DELPHI
Mogens Dam
University of Oslo
NORWAY

A preliminary measurement of the r leptonic branching fractions from the DELPHI experiment at LEP is
presented. The analysis is based on about 25,000 Z° —> T+ T~ events observed in 1991 and 1992.

1. INTRODUCTION

Precise measurements of the branching frac-
tions of tau decays to leptonic final states

(1)

(2)

can be used to test lepton universality in the
charged weak current. In this report, new pre-
liminary results on these decay modes are pre-
sented. The measurement is based on an analysis
of about 25,000 Z° —• T+T~ events observed in
the DELPHI detector at LEP in 1991 and 1992.

2. METHOD

The branching fraction for the decay of the tau
to lepton / was calculated according to the ex-
pression

B, =
N, 1 - 6 ,
•V 1 — h

(3)

where Ni is the number of identified leptons, ejd

and bi the corresponding identification efficiency
and background fraction, respectively; NT is the
number of tau decays considered for identifica-
tion, bT the corresponding background fraction;
efe'/f*el is the ratio of the tau selection efficiency
for the decay channel r —v Ivv and the overall tau
selection efficiency or in other words the relative
enhancement of this decay mode due to the tau
selection.

The selection of pure samples of leptonic tau
decays proceeded in three stages. Firstly, a ref-
erence sample of Z° decays to tau pairs was se-
lected. Secondly, strict channel specific require-
ments on the hemisphere opposite to the one con-

0920-5632/95/$09.50© 1995 Elsevier Science B.V.
SSDI 0920-5632(95)00147-6

sidered for identification greatly reduced harmful
backgrounds. Finally, the leptonic decays were
identified.

The performance of the identification proce-
dures was checked extensively not only using
Monte Carlo simulation but as far as possible us-
ing physics channels well identified in the data
from kinematic constraints. Examples of such
channels were Z° decays to electron or muon
pairs, and 77 interactions. Furthermore, the de-
tector response to the various particle types was
studied in detail by exploiting the redundancy ex-
isting between different components of the detec-
tor.

3. THE DELPHI DETECTOR AT LEP

The DELPHI detector and its performance
is described in detail elsewhere [1], Here a
brief summary of the barrel part of the detec-
tor, defined as the polar angular region satisfying
|cos0| < 0.731, is presented.

3.1. Tracking
The principal device for the reconstruction of

charged particle trajectories in the 1.2 Tesla mag-
netic field was the Time Projection Chamber
(TPC) extending radially from 32 to 116 cm. The
information from the TPC was supplemented by
very precise space point information from a three
layer silicon microstrip vertex detector (VD) at
radii between 6 and 11 cm and from a cylindri-
cal drift chamber (ID) positioned between the VD
and the TPC. Located outside the Ring Imaging
Cherenkov counter (RICH) at a radius of 205 cm,
the Outer Detector (OD), consisting of five layers
of drift tubes, provided a precise measurement of

AH rights reserved.
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the azimuthal coordinate. The measured momen-
tum resolution was Sp/p2 = 8 x 10"4 GeV"1.

3.2. Calorimetry
The High-density Projection Chamber (HPC)

provided high granularity information on elec-
tromagnetic showers. Shower starting points
were reconstructed with a precision better than
1 cm allowing a precise association of showers to
charged tracks. The energy resolution was found
to be 32%/v/£'(GeV)©4.4%.

The Hadron Calorimeter (HCAL), consisting of
streamer tubes interleaved with the iron of the
magnet return yoke, provided an energy resolu-
tion for hadrons of about 140%/ ̂ EfGeV). It
was read out in 4 layers in depth with a granu-
larity of about 3 x 3 degrees.

3.3. Particle Identification
In addition to the particle identification ca-

pabilities provided by the calorimetry, dedicated
instrumentation for particle identification was
available.

Whereas information from the RICH counters
was not used in the analysis, extensive use was
made of the measurement of the specific ioniza-
tion in the TPC, which with up to 192 samples
provided a dE/dx measurement with 6.1% resolu-
tion, and of the information from the muon cham-
bers providing three-dimensional information on
muons penetrating the HCAL.

4. T+T- REFERENCE SAMPLE

The decay of the Z° into a tau pair is charac-
terized by two low multiplicity, highly collimated
back-to-back jets consisting of charged and neu-
tral particles. The undetected neutrinos from
the tau decays lead to significant missing energy.
These characteristics were exploited for the selec-
tion of a reference sample of tau pairs.

The DELPHI trigger system, which is based on
highly redundant signals from various detector el-
ements, provided a trigger efficiency of essentially
100% for tau pair final states.

As a initial step of the selection, events were
separated into hemispheres by a plane perpen-
dicular to the thrust axis, which was calculated
using charged tracks. It was required that at least

Table 1
Characteristics of the T*T~ reference sample
Number of selected events
Selection efficiency in An
Selection efficiency inside barrel
Backgrounds: Total

e+e~ & (e+e~)e+e~
H+H~ & (e+e~)/j+/i~

qq

~25,000
53%
82%

2.8%
1.8%
0.5%
0.5%

one of the two leading tracks (highest momentum
track in a hemisphere) lie within the barrel re-
gion of the detector. Poorly reconstructed events
were excluded by demanding at least one track
per hemisphere. Most cosmic rays were rejected
by requiring that both leading tracks had a point
of closest approach to the center of the interac-
tion region of less than 4.5 cm along the beam
axis and of less than 1.5 cm in the plane perpen-
dicular to the beam axis. Requiring additionally
that the two leading tracks were separated by less
than 3 cm along the direction of the beam axis
at their closest approach to the interaction point
exploited the timing information of the TPC to
remove remaining cosmic ray events not arriving
at the nominal collision time.

The majority of Z° decays to hadrons were re-
moved by requiring a maximum of six charged
tracks originating from the interaction region and
a minimum angle between any two tracks in op-
posite hemispheres exceeding 160°. Two-photon
events were excluded by requiring a total energy
in the event (sum of neutral electromagnetic and
charged energy) exceeding 8 GeV and a total
transverse momentum of charged tracks exceed-
ing 0.4 GeV.

Most decays of the Z° to e+e~ (7) and n+n~ (7)
final states were excluded by requiring that the
event acollinearity exceed 0.5° and that the two
variables p r a d = Pi + p\ and ̂ Vad = \J E\ + E\
both be less than the beam energy. Here the vari-
ables Pi(2) and En?) were, for hemisphere 1 (2),
the momentum of the leading track and the total
electromagnetic energy inside a 30° cone about
this track, respectively.

With an efficiency of 82% within the angular
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acceptance, these criteria selected about 25,000
events from the 1991 and 1992 data. The to-
tal background of 2.8% was dominated by Z° de-
cays into electron pairs which together with elec-
tron pairs from 77 collisions totaled 1.8%. At
0.5% muonic type backgrounds were less abun-
dant. The main characteristics of the tau pair
reference sample are summarized in Table 1.

Table 2
Final sample for r euu study
Number of r decays
An selection efficiency
fsel/f,el

Backgrounds: Total
e+e~
(e+e-)e+e-

99.25
1.31
0.19
0.05

31,325
34.8%

±1.20%
± 0.40%
±0.12%
± 0.02%

5. THE DECAY T -

5.1. Final tau decay sample
To be able to exclude as much of the back-

ground from Z° decays to electron pairs as pos-
sible, the leading track in both hemispheres was
required to point to a region with good HPC per-
formance. Following this, it was required that
the total deposited energy in the hemisphere op-
posite to the one considered for identification did
not exceed 36.5 GeV. In regions close to bound-
aries between HPC modules the energy deposited
in the first layer of the HCAL was included in the
sum of the electromagnetic energy.

Electron background from 77 interactions was
effectively reduced by requiring the dE/dx of
the opposite hemisphere track to be inconsistent
with that of an electron in events with only two
charged tracks both softer than 9 GeV.

An optimal HPC performance for the electron
identification was ensured by requiring the parti-
cle impact on the calorimeter surface to be further
away than 0.5° from the center of an azimuthal
boundary between HPC modules. It was further-
more asked that the ionization in the TPC was
recorded by a minimum of 38 sense wires. This
lead to a 4.1% loss of tracks around the boundary
regions between the six azimuthal TPC sectors,
and was well described by the Monte Carlo sim-
ulation.

Details of the selected tau decay sample are
presented in Table 2. The selection procedure
led to a relative suppression of the electron de-
cay mode with respect to the overall sample of
0.75 ± 1.20%. The dominant contribution to the
uncertainty resulted from the loss of tracks close
to the boundaries between TPC sectors. This
turned out to be slightly larger for electrons than
for other particles. The uncertainty was esti-

mated from the stability of the identified elec-
tron fraction when the difficult regions were ex-
cluded and from a separate study of badly mea-
sured tracks.

5.2. Electron Identification
The main ingredients for the electron identifi-

cation were dE/dx, the ionization measurement
in the TPC, and E/p, the ratio between the elec-
tromagnetic energy deposition in the HPC and
the track momentum. For both quantities pull
variables were constructed based on the measured
value of the variable in question, its resolution,
and its expectation based on the electron hypo-
thesis. The pull variables, r i j £ , d x and UE/P, re-
spectively, were defined as the signed number of
standard deviations by which the measured value
differed from its expectation. For dE/dx use was
made also of n j E ,dl, the pull variable based on
the pion hypothesis.

For a tau decay to be identified as an electron
it was required that the hemisphere contained a
single charged track with momentum exceeding
0.46 GeV. As an initial step of the identification
dE/dx was asked to be compatible with that of
an electron by requiring that ^^Eidx ^e g r e a ' e r

than -2 . This reduced significantly the back-
ground from hadrons and muons, especially at
low momentum, with a very low loss of signal. A
high identification efficiency over the whole mo-
mentum range was ensured by a logical OR of two
independent selection criteria based on E/p and
dE/dx, respectively.

• Particles with momentum greater than
2.3 GeV which deposited an electromag-
netic energy matching the track momentum
were retained as electron candidates. To al-
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Figure 1. Pull variable tidE/dx for a) electron test sample, b) hadron test sample, and c) after all other
electron identification criteria had been applied. Points with error bars show real data. The full line
shows the simulated data. The hatched area shows the background from hadronic tau decays.

400

200

Figure 2. Pull variable UE/p for a) electron test sample, b) hadron test sample, and c) after all other
electron identification criteria had been applied. The discrepancy in the HPC response to hadrons is
clearly visible. Points with error bars show real data. The full line shows the simulated data. The
hatched area shows the background from hadronic tau decays.

low for additional energy deposited by pho-
tons, candidates were retained even if the
energy exceeded the track momentum. It
was required that UE/p > - 2 .

Particles with momentum less than 23 GeV
which left an ionization clearly exceeding
that of a massive particle like a hadron or a
muon were retained as electron candidates.
It was required that U^E,dx > 3.

To reduce a residual background from hadronic
tau decays, candidates with associated energy be-
yond the first HCAL layer were excluded. Fur-
thermore, it was required that no electromagnetic
neutral inside a 18° cone around the track had
an energy exceeding 4 GeV. Neutral showers sit-
uated in the track plane on the outside of the
track curvature were assumed to originate from
bremsstrahlung and were excluded from this re-
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Figure 3. Momentum spectra of identified decays. Points with error bars show the real data. The
full histogram shows the simulated data with mis-identified hadronic tau decays and backgrounds from
non-tau sources shown in light and dark hatched, respectively.

quirement.
The performance of the identification criteria

were studied in detail using test samples from
the data. The efficiency at the higher and lower
momentum regions was obtained from samples of
electron pairs from Z° decays and 77 collisions,
respectively. In the intermediate momentum re-
gion, the redundancy between the dE/dx and the
E/p identification criteria enabled a precise de-
termination of the efficiency of each of the two.
The combination of these to get the overall ef-
ficiency relied on the assumption—confirmed by
the simulation—that the dE/dx and E/p identifi-
cation criteria were uncorrelated from an instru-
mental point of view. The probability for mis-
identifying a hadron as an electron was likewise
estimated by exploiting the redundancy between
dE/dx and the calonmetry. In addition, exten-
sive use was made of a test sample of hadron
tracks from tau decays to p and ai final states,
which were selected by tagging 7r°'s in the HPC.
A discrepancy was found in the response of the
HPC to hadrons between the simulated and the
real data. The background estimate from the sim-
ulation was corrected correspondingly and an ap-

propriate systematic uncertainty assigned.
Figures 1 and 2, respectively, show the pull

variables TldE,dx and UE/P for test samples of
electrons and nadrons. Apart from the mentioned
discrepancy in E/p for hadrons, good agreement
was found between real and simulated data. Also
shown are the two variables after all other iden-
tification cuts had been applied.

The background from electron pairs was esti-
mated from a study of events with identified elec-
trons in both hemispheres. This and a visual scan
of events in which the electron candidate momen-
tum exceeded 36.5 GeV showed that the Monte
Carlo simulation underestimated the background
from Z° decays to electron pairs by about a fac-
tor two. The background from 77 interactions
was well described by the simulation.

With an efficiency of 90.92 ± 0.93% and a total
background of 3.46±0.87% of which 2.15±0.50%
were from hadronic tau decays and 1.31 ± 0.71%
from non-tau sources, mainly e+e~ final states,
5059 electron candidates were identified. The
momentum spectrum of the identified decays is
shown in Figure 3. Good agreement with the sim-
ulated data, which is also shown, was observed.
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6. THE DECAY r -

6.1. Final tau decay sample
The background from final state muon pairs

remaining after the preselection was reduced by
a set of criteria based on a loose muon tagging
in the hemisphere opposite to the one considered
for identification. Any track seen in the muon
chambers or in the outer layer of the hadron
calorimeter was considered a loose muon candi-
date. Given a loose muon candidate in the oppo-
site hemisphere it was required that i) its momen-
tum was less than 32 GeV and ii) the momentum
of the track considered for identification was less
than 36.5 GeV. The second criterion, which was
aimed at reducing the background from radiative
Z° decays, produced a well understood step in the
muon selection efficiency.

Muon background from 77 interactions was re-
duced by requiring, in the case of a loose muon
candidate in the opposite hemisphere, at least
one track in the event with momentum exceed-
ing 9 GeV.

The cosmic ray background was significantly
reduced by a tightening of the vertex constraints
described in Section 4. It was required that at
least one of the two leading tracks had a point of
closest approach to the center of the interaction
region of less than 0.3 cm in the plane perpen-
dicular to the beam axis. Furthermore, in events
with a single charged track in both hemispheres,
the two tracks were required to be separated by
less than 2 cm along the beam direction at their
point of closest approach to the interaction re-
gion.

Finally, to ensure optimal detector perfor-
mance, the track considered for identification was
required to lie within the polar angular region
given by 0.035 < |cos#| < 0.731.

Details of the selected tau sample are presented
in Table 3. The selection procedure led to a rela-
tive enhancement of the muon decay channel with
respect to the overall sample of 7.71 ± 0.88%.
Here the uncertainty from track losses was much
smaller than in the electron case. Other contri-
butions were estimated by considering the uncer-
tainties in scale and resolution of the variables
entering into the definition of the sample.

Table 3
Final sample for r study
Number of r decays
4?r selection efficiency
,sel /fsel

Backgrounds: Total

Cosmic rays

41,122
47.5%

107.71 ± 0.88%
1.87 ±0.62%
0.07 ± 0.03%
0.04 ±0.01%
0.04 ±0.01%

6.2. Muon identification
For a tau decay to be identified as a muon it was

required that the hemisphere contained a single
charged track with momentum exceeding 3 GeV.
The latter requirement was necessary in order to
make sure a muon would penetrate through the
HC AL to the muon chambers and thus allow iden-
tification. For the identification of the particle as
a muon it was asked that it was observed in the
muon chambers or in the outer layer of the HCAL.
Further rejection of hadronic tau decays penetrat-
ing deep into the HCAL was ensured by asking
the energy deposition in the HCAL to be consis-
tent with that of a minimum ionizing particle; it
was required that the average HCAL energy depo-
sition per active layer did not exceed 3 GeV. With
a very modest loss of efficiency this requirement
removed about two thirds of the remaining back-
ground. Hadronic tau decays in which an isolated
charged hadron was accompanied by one or more
7r°'s or interacted in the HPC were further ex-
cluded by requiring a maximum of 1 GeV neutral
electromagnetic energy inside a 18° cone around
the charged track and a maximum of 3 GeV elec-
tromagnetic energy associated to the track.

The study of the identification criteria followed
closely the procedure outlined for the electron
channel. At the higher and lower momentum re-
gions the efficiency was obtained from samples of
muon pairs from Z° decays and 77 collisions, re-
spectively. From the tau data themselves, a clean
muon sample was selected by strict requirements
on the observed hit pattern in the muon cham-
bers only. From this sample the efficiency of all
identification criteria except the one involving the
muon chambers was obtained. Since the muon
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Table 4
Statistics, efficiencies and backgrounds. The no-
tation corresponds to that of Equation 1.

Table 5
Summary of relative uncertainties (in

ef/ef

N,

31,325
0.9925 ±0.0120
0.0131 ±0.0040

5,059
0.9092 ±0.0093
0.0346 ±0.0087

41,122
1.0771 ±0.0088
0.0187 ±0.0062

6,586
0.8554 ±0.0075
0.0392 ±0.0046

chamber efficiency was found to be constant over
the whole momentum range, the overall efficiency
could thus be obtained. The probability for mis-
identifying a hadron as a muon was obtained from
the previously mentioned test sample of charged
hadrons from tau decays, which were selected by
tagging ;ro's in the HPC.

The cosmic ray background remaining in the
identified sample was estimated by an interpola-
tion of the rate from outside the tight vertex cuts.
Backgrounds from muon pairs were found to be
well described by the simulation.

With an efficiency of 85.54 ± 0.75% and a total
background of 3.92±0.46% of which 3.20±0.40%
were from hadronic tau decays and 0.72 ± 0.22%
were from non-tau sources, 6586 muon candidates
were identified. The momentum spectrum of the
identified decays is shown in Figure 3. Good
agreement with the simulated data was observed.

The largest single drop in efficiency arose from
the requirement that the track momentum ex-
ceeded 3 GeV necessary in order to ensure that
the muon would penetrate to the muon chambers.
The identification efficiency for tracks satisfying
this requirement was 94.54 ± 0.72%.

7. RESULTS

The leptonic branching fractions were derived
from the main figures of the analysis summarized
in Table 4:

Be = 17.51 ± 0.23 (stat)± 0.31 (syst) % (4)

B,,

Statistics
Tau selection
Non-r background
Identification efficiency
Internal background
Total systematics

T —¥ tUU

1.29
1.21
0.70
1.02
0.51
1.80

T —+ LLI/V

1.13
0.82
0.65
0.87
0.41
1.42

A breakdown of the systematic uncertainties is
presented in Table 5. The uncertainty of the tau
polarisation in Z° decays was found to have a
negligible effect. The results are in agreement
with the current world average values [2]. They
also agree with previously published results from
DELPHI based on data from 1990 [3] but are
more precise by a factor 2.7.

A test of e-fi universality in the charged weak
current can be performed from the ratio of the
muon and electron branching fractions

^ = 0.9720 ± 0.017 (stat) ± 0.020 (syst). (6)

Here a 20% correlation of the systematic uncer-
tainties, arising from the tau selection and the
non-tau background, has been accounted for. The
result is in excellent agreement with the theoreti-
cal expectation of 0.9726, where the small excur-
sion from unity is due to the mass of the muon.
Expressed in terms of the Wli/i couplings the re-
sult reads

^ = 0.9997 ±0.0131. (7)

Assuming e-/j universality the exclusive
branching fraction results can be combined to ob-
tain the average massless leptonic branching frac-
tion

= 17.50 ± 0.15 (stat) ± 0.20 (syst) %. (8)

= 17.51 ±0.23 (stat) ±0.31 (syst) % (4) , y _ T / ^y
= 17.02±0.19 (stat) ±0.24 (syst) %. (5) \gj~ rT\mT) ''

Combining this result with the current DEL-
PHI measurement of the tau lifetime [4] rT =
295.2 ± 4.2 fs allows a test of p-r universality in
the charged weak current based on the relation

(9)
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Here the numeric factor deviates slightly from
unity due to radiative effects and due to the fi-
nite mass of the W boson [5]. Using the new
very precise BES determination of the tau mass
mr = 1776.96to 25 MeV/c2 presented at this con-
ference [6] it is found that

— =0.9837 ±0.0097, (10)

where the uncertainty is composed of equally
large contributions from the lifetime and the
branching fraction measurements, and where the
uncertainty from the tau mass is by now negli-
gible. The small deviation from universality of
about 1.7 standard deviations cannot be consid-
ered significant and is not generally confirmed by
other experiments [7].
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