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Abstract

An analysis of the charm and bottom forward-backward asymmetries in ete™ collisions at LEP
is presented, based on the full LEP1 slatistics of approximately 4.5 million multihadronic z°
decays. In order (o tag heavy flavour events, D mesons are reconstructed in seven different
channels. Lifetime information and jet-shape variables are used to disentangle the contribu-
tions from charm and bottom events to this sample. The asymmetries are determined by a
likelibood fit to the charge weighted thrust distribution. The resulting charm and bottom
asymumetrics, for three diflerent encrgy ranges on and near the Z° pole, are

Aty = 0.039 & 0.051 ABp = —0.086 £ 0.108  (Fem) = 89.45 GeV
cn = 0.063 £ 0012 Aby= 00940027  (Bew) =91.22 GeV
Aby = 0.158 + 0.041 ABy = —0.021 £0.090  (Eem) = 93.00 GeV,

in good agreement with the Standard Model expectations. In order to interpret the results
in terms of the Standard Model the effects of the strong interaction in the final state have
to be determined. These QCD ellects are estimated for three OPAL measurements of the
heavy (lavour asymmetries. Subsequently, these OPAl measurements are combined, taking
into account their statistical and systematic correlations. The OPAL combined results for the
bottom and charm forward-backward asymmetries, after correcting for QCD and higher order
electroweak efllects, yicld Ag’,g = 0.09680.0037 and A%’g = 0.0673£0.0064. From these results
the value of the weak mixing angle has been determined to be sin® Gwn‘eﬁ = 0.23270 = 0.00060.

In a second analysis the W-pair production is studied and a measurement of the trilinear
gauge couplings with the spin density matrix method in ete™ collisions at LEP2 is described.
The analysis is based on an integrated luminosity of 57pb™" taken at a centre-of-mass energy
of 183 GeV. W-pairs are reconstructed in the decay channel WHW~ — qily;. The polarisation
properties of the W bosons are investigated by extracting the spin density matrix elements
from the distributions of the W production and decay angles. From the diagonal elements of
the single W spin densily matrix the fraction of W bosons with longitudinal polarisation has
been determined to be 0.242 4 0.091(stat.) = 0.023(syst.). A fit is performed to derive the
parameters for anomalous trilinear gauge boson couplings in various models. For the three
parameters Ax,, Agy and A, the fits for a single parameter yield

Ak, = —067*3%
Agé = F0a47% 02
Xy = =047 T

A simple and model-independent, test of CP invariance of the WWZ/WWy vertex is performed
by comparing the imaginary parts of the density matrices of the W~ and W* bosons and
fits for the CP-violating trilincar gauge boson coupling parameters agw and dw yield aw =
+0.09 * 318 and Gpw = +0.33 T 38

Inhalt

Es wird eine Analyse der Charm- und Bottom-Vorwérts-Riickwirts-Asymmetrie prasentiert,
die auf der gesamten LEP1-Statistik von ungefihr 4.5 Millionen multihadronischen Z%-Zerfillen
basiert. Um Ereignisse mit schweren Quarks inm Anfangszustand zu selektieren, werden D-
Mesonen in sieben verschiedenen Kanalen rekonstruiert. Lebensdauerinformation und typische
Jet-Eigenschaften werden verwendet um die Beitrdge von Charm und Bottom Ereignissen zu
trennen. In einem Likelihood-Fit an die Verteilung der ladungsgewichteten Thrust-Achse wer-
den die Asymmetrien bestimmt. Die resultierenden Charm- und Bottom-Asymmetrien fiir drei
verschiedene Energiebereiche auf und nahe der Z-Resonanz sind

¢p=0039 £ 0.051 Aby = —0.086+ 0.108  (Eun) = 89.45 GeV,
A= 00630012 Aby= 0094+ 0027 (Eem) =91.22 GeV,
= 0158 + 0.041 APy = —0.021 £ 0090  (Eam) =93.00 GeV.

Die Ergebnisse sind in guter Ubereinstimmung mit dem Standardmodell. Um diese Resultate
im Rahmen des Standardmodells zu interpretieren, miissen die Effekte der starken Wechsel-
wirkung in den Endzustinden abgeschétzt werden. Diese sogenannten QCD-Effekte werden
fir die verschiedenen OPAL-Messungen der Asyminetrien schwerer Quarks bestimmt. Diese
Messungen werden unter Beriicksichtigung der statistischen und systematischen Korrelatio-
nen kombiniert. Die Resultate der Bottom- und Charm- Vorwirts-Rickwirts-Asymmetrien,
die sich nach der Korrektur der QCD-Effekte und Beriicksichtigung der elektroschwaclien Ko-
rrekturen hoherer Ordnung auf der Z°-Resonanz ergeben, sind A?-‘” = 0.0968 £ 0.0037 und
A;*g = 0.0673 & 0.0064. Von diesen beiden Werten 148t sich der schwache Mischungswinkel
sin? 0P~T = 0.23270 £ 0.00060, ableiten. :

In einer zweiten Analyse wird die W-Paar-Produktion in e*e -Kollisionen bei LEP2 unter-
sucht und die Trilinearen Kopplungen der Eichbosonen gemessen. Diese Analyse basiert auf
einer integrierten Luminositdt von 57pb~!, die bei einer Schwerpunktsenergie von 183 GeV
aufgezeichnet wurden. W-Paare werden im Zerfallskanal WYW~ — qqly; rekonstruiert. Die
Polarisationseigenschaften der W-Bosonen werden mit Hilfe der Spindichte-Matrix-Elemente
untersucht. Diese kénnen aus den Verteilungen der W-Produktions- und Zerfallswinkel be-
stimmt werden. Aus den Diagonalelementen der Spindichte-Matrix wird der Anteil der longi-
tudinal polarisierten W-Boson abgeleitet. Hierbei wird der folgende Wert gemessen: 0.242 <
0.091(stat.)£0.023(syst.). Die Parameter, die anomale Trilineare Eichkopplungen in verschiede-
nen Modellen beschreiben, werden in einem Fit bestimmt. Fir die drei Parameter Ax,, Ag?
and A, werden folgende Werte gemessen:

Ag, = =067+
AgE = 40147102
Ay = ‘0-17fg:}§-

Durch den Vergleich der Imagindrteile der Spindichte-Matrizen der W~- und W+-Bosonen
kann der WWZ/WW+-Vertex auf einfache und modellunabhiingige Weise auf CP-Invarianz
iberprift werden. Die CP-verletzenden Parameter dpw and éw werden in einem Fit mit

folgenden Ergebnissen bestimmt: dw = +0.09 = 318 und agw = +0.33 + o,
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Chapter 1

Physics Processes at LEP

1.1 Introduction

The ete collider LEP has been in operation since 1989, delivering data with centre-of-mass
energies between 90 and 190 GeV to the four LEP experiments ALEPH, DELPHI, L3 and
OPAL. I the years 1990 till 1995 LEP was running on top of the Z° resonance with a centre-
of-taass energy around 91 GeV. In this period LEP delivered around 175 pb™" of data to each
of the four experiments, corresponding to about 4.5 million multihadronic Z° decays. This
huge amount of data allows very precise investigations of the physics of the neutral current.
In addition to measurements of the mass and the width of the Z° boson, measurements of the
weak coupling constants are a major goal of the physics program of LEP1.

The measurement of quantities like the partial hadronic decay width of the Z° boson or
the forward-backward asymmetrics allows to determine the couplings of the neutral current
and to compare the results with the expectation of the Standard Model. Due to the precision
achievable with the LEP data radiative corrections to the observables have to be taken into
account. BEven particles which are too heavy to be produced at LEP play an important role
for the radiative corrections. In the context of the Standard Model it is possible to derive
information on the mass of these heavy particles from precision measurements at LEP1. This
was done very successfully with the determination of the mass of the top quark, which was
subsequently confirmed by the direct measurements at the Tevatron. Today it is even possible
to restrict the range of the Higgs boson mass by extracting the information from the combined
precision data of electroweak physics.

I'rom the year 1995 onwards, the centre-of-mass energy at LEP was raised stepwise. With
this increase in energy a large variety of additional physics investigations is possible: the Stan-
dard Model reaction e*e™ — (Z°/) — q{ at energies above the Z° resonance allows a test of
the interplay between the Z° and v boson. In addition the higher energy extends the search
range for the last missing particle in the Standard Model, the Higgs boson, or for extensions
ol the Standard Model like Supersymmetry or other phenomena of ‘New Physics’. The W-pair
production at energies above its threshold of 161 GeV allows to examine the charged current,
complementary to the measurement of the neural current of the weak interaction. A precise
measurement of the mass of the W boson is one of the major goals of the LEP2 program. The
production mechanism of W-pairs via a neutral gauge boson as an intermediate state allows
to test directly the couplings among the three gauge bosons WW+y and WWZ, which is an

1
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important test of the SU(2);, x U(1l)y gauge invariance of the Standard Model. Whereas the
couplings of the gauge bosons to fermions have been measured precisely, the self coupling of
the vector bosons is experimentally not yet very well explored. The W pair production in the
clean environment of an e*e~collider is the ideal laboratory for a measurement of these trilinear
gauge boson vertices. Moreover various Standard Model processes and QCD phenomena like
the running of a; can be investigated at higher energies.

In 1995 an intermediate energy range between the Z° resonance and the W-pair production
was covered and around 6pb~" data were taken with a centre-of-mass energy between 134 and
136 GeV (LEP 1.5). In 1996 LEP was running with an energy just above the threshold for
W-pair production of 161 GeV, followed by a period with a centre-of-mass energy of 172 GeV.
Around 10pb~" were collected at each of these energies per experiment. In 1997 LEP delivered
around 60pb~"! of data with an energy of 183 GeV, and this year (1998) data are taken with a
centre-of-mass energy of 189 GeV.

1.2  Physics at Energies around the Z Resonance

At energies on top of the Z° resonance, physics processes of e*e~-colliders are dominated by
the Z° production and its decay into a ff pair. Thus the physics program at LEP allows an
investigation of the neutral weak current in a pure environment and with high statistics. The
Feynman rule for the coupling of the neutral gauge boson to a pair of fermions is given by

VWV !

1
Bfaf B
cos(}W’y g\v T Y ) (L1

Here 6w denotes the weak mixing angle and g is the coupling constant of the SU(2) gauge
group. The axial- and vector coupling constants for a fermion f can be written in terms of the
third component of the weak isospin I3, the charge ¢; of the fermion f and the weak mixing
angle according to

C{, = 13 = 2(];81[12 gw

cfA = 13. (1.2)

The origin of equation 1.2 is, that the physical Z° boson contains aspects both of the non-abelian
SU(2) and the abelian U(1) interaction. The vector-fields 4, and Z,, of the mass eigenstates of
the v and Z° boson are built through mixing of the two neutral fields B, and W‘f. The rotation
is given by the mixing matrix

¥ — o A cosfy sin By By

2 ) « \Z, ) \ —sinfy cosby w3 ) (1.3)
Combining equations 1.1 and 1.2 shows that e*e -collisions on top of the Z° resonance are an
ideal environment to determine the weak mixing angle sin®fy . In today’s Standard Model of

elementary particles this angle is one of the fundamental parameters, which cannot be predicted
from first principles, but has to be determined by experiments.
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Isxperimentally the neutral current coupling can be probed by measuring the partial width
Iy of the Z° boson decays into pairs of fermions and the angular distribution of these decays.
The measurements of the partial decay widths of the Z° boson are sensitive to the sum of the
axial and vector coupling .
P oc (cy)” + ()™ (L.4)
The dillerent strength of the right- and lefthanded coupling of the neutral gauge boson to the
fermions results in an asymmetric angular distribution with respect to the angle 6 between
the incoming electron beam and the direction of the outgoing fermion. The experimental
quantity used to investigate this characteristic behaviour is the forward-backward asymmetry,
App, which is defined as the normalised difference between the cross-section in the forward!
and the backward hemisphere, op and og, respectively:

g . (1.5)

Arp = -
of + 0B

The forward-backward asymmetry is proportional to the product of the weak coupling constants
according to the tree level formula

2)(c)  2(ch)(ch) (1.6)

f . a2
Aro oA A= G AR RS+ P

The investigation of the angular distribution of the Z° decay allows to test the spin structure
of the neutral current coupling.

In order to compare the measurements of various experimental observables to the theoretical
predictions of the Standard Model, hadronic uncertainties as well as radiative corrections have
lo be taken into account in addition to the lowest order electroweak processes. Radiative
corrections can be divided into two classes:

e QED corrections
come into play by either the emission of a real bremssirahlungs photon or via virtual pho-
tonic loops. Calculations of these corrections are well-understood and can be performed
within QED, with all parameters being well-known.

* weak correclions
are relevant for either veclor boson propagators, vertex corrections or box diagrams, c.f.
figure 1.1. The theoretical estimates in the context of the Standard Model for this class
of radiative corrections are given as functions of various parameters of the electroweak
theory, depending on the renormalisation scheme adopted. The most important contri-
butions are those quadratic in the mass of the top quark m, and those arising from large
logarithms of the form (£ In :—':;’f) involving light fermions (c.f. for example [1]). Although
particles like the top quark and the predicted Higgs boson are too heavy to be produced
al LEP, they play a crucial role in the radiative corrections through their contributions
via virtual loops. While on the one hand side this complicates the comparison of the

Horward with respect to the direction of the incoming electron beam, i.e.
0
1

1
a;.-:/ (do/dcosf)dcos® and op =/ (do/dcos@)d cosd
0 )
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2% 2 'l K boxes

Figure 1.1: The different feynman diagrams contributing to the weak corrections, i.e. corrections to
the vector boson propagators, vertex correclions or box diagrams.

measurements with analytical estimates, it allows on the other hand to predict unknown
parameters like the Higgs mass within the Standard Model. Expressing the measured
quantities with Standard Model relations as a function of these unknown parameters,
they can then be determined in a fit to the experimental data. This method is adopted
for example by the LEP Electroweak Working Group [2]. It was applied very successfully
to the determination of the mass of the top quark prior to its confirmation by the direct
measurements at the Tevatron. The sensitivity of the experimental data to the Higgs
mass is lower than that to the mass of the top quaEk, because the leading m, depen-
dence is quadratic, whereas it is logarithmic ( o< In %) in the mass of the Higgs boson.
By combining the world’s precision electroweak data it is today nonetheless possible to
restrict the range of the Higgs boson mass. Especially the measurements of the forward-
backward asymmetries play a crucial role in constraining the Higgs mass due to their
large sensitivity to the weak mixing angle and subsequently the mass of the Higgs boson.

For a centre-of-mass energy corresponding to the mass of the Z° boson, it is convenient
to express the experimental observables in terms of the effective axial- and vector-coupling
parameters E{,' - These effective coupling parameters directly replace the original parameters
and include all electroweak corrections. For the forward-backward asymmetries in the Z°-pole
approximations for example, equation 1.6 then reads

2)@) 2 o
@+ G @Y+ @) e
Theoretically, ¢, 4 can be derived from the electroweak form factors. They are constant in

the Z%pole approximation /s = myz. The effective couplings can be parametrised (e.g. in
ZFITTER [3]) according to

f
Apg x

&y = V(I3 — 2n5ege sin® Oy )
& = k.

and can be derived from equation 1.2 by introducing the correction factors pr and ;. Bach of
these correction factors contain leading terms, which are usually flavour independent, as well as
the so-called remainder terms, i.e. all non-leading terms, including the corrections involving the
Higgs boson. The latter are normally small and in general depend on the flavour of the fermion.
Moreover, the correction factors pr and k; depend on the renormalisation scheme adopted.

(1.8)

Using the effective coupling constants & , an effective weak mixing angles sin? 05 can be
defined according to equation 1.8 as

sin? 85" = k¢ sin® Gy (1.9)
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With this definition sin? (}{,’;" is almost independent of m,. This makes it possible to calculate
a value for sin® 6:,;5" withoul, too large theoretical uncertainties from quantities with sizeable
experimental errors. In order to compare the values for the weak mixing angle determined
from dilferent measurements, like for example the leptonic and the hadronic forward-backward
asymimelries, it is convenient to express the experimental results in terms of sin® 9{,{?“ of one
{ermion species. Usually the results of various measurements are transformed into a value for

e~ g e > 3 eplefl 3
the effective leptonic angle sin® B***"  where sin? ™" is defined as
. 1 &
sin? GePtel = — {1 ~ =}. (1.10)
4 c
A

From equation 1.10 the reason for the low m;-dependence becomes evident: the leading radiative
correction where my is involved is the flavour independent part of py. This correction factor
py cancels in the ratio &, /¢y (c.f. equation 1.8) and thus in the definition of sin® 0;;5" . This
cancellation of the leading radiative corrections allows to constrain the mass of the Higgs
boson by measurements of the forward-backward asymmetries, although my enters solely in
the remainder terms of sy and its dependence is logarithmic. Typical values of the correction
factors for electrons, bottom and charm quarks, estimated using the ZFITTER program, are
given in table 1.1.

) bottom charm | electron
ke | 1.04447 | 1.03823 | 1.03868
2 | 0.99400 | 1.00608 | 1.00541

-~

Table 1.1: Values for the correction factors s and pr for bottom and charm quarks as well as
for electrons, estimated with the program ZFITTER. A top and a Higgs mass of m, = 175 and
my = 100, respectively, and ag = 0.120 have been assumed.

While the investigation of the leptonic couplings Z° — 11, for I = e, s, 7 is reasonably straight
forward, the examination ol the couplings to the quarks requires the identification of the individ-
ual quark species and in addition demands the consideration of QCD effects like the radiation
of gluons from quarks or vertex corrections involving gluons and the fragmentation process.
For heavy quark flavours these difliculties can be handled reasonably well. The identification of
bottom and charm quarks is comparably easy because of the relatively large masses and long
lifetimes of the corresponding hadrons. In addition, the possible production of these heavy
flavours in the [ragmentation and gluon splitting g — qq processes is significantly suppressed.
In order to keep the corrections due to QCD and hadronisation effects small, only the ratio
Rq = I'qq/Thaa is usually determined from the data. For this ratio the QCD corrections cancel
in first order. For a measurement of the heavy favour asymmetries it turns out that the QCD
effects are important despite their smallness of the order of a few percent. Because of the high
precision reached in the measurements especially of the bottom quark, the effect of the QCD
correction is of the same order as one standard deviation of the LEP combined value for ARy.

In this thesis a measurement of the heavy flavour forward-backward asymmetries Afy and
App will be presented, where D mesons serve as a tag for charm and bottom quarks. Subse-
quently this measurement, is combined with other analyses of the heavy flavour asymmetries
performed with the OPAL detector, where both the statistical as well as the systematic corre-
lations are taken into account. A study of QCD corrections is presented for the OPAL analyses
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of the bottom and charm asymmetries. From the combined result of the OPAL heavy flavour
asymmelries a value for the weak mixing angle is extracted. Finally a comparison of the bottom
and charm asymmetry measurements performed at LEP and SLD is presented and the results
are discussed.

1.3 Physics at Energies above the Z resonance

-
At energies above the Z° resonance the following two 2-fermion reactions are important: the
reaction where an off-shell gauge boson decays into a fermion pair (Z°/y)* — ff, corresponding
to the 2-fermion process at LEP1, and ‘radiative returns to the Z%, where a hard photon is
radiated off the ete™ system such, that with the remaining energy an on-shell Z° boson is
produced, which subsequently decays into a fermion-pair. The cross-sections for a selection of
Standard Model physics processes at LEP2 are shown in figure 1.2 as a function of the centre-
of-mass energy. For the non-radiative 2-fermion processes, the cross-section is marked with

= T T T T T T T
Q. K

~ \

=}

1031, o(e*e”—>X) (pb) J
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zqg i Sl 4

1 ZAZ)’ 1

i 1 1
140 160 180 200 220

240
Vs (GeV)
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Figure 1.2: Cross sections for some typical Standard Model processes. The figure is taken from [4].
For some of the processes only the dominant contributions are taken into account and cuts have been
applied in order to stay inside the experimental acceptance.

>~ aq, whereas the sum of radiative and non-radiative processes is marked with the dashed line

and 3_qq(ISR). Another important contribution is the photon-pair production e*e~ — 7Y, a
pure QED process.

In addition various 4-fermion processes start to come into play. The different production
mechanisms are summarised in figure 1.3. The dominant process at LEP2 is the so-called
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Figure 1.3: 4-fermion production classes of diagrams [4]. Here B denotes a neutral gauge boson,
while By, By, Bz stands for either a Z°, v or W* boson. The 4-fermion production graphs where Higgs
bosons are involved are not included.

two-photon production e'e”™ — ete” X, where X is produced in the scattering of two quasi-
real photons yy — X. It proceeds via multiperipheral diagrams. In contrast to most of the
physics processes, the cross-section of two-photon production grows with rising energy, i.e. like
(Ins/m?2)2. At energies above twice the mass of the heavy gauge boson, doubly resonant gauge
boson production becomes possible. In contrast to the resonant single Z production at LEP1,
the dominant W production mechanism in an e*e™ collider is by pair-production due to charge
conservation. The W-pair production is one of the main goals of the LIEP2 program. In the
Standard Model it proceeds via abelian 4-fermion reactions (conversion diagrams) and non-
abelian annihilation diagrams. The latter allows the investigation of the non-abelian structure
of the Standard Model and the test of the SU(2);, x U(1)y gauge invariance by an investigation
of the W-pair production. The contributions from the different mechanisms as a function of the
centre-of-imass energy are shown in figure 1.4, together with the combined measurements of the
four LEP experiments at energies of 161, 172 and 183 GeV. The predictions for the production
via conversion (v, exchange) only, conversion plus YWW vertex (i.e. without the ZWW vertex)
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and the full set of the Standard Model diagrams are shown. As can be seen from figure 1.4,
the cross-section where all possible production mechanisms are included is smaller than that of
the i-channel v, exchange only. This behaviour is due to negative interference effects between
the three graphs and will be discussed in more detail in section 4.2.

Preliminary

EP 77

® Data ]
—— Standard Model 1
- - - no ZWW vertex 1
© v, exchange

o(e'e —WW(y)) [pb]

160 170 180 190 200
Vs [GeV]

Figure 1.4: The cross-section for the W-pair production near the threshold including the LEP
combined measurements af various energies. Overlaid is the cross-section for the WW-production via
the t-channel v-exchange only.

In the Standard Model Z-pair production, in contrast to the W-pair production is possible
solely via conversion diagrams. The threshold for Z-pair production is a bit higher than that
for W-pair production due to the higher mass of the Z-boson. But even after overcoming
threshold effects the cross section for Z-pair production is significantly smaller than for the
W-pair production due to the differences in the coupling constants. This can be read off the
Feynman rules for the neutral and charged gauge boson coupling to fermions, given in equations
1.1 and 1.11.

- '%v“%(l =) (1.11)

Another class of processes is the single-resonant gauge boson production. For the W boson
the cross-section for this process is, however, much lower than the cross-sections for the W-pair
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production. Both W- (ete™ — We,) as well as Z-production (ete™ — Zee) are possible.
These reactions proceed mainly via fusion and bremssirahlung diagrams, but also in abelian-
annihilation and single-resonant conversions.

As can be scen from figure 1.3, a given 4-fermion final stale can be produced via diflerent
processes. Thus interference processes have Lo be taken into account. As mentioned earlier
W-pair production, for example, can proceed via the conversion and annihilation diagrams.
Because of the interference effects, these processes (called CCO03 diagrams) cannot be analysed
separately from all other (‘background’) processes, yielding the same 4-fermion final states.
In principle a full 4-fermion analyses has to be performed. 1t turns out, however, that the
resulting effects due to interferences between W-pair production and other 4-fermion processes
are relatively small, because most of the background processes populate a different phasespace-
region than the W-pair production. The former is characterised by the mass of the W boson
for the two pairs of fermions. ln addition, the interference effects are small, because the W-pair
production cross-section dominates most of the other 4-fermion processes, as can be read off
from figure 1.2. Thus the [ull 4-fermion analyses can be simplified by investigating the CCO3-
signal processes and the various background sources individually. The remaining systematic
effects are subsequently estimated by comparing this simplified analysis with the results from
a full 4-fermion Monte Carlo.

One of the main goals of the LEP2 program is the measurement of the W boson mass.
Together with the very precise knowledge of my, from LEP1, the relation

W = costw : (1.12)

mg
can be tested. In contrast to equation 1.3, where the weak mixing angle 8y denotes solely
the v — 2% mixing in the electroweak theory, with the relation 1.12 the nass mechanism in
the Standard Model can be tested. Equation 1.12 is, in lowest order, fulfilled if the minimal
version of the Standard Model with the simple Higgs mechanism giving mass to the vector
bosons is realised. Any extension of the minimal Standard Model could modify equation 1.12.
Additional information about the realisation of the mass giving mechanism can be extracted
from an investigation of the trilincar gauge boson vertex. The SU(2);, x U(1)y gauge invariance
uniquely determines the structure of the coupling of the gauge bosons. Any deviations of the
gauge couplings of the WWr+y and WWZ vertex compared to the expectations of the Standard
Model would hint to possible extensions of the Standard Model. If for example no Higgs boson
exists (or the Higgs boson mass is large, my > 1000GeV ), then the structure of the gauge
boson coupling has to be modified compared to the Standard Model to prevent the violation of
unitarity. Thus, the investigation of the trilinear gauge boson coupling is especially important
in pointing to possible alternatives in the mass giving mechanism if no light Higgs will be
detected in the near future.

In the second part of this thesis an investigation of the trilinear gauge boson coupling is
described. The polarisation properties of the produced W bosons are investigated, giving in-
sight in the underlying physics. The helicity states of the W bosons are reconstructed explicitly
wilh the help of the so-called spin density matrix method. Comparing the spin density ma-
Lrix elements with the theoretical predictions, a fit is performed and limits to the triple gauge
coupling parameters in various scenarios are extracted. Moreover, this method allows a simple
and model-independent test of CP invariance of the WWZ/WW+~ vertex. For these analyses
W-pairs are reconstructed in the decay channel WHW~= — qqlmy. Subsequently the measure-
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ments are combined with the information extracted from the total cross-section and with other
channels and the actual limils on anomalous trilinear gauge coupling are presented.



Chapter 2

The OPAL Detector

The OPAL (Omni Purpose Apparatus for LEP) detector is one of the four detectors at the LEP
ete collider. The conceptual idea for this detector was to build a detector at relatively low
cost with a well-known and tested detector technology. This should ensure a reliable running
of the OPAL detector from the beginning of the LEP physics program.

Track reconstruction is achieved by the central tracking system, consisting of different wire-
and jet chambers, complemented by a silicon micro-vertex detector. Tmbedded in a magnetic
field of an aluminium coil, this systems ensures the measurement of the direction, momentum
and charge of the particles and in addition the reconstruction of the primary and secondary
decay vertices. The identification of the particle type is possible through a measurement of the
specific energy loss in the jet chamber. The direction and energy of electrons and photons are
measured in the electromagnetic calorimeter, consisting of segmented lead glass. The return
yoke ol the magnetic coil serves as the absorber for hadrons. The measurement of the energy
ol the hadronic systens in ensured by layers of thin wire chambers, which are deposited in a
sandwich technique within the iron yoke. ‘T'he outermost layer of the detector are the muon
chammbers. The particles, which are not absorbed in the hadronic calorimeter but leave traces
in the connecting drift chambers can almost certain be identified as muons. The detector is
complernented by a system of forward detectors, consisting of calorimetry and drift chambers
at positions more than 2.4 meters from the interaction point. Through the measurement of
Bhabha-scattering, it ensures a precise measurement of the luminosity. In addition a time of
flight counter is used to deliver trigger signals. An overview of the OPAL detector is shown in
figure 2.1. A detailed description of the OPAL detector can be found in [5]. The z-direction of
the OPAL coordinate system is fixed in the direction of the ete -beam.

2.1 The Central Detectors

The central part of the OPAL detector consists of a silicon micro-vertex detector and a system
of drift chambers. The sub-detectors lie within a magnetic field of 0.436 Tesla, provided by an
aluminium solenoid. This assures the measurement of the charge and momentum of charged
particles. The central detectors are embedded in a pressure vessel, filled with a mixture of
88.2% argon, 9.8% methan and 2.0% isobuthan. The pressure in the vessel is 4bar.

The silicon micro-vertex detector was installed during the LEP running period in 1991,
in order to improve the track resolution in the immediate neighbourhood of the interaction
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point and thus to reconstruct secondary vertices of heavy flavour hadrons or other long-living
particles. Lifetime measurements of around 10~'%s are achievable. The sub-detector surrounds
directly the beam pipe. After an extension of the micro-vertex detector in 1993 and 1995, it
consists of two layers of 12 (inner) and 15 (outer) ladders equipped with single sided silicon strip
detectors at radii of 6.1 cm and 7.4 cm, respectively. Five detectors are mounted together in the
s-direction (o form a ladder with a length of 30 cm. The angular acceptance for the inner layer
is given by |cos 0] < 0.93, of the outer layer by |cos @] < 0.89. The impact parameter resolution
is determined from lepton pairs originating from Z° decays. In the plane perpendicular to the
beam axis a resolution of o(dg) = 18 pm and in the direction of the beam axis a resolution of
a(dp) = 24 um is achieved [6].

The central drift chamber system consists of vertex detectors, a jet chamber and is comple-
mented by so-called z-chambers to improve the resolution in the z-direction. The vertex drift
chambers are directly connected to the silicon detector. The vertex detector consists of two
chambers, segmented azimuthally into 36 sectors. The inner chamber covers the region between
8.8 and 15.5 cm radially from the interaction point, the radius of the outer chamber is 23.5 cm.
With a length of 1m, the vertex chamber covers the angular range of |cos ] < 0.98. The wires
of the inner chamber lie parallel to the z-axis of the OPAL coordinate system, whereas the
so-called stereo-wires of the outer chamber are tilted by 4° to allow for a more precise deter-
mination of the z-coordinate. By this arrangement a hit resolution of 55 pm is achieved in the
r-¢ plane and the z-resolution of the stereo-wires is 700 pm.

The vertex chambers are surrounded by a large volume jet chamber, ensuring a good space
and double track resolution and good particle identification. It consists of 24 azimuthal sectors,
each equipped with 159 axial anode wires parallel to the beam axis. The outer radius of the
jet chamber reaches 185 e¢m and the chamber is 4m long. The maximal drift length in the
innermost region of the jet chamber is 3 cm and 25 cm in the outer radius. A track within
an angular range of |cos @] < 0.73 passes all 159 wires. This environment is called the barrel
region. For a particle to pass a minimum of eight wires it has to be within |cos8] < 0.98. The
coordinates of the charged tracks in the r-¢ plane are determined by the position of the wires
and a measurement ol the drift time, achieving a spatial resolution of 135 pm. Both ends of
the anode wires are read out, the information of the z-coordinate is extracted by comparing
the integrated charge of the two ends, reaching an accuracy of 6 cm. The sum of the charges
of both ends is used to measure the specific energy loss per path length (dE/dx) of the charged
particle. The differential energy loss is a characteristic function of the momentum and the
mass of the particle and can be described by the Bethe-Bloch formula [7]. Thus measuring
the energy loss and the momentum of the particle allows a determination of the mass and
therefore an identification of the particle type. An relative error on the differential energy loss
of (oapjax/dB/dx) = 3.8% is achieved with the jet chamber for minimum ionising particles.
Here the relatively high pressure ol 4bar in the jet chamber is advantageous, because the
energy loss is proportional to the gas density. By comparing the measured value for the specific
energy loss, (dI3/dx)(™, with the theoretically predicted value by the Bethe-Bloch formula,
(dF/dx)®), and taking into account the error of the measurement ogg gy, the hypothesis for
a specific particle type can be tested by estimating the chi-square for the track to agree with
the theoretical prediction according to

o ( (dE/dx)® — (dB/dx)t™ ) 2 .

O (dE/dx)(m)

These x? values can be transformed into a probability W by integrating a gaussian distribution.
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Then W describes the agreement between the measurement and the hypothesis. Subsequently
the probabilities W are signed. A negative or positive weight W describes values, where the
measurement lies below or above the expectation, respectively. With the method described
above, a set of probabilities can be calculated for each track, giving the agreement between
the measurement and the hypothesis for different particle types, i.e. for a kaon, pion, electron,
muon and proton. These weights W are equally distributed between values of -1 and 1. The
price one has to pay for the good particle identification is a higher multiple scattering because
of the higher gas pressure and thus a reduced momentum resolution. The momentuimn resolution

can be described by
Ope 0.0015 - p, \*
—= = 1/0.020% _—
e \/ i ( GeV/e :

where p, is the compouent of the momentum perpendicular to the beam direction. The first
term gives the limitation because of multiple scattering, whereas the second term describes
the combination of intrinsic resolution and the track reconstruction. For a track with 130
measurements a resolution of o, /p = 2.2 - 10* GeV ™" is achieved.

The z-chambers improve the resolution in the z-coordinate achieved by the charge devision
method of the jet chamber. They surround the jet chamber throughout the length of 4m, thus
the z-coordinate where the track leaves the central drift chamber system can be determined.
The z-chambers cover the angular region of |cos@| < 0.72 and the intrinsic resolution for the
z-direction is improved to 100 to 300 pm, depending on the drift path.

The central detector is completed by a time-of-flight counter, based on a scintillator tech-
nique. The sub-detector is mounted between the aluminium coil and the presampler of the
electromagnetic calorimeter (see below), covering the barrel region of | cos | < 0.82. It consists
of 160 scintillation counters of a length of 6.8 m each, forming a barrel coaxial to the coil.
Light is collected at both ends and transported to phototubes via 30 cm long plexiglass light
guides. A time resolution of 460 ps is achieved in Z° — p*p~ events. The time-of-flight counter
generates fast trigger signals and helps to reject cosmic ray events.

2.2 The Calorimeter System and the Muon Chambers

The central part of the OPAL detector is surrounded by the electromagnetic calorimeter, con-
sisting of lead glass blocks. Here electrons and photons are absorbed. Through the segmentation
the position and angles of the particles can be determined in addition to the energy measure-
ment. The electromagnetic calorimeter is divided into a barrel region with |cos| < 0.82 and
the endcaps on both sides of the detector, covering the angular range 0.82 < |cos 9] < 0.98.
The barrel region consists of 9440 lead glass blocks with cross-section of 10 x 10 cm and a length
of 37 cm, corresponding to 24.6 electromagnetic interaction lengths. The blocks are arranged
into a pointing geometry towards the point of interaction, reducing the probability, that one
particle causes signals in more than one block. The signals are read out with photomultipliers,
mounted on the back of each block. The blocks of the endcap region have a cross-section of
9.2x9.2 cm and a length corresponding to about 22 radiation length. They are oriented parallel
to the beam. The intrinsic resolution of the calorimeter for electrons in the barrel region is
op/E = 0.2 +6.3%//E/GeV, and about og/E = 5%/,/E/GeV for the endcaps. The spatial
resolution is given by the cross-section of the lead glass blocks. Particles reaching the elec-
tromagnetic calorimeter have transversed the beam pipe, the central tacking system including
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ihe pressure vessel and the magnetic coil, and thus material of about 2 electromagnetic radia-
tion length. This canses showers to start usually before the particles enter the electromagnetic
ealorimeter. Thus a thin layer of streamer chambers, the so-called presampler, are mounted
divectly in front of the lead glass calorimeter in order to measure the multiplicity of the shower
before it enters the calorimeter. With this information the degradation of the energy resolution
because of the massive detector parts in front of the calorimeter can be minimised. As the
calorimeter the presampler consists of a barrel and an endcap region.

With help of the hadronic calorimeter the energy of particles passing the electromagnetic
calorimeter can be measured. ‘Che iron return yoke of the magnetic coil serves as the absorbing
material of the calorimeter. 1t is segmented into 10 layers of 10 cm thick iron. The space
inbetween is filled in a sandwich technique with thin streamer chambers. The iron yoke covers
a polar angle of 97% with a hadronic radiation length of more than four. The energy resolution
is limited by the material of the electromagnetic calorimeter, which corresponds to two hadronic
radiation length. Thus the showers are formed before the hadronic calorimeter is reached. By
combining the signals of the electromagnetic and hadronic calorimeter an energy resolution of
op/ls = 120%/ VE/GeV can be achieved.

The particles, reaching the outermost part of the OPAL detector, have passed about seven
radiation length for pions over an angular range of 93%. Therefore most of the hadrons are
absorbed within the calorimeter system and the particles travelling up to the outermost part
are muons with a high probability. The probability for a pion not to interact in the calorimeter
is lower than 0.1%. The muon detector covers the region of |cosf| < 0.98. The barrel region
consists of four layers, the endcap sub-detectors of two layers of thin wire chambers. The
spatial resolution in the central part is 1.5mm and 2mm for the r-¢ plane and in the z-direction
respectively. ln the endcap region a spatial resolution of lmm in the x- and 3mm in the
y-direction can be achieved.

2.3 The Forward Detectors

In the forward region a system of drift chambers and calorimeters is installed to measure small
angle Bhabha scattering events (ete™ — e*e™). The cross-section of this process is dominated
by the {-channel y-exchange, a pure QED process, which can be calculated theoretically with a
very high precision. Therefore this process is ideal to determine the luminosity very accurately.
Experimentally the measurement of the number of selected Bhabha-events and the efliciency
are determined. The forward detectors are mounted at a minimal distance of 2.4m away from
the interaction point. They systems consists of drift chambers in the front plane, the gamma
catcher, a ring of lead-scintillator sandwich modules and the far forward luminosity monitor,
a lead-scintillator calorimeter positioned 7.9m from the intersection point. The system was
complernented 1993 by a silicon-tungsten calorimeter, improving the precision for the luminosity
measurement from 1 to 0.1%.

2.4 The Time-of-Flight Counter in the Endcap Region

With the beginning of the LEP2 program the OPAL detector was complemented with an
additional detector component in the endcap region, a time-of-flight counter consisting of scin-
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Figure 2.2: Position of the Tile Endcap and MIP-plug detectors with respect to the neighbouring
sub-detectors.

tillating tiles with fibre readout. The extension of the OPAL detector was demanded in order
to determine the exact interaction time and to improve the trigger conditions in the forward
region in the more dense environment of LEP2. The scintillator counter consists of two parts:
the first is the Tile Endcap (TE), a single segmented layer of altogether 120 tiles in the form
of a truncated cone, installed in each endcap between the existing presampler and the elec-
tromagnetic calorimeter. The second part is a complementation of the forward detectors, the
so-called MIP-plug, which serves as a detector for minimum ionising particles in the forward-
region. It consists of 2 layers of tiles, each divided into 8 sectors. The innermost layers are
situated behind the gamma-catcher, around 2.5 m from the interaction point. The position of
the outermost layers are between the silicon-tungsten luminometer and the forward calorimeter.
The are separated by 4mm of lead in order to reduce the background from synchrotron radi-
ation, contrarily to the innermost layers, which lie within the angular range of the luminosity
calorimeter, where material must be minimised. Here the support structure of the luminometer
serves as a substitute. The MIP-plug covers the angular range between 200 and 43 mrad, thus
complementing the small angle calorimetry system. The position of both sub-detector parts
wit[h] respect to the neighbouring detectors is shown in figure 2.2. More details can be found
in [8].
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2.4.1 Motivation

With higher encrgy the backgrounds because of synchrotron radiation and beam-gas interac-
tions rises. The higher backgrounds could be reduced by including information provided by
the new scintillator detector (or the trigger in the endcap region. Till the end of 1995, time
information for the trigger was only available in the barrel region up to |cos| < 0.82 (609
mrad). The trigger was given, if the signal was within 50 ns from the beam crossing. With the
new time-of-flight counter the angular coverage could be extended to |cos @] < 0.95 (318 mrad),
and thus down to the limit of particle tracking ol the central drift chambers. Therefore a more
robust trigger could be provided also in the endcap region by the usage of the time information
in coincidence with the track trigger and the muon chambers.

I order to achieve the integrated design luminoesity of LEP2, the machine was converted
(rom a 8-bunch running into the bunch-train mode with in the beginning four trains with
two bunchlets cach. Thus the separation of the bunches is reduces to 335 ns (and for Lhe
foreseen 4x4 mode even Lo 247 ns), compared to the 22 us for which the OPAL detector was
originally designed. ln case of events of solely neutral particles in the forward direction, no
determination of the exacl time to of collision was possible, i.e. the bunchlet of interaction
was not known. The new scintillator is able to detect neutral particles, because of the high
probability of photon conversion in the aluminium pressure bell of two radiation length in
front of TE and thus provide a time reference signal for the other sub-detectors. This is
especially important, because the lead-glass calorimeter in the forward region has limited time
measurement capability optimised for the design bunch separation of 22 s, resulting in an
up to 20% error in the energy measurement if the exact time of collision is not known. With
the additional time information of TE a correction is possible. This allows a more precise
investigation of physics processes with single- or multi—photon events in the Standard Model,
like ete” — viry, in the lliggs sector (ee~ — Hy, with Il — 7), or in SUSY searches.
Further background reduction could be achieved through the identification of cluster from pre-
collisions of cosmic rays via coincidences between the electromagnetic calorimeter and TE time
information. Again this is especially important for the single~ or multi-photon events of LEP2,

The second extension, the MIP-plug, covers the region between 200 and 43 mrad, where no
other sub-detector is sensitive to minimum ionising particles. This complements the existing
system of forward detectors, which is hermetic for electrons and photons down to 26 mrad.
With the MIP-plug the OPAL detector is also hermetic for muons down to 43 mrad, allowing
a low-angle muon veto, which is especially useful for background reduction in searches with
missing encrgy signatures. In addition, with the segmented MIP-plug a stand-alone trigger
could be implemented for certain two-photon processes, if the signal of two sectors are used in
coincidence.

2.4.2 Design

The extension of the time-of-flight counter is build to provide good time resolution and efficiency
for minimum ionising particles. The design is constrained by the very limited space available,
both for the far-forward region and in the endcap region between the pressure vessel of the
central detectors with the presampler mounted on top and the lead-glass calorimeter of the
endcaps.Both the limited space as well as the operation within the magnetic field prohibit a
local phototube placing, leading to the solution of fibre optic technology. The position of the
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TE detector is shown in figure 2.2. TE consists of two ouler rings of 48 tiles each and 24
sectors for the innermost part of the detector. The layout is shown in figure 2.3. The MIP-plug
is built out of for circles, segmented into eight tiles first. The shape of the MIP-plug tiles
including the fibre design is shown in figure 2.4. The tiles consist of 10 mm thick scintillator
material BC408, which emits blue light. On both sides of the tiles diamond-milled grooves were

pressure
bell

presampler

TE scintillator
1/24 sector

Figure 2.3: Design of the tile endcap sectors

provided, in order to implement two fibres per groove in a complementary pattern. According
to a simulation study, the light yield is proportional to the tile thickness, the fibre diameter and
the length of the fibres per unit area of the tile. Both the tile thickness and the fibre diameter
are constrained by the limited space available for the additional detector. Thus the groove
design is optimised for high light yield with a pattern as tight as possible, taking into account
the minimal bending radius of 40mm of the fibre. Uniformity is ensured by distributing the
grooves evenly over the tile surface. The fibres are embedded into the tiles with a optical glue
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Figure 2.4: Design of the MIP-plug sectors

with the same refractive index as the scintillator, improving the light collection and holding
the fibres in place. Wavelength shifting (WLS) fibres are used to transport the light of the
scintillator and to match the optimal light yield of the scintillator material of A = 420nm to
the peak sensitivity of the photomultipliers of A ~ 500nm. The photomultipliers are of a type
with green-extended cathodes. The light has to be transported outside the magnetic field and,
because of the limited space, outside the detector, over a length of about 15 m. Therefore the
WLS fibres are connected to clear fibres via optical precision connectors. The clear fibres are
selected because of their low attenuation of 120dB/km at a wavelength of 500nm. Most of the
light is cauried in the ouler 20% of the fibre diameter, and thus a counector with imperfect
match would result in high light losses. Although most light is lost in the matching between
the different fibre types, the loss of the additional connector is more than compensated by the
much lower attenuation in the clear fibres compared to the WLS fibres. The tiles are wrapped
in 150 grn Tyvek paper in order to provide high reflectivity and subsequently into 50 wm
Tedlar to ensure light tightness. A blue LED in the middle of the tile serves for calibration
and monttoring. Finally the tiles are mounted between two aluminium plates and sealed light
tightly. Commercial photomultipliers are used because of their low costs. They are selected by
their quantum efliciency ol 15% for a wavelength of 500nm, their gain of 2-107 and the uniform
response over most of the cathode. Especially important was the selection of phototubes with
low dark counting rates, because T'E is used for trigger signals.
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Figure 2.5: Time resolution of the MIP-plug (upper histogram) and the TE detector (lower
histogram) as determined from a Z° run in the bunchlet mode. The horizontal scale is in ns.

2.4.3 Performance

The new scintillator technique sub-detector for the endcaps has been running smoothly since
the installation and requiring low maintenance. Studies using the correlation between track
signals and TE hits show a running at low noise and an efficiency of larger than 99% for TE
to detect minimum ionising particles extending the angular coverage down to cos@ = 0.95 [8].
The time measurement performance can be tested by looking at the event time distributions
for ete™ — Z° events. The results of the the MIP-plug and the TE detector are shown in
figure 2.5 in the upper and lower histogram, respectively. The data are taken during bunch
train operation with two bunchlets per train, thus expecting a spacing between the bunchlets of
334ns. The spacing observed with the two scintillator sub-detectors is 335.2ns with a standard
deviation of 1ns. The peaks themselves have a standard deviation of 3ns, exceeding the design
requirement of 5ns. The light yield can be determined by an investigation of low multiplicity
states again in ete™ — Z° events. The response to single tracks is estimated to be 14 &+ 2
photoelectrons per minimal ionising particle. The uniformity of the delector is observed by the
following confirmation of the measurement, but using a single channel, yielding a consistent
result of 15t 3 photoelectrons per mip. In summary, the design performance for both the time
resolution and the efficient sensitivity to minimum ionising particles has been fulfilled.



Chapter 3

Analyses of the Heavy Flavour
Asymmetries

In this chapter the measurements of the heavy llavour forward-backward asymmetries performed
with the OPAL detector at LEP are described. After an introduction to the phenomenology
of the forward-backward asymmetries an overview of the techniques used by the OPAL col-
laboration to measure the bottom and charm asymmetries are given. Then an analysis based
on the full LEP1 data set of about 4.5 million multihadronic Z° decays of the heavy flavour
asymunelries, where 1) mesons are used to tag heavy flavour events is described in more detail.
With the huge amount of data collected at LEP1 and the correspondingly high statistical pre-
cision achieved in the measurements of the heavy flavour asymmetries it becomes mandatory
to combine the different analyses with care. Also, higher order corrections to the electroweak
observables are becoming increasingly important. In order to interpret the measurements of the
forward-backward asymmetries in terms of the Standard Model, the elementary electroweak
process has to be separaled from the effects of the strong interaction in the final state. The
method of evaluating these QCD effects for the three OPAL analyses is explained. The three
OPAL measurements of the heavy {lavour asymmetries are then combined such, that the statis-
tical and systematic correlation are taken into account. Irom the combined OPAL result of the
heavy flavour asymmetries the weak mixing angle can be extracted. Finally this OPAL value
is compared to other measurements of the bottom and charm asymmetries and the resulls are
discussedl.

3.1 Phenomenology of Heavy Flavour Asymmetries

The different strength of the left- and right-handed components of the neutral weak current
results in an asymmetry of the dillferential production cross-section do/dcos@ of the fermion
relative to the direction of the initial state electron. The angular distribution of the reaction
e'e” — ff on the Z° resonance can be writlen as

do 3 " 3 1 3 ‘
dlocal] 8(1 + cos’8) oy + i Ooy, + Z(,OSOUF 8 (3.1)
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where oy, 1, are the unpolarised or longitudinally polarised cross-sections and oy is the difference
between the right- and left-handed polarised cross-section. Equation 3.1 can be rewritten as

1 do < |
i e g a(l + acos®d) + App cosd (3.2)

where the total cross-section o and the shape parameter a are given by

oy — 20y,
g=0y+o @ =i
v+op S Yo (3.3)

and the forward-backward asymmetry is defined by

3 ap

Ry g
rB 4oy + oy,

(34)

In Born approximation the cross-sections can be expressed in terms of the products of the
vector- and axial-vector quark current :

oy = Povy+ o
g, = 312 Boyy (3:6)
oFp = BPova

where s is the quark mass in units of the beam energy and f is the velocity of the quark
B = /1—p% As can be seen from equation 3.5, measurements of the difference between
forward and backward cross-sections give direct information about op, i.e. the vector-axial-
vector interference of the weak coupling. The quark current products are given by

2 12
ov = g2 Sreqgichel (1 ntr) D + S ()7 + ()Y D1
2
oan = S () (¢9)? + (¢4)) 5D o
2
ova = g\/%"qeqqcf\c} (1 - ;“’?) D1 gfcﬁ,c'\‘,(:ic‘,{sD“l,

where

e (o)

On the pole of the Z° resonance, where the asymmetry is dominated by the Z° exchange, the
forward-backward asymmetry of the quark flavour g, A%‘g, can be expressed as

y 3 2c%,¢5 28clcd
. VTA VYA
BT AGT + (AP I A+ P &0
3.2 Measuring Heavy Flavour Asymmetries

In order to measure the heavy flavour asymmetries two main ingredients are needed: firstly
the flavour species has to be identified and separated from other contributions. And secondly
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the direction of the outgoing quark has to be measured. This direction is, however, experimen-
tally not accessible because of the hadronisation and fragmentation processes. Therefore it is
approximaled by the thrust axis. In order to determine the orientation ol the thrust axis it is
necessary Lo distinguish the quark from the anti-quark direction.

A nuniber of different techniques are commonly used to tag heavy flavour events. For
measurements of the heavy flavour asymmetries at LEP three different analyses exist. A very
successful method to tag bottom quarks is looking for displaced vertices. Bottom mesons with
average encrgics of tens of GeV and lifetimes of about 1.3 to 1.5 ps decay typically after a
fight distance of a few millimetres in the detector. With the help of todays silicon micro-vertex
detectors the decay length significance of these b meson decays can be reconstructed. Such a
lifetime tag does not provide any information about the charge of the primary quark for the
tagged hemisphere. A distinction of quark and anti-quark is achieved in the OPAL analysis by
applying either a jei-charge or a vertex charge technique in addition to the heavy flavour tag.

Another analysis tags bottom and charm events by looking for semileptonic decays. Identi-
fying leptons with high momentum and high transverse momentum with respect to the jet axis
selects primarily leptons originating either from direct decays of the bottom or charm quark! or
so-called cascade decays, where the bottom quark decays into a charm quark and subsequently
leptons [rom a charm decay is tagged. Here a direct charge correlations between the lepton and
the primary quark allows to distinguish the quark and the antiquark, when the origin of the
lepton, i.e. the contributions from b =17, b — ¢ — I* and ¢ — 1" is known. The bottom and
charm asymmetrics are then determined in a two dimensional maximum likelihood fit. These
two analyses are summarised in this section.

The third possibility used by the OPAL collaboration is the tag of primary charm quarks
by the exclusive recoustruction of D mesons in different decay channels. Here as well either
ete” — bb and ete” — cC events are tagged and the events separated according to their
primary favour with help of a lifetime and jet-shape analysis. The charge of the D meson decay
products allows a direct determination of the charge of the primary quark. The heavy flavour
asynunetries of bottom and charm events are subsequently determined in a two dimensional
maximuun likelihood fit.

In the OPAL heavy favour asymmetry analyses hadronic Z° decays are selected by placing
requiremnents on the number of reconstructed charged tracks and the energy deposited in the
calorimeter. A detailed description of the criteria is given in [9]. The analysis is based on about
4 million hadronic decays of the Z° collected with the OPAL detector in the vicinity of the
79 resonance between 1990 and 1995. Of these data roughly 13.4% have been collected either
below or above the maximum of the resonance.

To verify the analysis procedures and investigate possible biases, 4 million hadronic decays
of the Z% have been simulated using the JETSET Monte Carlo model [10] with parameters
tuned to represent LEP data well [11]. Several special samples have been used to study specific
decays, corresponding to an additional 5 million hadronic Z° decays. In all samples heavy quark
fragmentation has been implemented using the model of Peterson et al. [12]. All samples have
been passed through a detailed simulation of the OPAL detector [13] before being analysed
using the same programs as for data.

'In the fragmentation process the quarks are transformed into hadrons. ‘Direct decays of the bottom or
charm quark’ means, more correctly, that a bottom or charm flavoured hadron, containing the primary b or ¢
quark, decays.
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3.2.1 Lifetime/Jet-charge Analysis

A measurement of the bottom forward-backward asymmetry is done by tagging ete~ — bb
events with lifetime information. Details can be found in [14]. Long lived B hadrons are tagged
with a high b purity by requiring a displaced secondary vertex in at least one hemisphere.
Secondary vertices are reconstructed in an inclusive iterative procedure, and the decay length
L, the distance between the primary and the secondary vertex in the zy-plane, and its error is
calculated. In this analysis a decay length significance of L/oy, > 4 is required. After that the
number of tagged hemispheres is 402485, of which 20631 are in events with energies above, and
31471 below the Z° pole. The composition of the resulting sample is about 83% bottom events
with a background of 11% charm and 6% light flavour events. The charge of the primary quark
is determined by measuring the charge of the particles which form the secondary vertex (vertex
charge) or a jet-charge technique.

A measurement of the vertex charge allows a better determination of the charge of the
primary quark than a measurement of the jet-charge. The analysis of the two different charge
measuring techniques are therefore performed separately. For the vertex charge each track in
the hemisphere is weighted by a probability w; based on momentum, multiplicity and impact
parameter information, that it comes from the secondary vertex. In order to remove vertices
of neutral B mesons and poorly determined vertex charges |guix| > 1.404 + 0.2 is required. The
charm background is eliminated by a tight cut on the output of an artificial neural network,
which was trained to discriminate between e*e~ — bb and other events [15]. A sample of 12889
vertex charge tagged hemispheres remains. The bottom forward-backward asymmetry is then
determined in an unbinned likelihood fit.

The jet-charge technique is used to measure the asymmetry in events without a vertex
charge measurement. The jet-charge is the momentum weighted average charge of all charged
tracks of a jet. The asymmetry is determined by a counting method: for a sample containing of
a mixture of quark species and a varying tagging efficiency as a function of the thrust direction
|cos fr| and the fAlavour f, the charge flow (Qr — @p) is given by

(Qr—Qp) = Y. siFClopAL, (3.8)

flavours f

where () and Qg are the jet-charges in the forward and backward hemisphere respectively?,
sy is +1(—1) for down-like (up-like) quarks, and F is the fraction of quark species f in the
lifetime-tagged sample, as determined using an unfolding technique. The quantity J; is the
charge separation for events with flavour f. The b quark charge separation, &, was measured
from the data by comparing the measured jet-charges in events where both hemispheres are
tagged. The charm and light quark charge separations were taken {rom the Monte Carlo. The
C7 factors account for the effects of the variation of tagging efficiency with |cosfy| and are
given by

of = 8__JuWydy
3 [ +y?)dy’

wher.e y = |cosOp| and 7j;(y) is the efficiency of lifetime tagging a flavour f event. The event
tagging efficiency for b and ¢ events is determined from data in bins of |cosfy|, using an

(3.9)

?Forward is defined with respect to the direction of the incoming electron.
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in the data is compared to the expected asymmetry as a function of |y| = | cos pyust|, in bins
of the flavour discriminating variables NET}, and NET. For events containing more than one
candidate lepton, the candidate with the highest NET), value is considered in the single-lepton
The results for the bottom forward-backward asymmetry are sample.

unfolding method. The C factors for the u, d, and s quarks are assumed all to have the same
value which is taken from the Monte Carlo.

The measured asymmetry of bottom events depends on the mixing parameter of B® mesons.

Aby = 0.041 £+ 0.021 £ 0.002 (Bem) = 89.44 GeV The corresponding average mixing parameter ¥ which depends on the composition of the tagged
Abp = 0.0994 4= 0.0052 + 0.0044 (lf)cm) = 91.21 GeV sample, is obtained simultaneously with the asymmetries by counting the number of like-sign
ARp =""0"145"£" 0:017 £°0.007 (Eem) = 92.91 GeV leptons in events with at least two ‘opposite leptons™ with NET,>0.8. For events containing

more than two candidate leptons that satisfy these criteria, the two leptons with the highest
NET}, values are used.

Using all data collected by OPAL between 1990 and 1995 of LEP1, the b and ¢ quark
forward-backward asymmetries at three centre-of-mass energy points on and around the Z°
peak are measured, with the following results:

where the first error is statistical and the second systematic.

3.2.2 The Lepton Analysis

A detailed description of this analysis can be found in [16]. The analysis is restricted to

| €08 Oppruse] < 0.9 in order Lo have optimal lepton identification.
Aby = ( 0.034 £ 0.017 +0.002 ) Aby = (~0.068 £ 0.024 & 0.005) at (\/5) = 89.49 GeV,

ARy = (0.0892 £ 0.0044 + 0.0020) A§y = ( 0.0588 + 0.0059 & 0.0056) at (\/5) = 91.24 GeV,
Abp = ( 0.105 £ 0.014 =+ 0.004 ) Afy=( 0.154 £0.020 +0.010 ) at (/5) = 92.95 GeV,

[lectron identification is based on a set of twelve different quantities which are measured
in the central tracking chambers and the electromagnetic calorimeter. These variables are fed

into an artificial neural net, which is trained on simulated data. A detailed description of the
input variables, the training and systematic checks can be found in [16]. Electron candidates
are required to fulfil p > 2 GeV and NETq > 0.9, where p is the momentum of the electron
candidate and NIETg denotes the output of the neural net electron selection. The remaining
dominant background of electrons [rom photon conversions is rejected with the help of a second
neural uet, where diflerent kinematic variables are used for the separation as is described in [16].
The muon selection relies on the quality of the match between a track reconstructed in the
muon chambers and in the central tracker. In addition, a loose cut on dF/dz and a minimum
momentum of p > 3 GeV is required.

Candidate leplous are classified into four distinct types: b—17, ¢ — 17, b - ¢ — I* and
non-prompt leptons and misidentified hadrons. For the measurement of the b and ¢ quark
asymmetries it is especially important to separate direct b and ¢ decays from each other and
from all other contributions. In order to optimise the separation a multi-variable analysis has
been performed, where two different artificial neural nets are used to distinguish the source of
the lepton candidate. One of them, NET}, separates direct b — 17 decays from the remaining
contributions. The separation power is mostly due to the ‘classical’ variables, the momentum
of the lepton p and the transverse momentum p; with respect to the nearest jet axis. Another
neural net helps to distinguish between ¢ — I* decays and the other classes. Here the main
information comes from lifetime information. For both neural nets as much as possible of
the additional information available is used, including jet and vertex properties. An optimal
separation is reached by using the net-outputs NET}, and NET, in a two dimensional way.
A list of the dilferent variables, the details of training and the performance reached by this
technique can be found in [16]. Similar to the event probabilities in the D analysis (as will be
described in section 3.3), probabilities are calculated from the outputs of the neural networks
used {or Havour separation (NET),, and NET, ). These are used in the asymmetry fit to separate
the dillerent contributions.

The asymmetries A%y and A§y, are extracted from single lepton events using a binned
waximum likelihood fit [16]. The differential forward-backward asymmetry®, AApg, measured

SAApp = (1(c08 Benrust) — n(— €08 Oinrust))/ (n(c08 Benrust) + n(— 08 Oinruat))

where the first error is statistical and the second is systematic. The average B°-B? mixing
parameter was found to be:
X = 0.1142 £ 0.0054 + 0.0048.

The lepton analysis gives for both the measurements of the bottom as well as the charm
asymmetry the most precise results. Especially for the charm asymmetry the systematic error is
of the same size than the statistical error, therefore the most important systematic uncertainties
will be discussed briefly in the following. More details can be found in references [16,17).

e [eavy flavour fragmentation
The parameters for the charm and bottom fragmentation function of Peterson et al. are
varied within e, = 0.005570:0030 and ¢ = 0.07*$:93. The variation is significantly larger
than the experimental error on present measurements and thus accounts also for uncer-
tainties in the choice of the model itself.

Semileptonic decay models

The semileptonic decays of heavy hadrons are described by the free-quark model of
Altarelli et al. (ACCMM) [18], which has two free parameters: the Fermi momentum
pr and the mass of the quark produced in the decay of the heavy hadron, m. or m,. For
b decays, values of pr=298 MeV/c and m.=1673 MeV/c? have been obtained from a fit
to CLEO data [19], while for ¢ decays, the combined measurements of DELCO [20] and
MARK 11 [21] have been used to derive values of pr=0.467 GeV /¢ and m,=0.001 GeV/c.
Systematic uncertainties arising from the choice of the semileptonic decay model are
treated differently for b and ¢ hadron decays by varying either the model or its parame-
ters. Forb — 17 decays, alternatively the model of Isgur et al. [22] and a modified version,
ISGW**, is used to describe the semileptonic decays. The ISGW** description gives the
largest deviation from the ACCMM model and the resulting differences obtained for the

“QOpposite leptons’ are leptons associated to jets that do not belong (o the same thrust hemisphere.
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bottom and charm asymmetrics are taken as a systematic error. Uncertainties affecting Abp(%) | A%y (%) X
ihe modelling of ¢ — 1" decay can be estimated by using various versions ol the ACCMM Fitted Value 8.92 5.88 0.1142
model based on different sets of values for the fitted parameters mg and pr. The results Statistical error +0.44 +0.59 | 4+0.0054
with the parameters m=0.001 GeV/c? and pr=0.353 GeV/c called ACCMMLI, give the Systematic error 40.20 | +0.56 | +0.0048
largest deviation compared to the central values of ms=0.001 GeV/c?and pe=0.467 GeV /¢ Soizes of systematic arrams
and are thus taken to derive the systematic error. b= T (ACCMM to ISGWH) i T ki

¢ — I (ACCMM to ACCMML1) +0.07 | —0.08 | —0.0026
{zg)p — 0.02 —0.01 | +0.02 | —0.0016
* Branching ratios \ _ ) ) {ap). +0.02 —0.12 | +0.05 | +0.0001
The values of BR(b—17) and BR(b— ¢ —1") used f(}r this analysis are combina- EErrT T T0.04 | 022 | 200031 |
tions [23] of measurements performed by the LEP experiments. In the measurements S— b = —
of BR(b = 17) and BR(b — ¢ — '), an important part of the error is due to the choice BR(b — 1 )“k“ﬂ) —0-0} +0.15 | +0.0005
of semileptonic decay model. This is taken into account by using the branching ratios BR(b — &t l_)+0~47;% -0.02 | —0.10 | —0.0018
which correspond to each choice of semileptonic decay model as the model is varied. Thus BR(b — € — 17)+0.50% =0.02 | +0.23 | +0.0008
the error on the branching ratios is divided into two parts, one due to the semileptonic BR(b — 7 — 17)-+0.20% -0.01 | +0.09 | +0.0003
decay model and the other one because of other uncertainties. The branching ratios BR(c - 11)+0.50% +0.03 —0.20 | +0.0002
used for this analysis are BR(b —17) = 10.90 + 0.32(£0.21) and BR(b = ¢ —1%) = Total branching ratios 4+0.04 | £0.37 | +0.0021
8.30 4 0.47(-:0.19). The second part of the errors (i.e. not due to the models) is then Conversion fraction increase 1000 T 10.03 | —0.0003
used to estimate the additional systematic error due to the uncertainties in BR(b — 17) Decay fraction increase 10.00 | +0.00 | =0.0002
and BR(b - ¢ = 1*), excluding the model uncertainties. BR(c — 1) is taken from lower Source dependence 30.02 | 10.13 | 40.0010
energy measurements performed at ARGUS, PEP and PETRA [24], giving a combined Tracking Resolution 006 | 30.00 | 30.0002
value of BR(c - 11)=(9.8 & 0.5)%. Tnput corrections 1002 T =001 | —0.0012
Total detector effects +0.07 | +0.14 | £0.0016
! €08 Oyrust dependence (fractions) -+0.02 | —0.01 | -+0.0000
» Background asymmetry rF’h‘eAhadrolllc a}xd non-prompt background ha\{e been a.'ssumed <05 Oyprugs dependence (distributions) | +0.08 | —0.19 | —0.0001
t’f’ hewe.. no asymumetry. This assumption has .beeu. checked and confirmed using the Tihte Coclo Bitlisties 1008 +0.10 | 00026
Sllfxulatlon as we:ll as data samples of tracks Whl::ll did not pass the lepton. selection, or Thee dependisi mizng 004 | +0.04 | 50,0000
using all Lra.cks in th(.‘, momentum range p > 2 GeV/corp > 4 G.eV/c weighted by the Tigomnd Uymuels 100k +0.00 1 50.26 | 50,0600
fake probability predicted by the simulation. All these tests indicated thal the upper i e TR RET
limit for any possible residual asymmetry of the background is 0.5%. This value was then i d : L

used to estimate the systematic ervor due to a possible residual background asymmetry. Table 3.1: Summary of the of systematic errors for the lepton analysis.

e Composition dependence on cos Gy « L . .
Another important uncertainty is due to the modelling of he dependence of the (NET, 3.3 Analysm of the Heavy Flavour Asymmetrles . D
NET,) distributions on cos@yyue in the simulation. The tracking resolution quickly Mesons
degrades with increasing cosyrus, thus affecting the NETy, and NET, distributions.

The effect is more pronounced for the NET, output since the net is based on variables In the following section the measurement of the ¢ and bb forward-backward asymmetries using
such as the decay length or impact parameter significance. Two different parametrisations D mesons as a heavy flavour tag is described in more detail.

of the (NET},, NET,) distributions are used in the analysis, one for the barrel region with
| c0S Oprust| < 0.7, the other one for the endcap region with 0.7 < | c08 Oyruse] < 0.9. The
effect is estimated by using only one parametrisation for the entire region instead of two. 3.3.1 Selection of D Candidates

Three different D meson states are used in this paper as tags for charm and bottom: the
ground state pseudo-scalar D mesons® D® and D+, and the vector meson D*t. After describing

The values of the systematic errors as determined for the measurement on top of the Z° reso-

nance are summarised in table 3.1. Throughout this paper charge conjugate modes are always implicitly included.
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the requirements placed on tracks to be included in the analysis, the reconstruction and the
procedures used in the identification of charged D* mesons are discussed, followed by the
analogous discussion for D° and D* mesons. Additional details on D recoustruction with
the OPAL detector can be found in [256-27].

Tracks are accepted for the reconstruction if they satisfy loose track quality requirements:
|do] < 5 mm; |z] < 20 cm; pr > 250 MeV; ngy > 40. Here dy is the distance of closest
approach in the plane perpendicular to the beam axis, between the primary vertex and the
track, 2o is the distance along the beam at this point, py is the momentum component
perpendicular to the beam, and ng; is the number of hits on the track recorded in the jet
chamber. Tracks are also required to be well reconstructed, by demanding that their polar
angle 0 be measured in at least two components of the tracking system, one of which must be
the jel chamber.

D*t Reconstruction

For this analysis D** mesons are reconstructed in five different decay channels:

Dt — DOt

L Knt “3 prong” ,
L K-atn® “satellite” ,
Ly K-wtg—at “5 prong” ,
LS K-etw, “electron” ,
Ly K- pty, “muon” .

No attempt is made to reconstruct the m” in the satellite channel, nor the neutrino direction or
energy in the electron and muon channels. The last two channels are referred to as “semilep-
tonic” channels in the following text. Electrons are identified based on the energy loss in the
central drift chamber and the energy deposition in the electromagnetic calorimeter. An artifi-
cial neural network trained on simulated events is used to perform the electron selection [28].
Electrons from photon conversions are rejected as in (29]. Muon candidates are identified by
associating tracks found in the central tracking system with tracks in the muon chambers [29].
No momentum cut ou the lepton tack is applied. Such a cut is used in analyses, which require
a precise knowledge of the lepton purity, which is not important for this analysis.

A number of tracks appropriate for the selected channel are combined to form a DY candidate
and its invariant mass is calculated. The cuts applied are given in table 3.2 and explained below.
Only candidates with the correct charge combinations are retained. Candidates are selected if
the reconstructed mass lies within the expected range for that channel. After adding a further
track as a possible pion from the D** decay, the combined mass is calculated and the candidate
is selected if the mass difference AM = Mp-+ — Mpo is within certain limits. Note that AM is
always to be understood as the effective mass difference, calculated only from the visible tracks
of the candidate. This latter requirement is particularly efficient in suppressing background,
because the small mass difference between the D** and the D places true D** decays very
close to the kinematic threshold in AM at 0.139 GeV. Very little phase space remains for
background events, resulting in a good signal to background ratio.
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At low values of the D** scaled energy®, zpe+ = EE¥¢ /Eyeam, the background contribution
is very high, especially from pions produced in the fragmentation. Many of the background
kaon candidates are in reality fragmentation pions. Their contribution is reduced by using
the particle identification power of the OPAL detector to enrich the sample in true kaons.
A probability, W§,,, is calculated for a kaon candidate, that the measured specific energy
loss, dF/dz, for a track is compatible with having been produced by a kaon. The probability
W54z is sigued, i.e. the probabilities have positive and negative values for above and below
the expected value, respectively.

The background of the sample is further reduced by cutting on the helicity angle 6*, mea-
sured between the direction of the D° candidate in the laboratory frame and the direction of the
kaon in the rest frame of the D candidate. True D decays are expected to be uniformly dis-
tributed in cos 0*, while background displays pronounced peaks at cos #* = —1 and, particularly
at low zp-+, cos @' = +1.

[ cut z range | 3 prong | semileptonic | satellite 5 prong |
Tpe+ 0.2-1.0 0.2-1.0 0.2-1.0 0.5-1.0

Mpo [GeV full 1.79-1.94 1.20-1.80 1.41-1.77 1.79-1.94

AM |GeV full 0.142-0.149 | 0.140-0.162 | 0.141-0.151 | 0.142-0.149

cos 0* < 0.5 —0.8-0.8 B
> 0.5 -0.9-1.0 =0.9-1.0
Wikasl | <05 > 0.1 :

Table 3.2: List of cuts used in the D* reconstruction. Note that both the scaled energy zp and the
mass difference AM are effective quantities, calculated from the reconstructed tracks only. The exact
meaning of the different quantities is explained in the text.

The invariant mass spectra for the five reconstructed D** channels are presented in fig-
ure 3.1. Shown is the mass difference AM between the D*t and the D candidate. In all
channels clear signals are visible.

DY and DT Reconstruction
The D° and D* mesons are identified in the following decay modes:

D - K-#t ,
Dt— K—wtot .

The reconstruction of these D meson states is similar to that for the D*+ mesons. It follows very
closely the method described in [27]. The invariant mass is calculated from the appropriate
number of tracks which pass the quality requirements. A D* candidate is rejected if the mass
difference AM, calculated under the assumption that the three tracks form a D** candidate,
is below 0.16 GeV. To suppress combinatorial background, and to allow a good measurement

%In this paper any reference to the scaled energy = of a D candidate is to be understood as being to the
calculated energy of the D, Ep, obtained from the reconstructed tracks, without correcting for missing or
wrongly associated tracks, divided by the beam energy Fyeam.
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Figure 3.1: Distributions of the difference Mp+ —Mp reconstructed in the different D* channels. Both
semileptonic decays have been combined into one plot. Superimposed are the background estimator
distributions, noralised to the upper sidebands in AM.
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of the specific energy loss dff/dz, candidates are required to have at least 30% of the beam
energy, and the individual track momenta are required to be above 1.5 GeV for a kaon, and
0.5 GeV for a pion. The long lifetime of the weakly decaying D mesons is used to enrich the
signal purity. A vertex is calculated in the r-¢ plane from the tracks forming the D candidate.
The distance d between this vertex and the primary event vertex is calculated. A candidate is
accepted if this distance exceeds 500 pm for a D® candidate, or 800 um for a D* candidate.
Good verlex reconstruction quality is ensured by requiring that at least one (for the D) or two
(for the D) tracks have at least one hit in the silicon micro-vertex detector. To stay within
the acceptance of the micro-vertex detector, all tracks have to be within | cos@| < 0.85. For the
D™, where the three tracks in the decay allow a meaningful calculation of a vertex x?, events
with badly reconstructed vertices are rejected by a loose cut on this quantity.

The number of multiple candidates and wrong particle type associations is reduced by
placing requirements on the d%/dz measurement. Kaon candidate tracks are required to be
congistent with being a kaon with a probability W(}(Ff(/dx exceeding 3% if their measured dF/dz
is above the value expected for a kaon, or exceeding 1% if the measured dE/dz is below the
expected value. Pion background in the kaon candidate sample is rejected by accepting only
tracks whose probability Wi, that the kaon candidate track is consistent with a pion is less
than 10%. The purity of the pion candidates is increased by requiring that these tracks are
consistent with a pion with a probability exceeding 1%. The details of the cuts are listed in

table 3.3. In figure 3.2 the invariant mass spectra for the D° and D+ channel are plotted.

cut D} D+
Tp 03-1.0 0.3-1.0
Mpop+[GeV] | 1.81 —1.93 | 1.81 — 1.93
AM][GeV] T >0.16
pk|GeV] > b >1.5
Px|GeV] > 0.5 > 0.5
| c08 Ocandl < 0.85 < 0.85
d[pm] > 7500 > 800
WEEK., >003 | >003
< —0.01 < —0.01
Wit el > 0.01 > 0.01
W ] <01 <01

Table 3.3: List of cuts used in the D and D*reconstruction. ~ The exact meaning of the different
quantities is explained in the text.

Multiple Candidate Rejection

Since the goal of the analysis is the determination of the angular distribution of the primary
quark, not that of reconstructed mesons, only one measurement of this quantity per event is
needed. If more than one candidate meson is found per event, a hierarchy is used to select the
best one: low background is preferred and low multiplicity final states are favoured over higher
multiplicity ones. The hierarchy used, from best to worst, is: 3 prong, semileptonic, satellite,
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Figure 3.2: Invariant mass spectra for the DY and the D channels. Superimposed is the result of
the (it used to determine the number of D mesons in each sample.

Table 3.4: Percentage of candidates lost in the multiple candidate rejection.  Given are for each
channel the total percentage of candidates rejected and the percentage of candidates rejected only due
to multiple candidates found within this channel.

5 prong, D%, D*. If more than one candidate is found within one D** channel, the one with
the D® mass closest to the nominal mass is taken (the mass used is 1.865 GeV for the 3 prong,
semileptonic and 5-prong decay, and 1.60 GeV for the satellite [30]). In the D® and D* decays,
where a selection on the mass would result in a distortion of the invariant mass spectrum and
consequently the signal over background determination, the candidate with the highest zp is
selected. Overall the number of candidates is reduced by 34.6% by the multiple candidate
rejection. In table 3.4 the percentage of events rejected due to this procedure in each channel
is shown. To avoid rejecting good candidates an event from an lower priority D** or D decay
is rejected only if another candidate has been found in a higher priority channel within the
tight AM windows given in table 3.3. This method would severely bias the D reconstruction
if applied to this channel. Therefore a D candidate is rejected if another candidate is found in
any of the D** decays within a loose Mpo mass window of 1 GeV < Mpo < 2.5 GeV. After all
cuts a total of 73870 candidates is found.

Determination of the Signal Fraction

For the purpose of the asymmetry analysis, a signal event is defined as any event that contains
enough information to reconstruct correctly the charge and flavour of the primary quark. For
the D** decays two classes of events contribute to the signal sample: events where a D meson
has been completely reconstructed in one of the channels described, and events where a D**
decay has only partially been found, but where the slow pion is correctly tagged. The latter
have broader distributions in AM, as is shown in figure 3.1, especially in the 5 prong channel.
In either case, because of the very distinct kinematics of the D** decay, the events exhibit an
enhancement in the AM spectra around 145 MeV. The fraction of events which is considered
as signal for this analysis is determined with a background estimator, which uses a hemisphere
mixing technique first described in [25]. In this estimator, the candidate for the slow pion is
taken from the opposite hemisphere to the rest of the candidate tracks, and reflected through
the origin before being used in the calculation of the invariant mass of the candidate. This
method ensures that no correctly identified slow pions enter the background sample, and that
the background shape does not exhibit any peaks in the interesting AM region. for this
background estimator no requirements are placed on the charge of the D candidate tracks,
except that the sum of the charges of all tracks including the slow pion candidate should be
+1. Monte Carlo studies have shown that this background estimator reliably models the shape
of the background in all five channels.
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The background is determined by normalising the estimator distribution for 0.18 GeV <
AM < 0.20 GeV (0.19 GeV < AM < 0.22 GeV for the semileptonic channels) to the sideband
of the signal distribution and subtracting the normalised background from the signal. Candi-
dates are counted within the AM ranges given in table 3.2. Monte Carlo studies have shown
that this method leads to an uubiased determination of the number of D** candidates in all

channels.

The background levels in the D® and D* channels are determined from a fit to the observed
mass spectra with an empirically determined functional form for the background. The back-
ground to the DY is described by a third degree polynomial, while for the D* an exponential
convoluted with a Gaussian function is used. Contributions from satellite decays visible in
the D® mass spectrum at masses around 1.6 GeV are accounted for by an additional Gaussian
function. A slight asymmetry in the signal is allowed for by fitting different widths below and
above the mean value. The normalisation, mean and both widths are determined in the fit.
The total background is determined by integrating the fit function over the mass windows listed
in table 3.3.

Background exists in both channels which distorts the expected signal shape. In the Y
channel the decays DY — KK~ and D® — "7~ contribute to the signal, if one of the final
stale particles is misidentified as either a pion or a kaon, thus faking a K final state. Since
ihe charge correlation between the primary quark and the reconstructed charge is broken, their
estimated contribution is subtracted from the sample. Simulated events are used to estimate
the contaminalion from Ghese two sources. They are found to contribute less than 1% to the
final sample. Backgrounds in the D+ reconstruction are the decays of the Dy meson into ¢nt
and K*PICH, both decaying into a final state K K=+, Misidentifying a kaon as a pion will shift
the mass peak to around the mass of the D* meson. Monte Carlo studies have shown that this
background contributes approximately 10% to the D' signal.

The final number of D**, D® or D* events is determined by correcting the number of
background subtracted events calculated above for these additional background contributions.
"This method has been tested using simulated events and has been found to reproduce the true
number of D mesons within the statistical precision of the test.

A potentially serious problem in all channels is the presence of background where the cor-
relation between the primary quark charge and the charge ¢ tagged by the D candidate is
preserved. These events will not be considered as signal, but they will be asymmetric in g cos ¥,
thereby introducing an asymmetry into the background. Such correlations are expected since
the sample of candidate tracks is entiched in true kaons using the dE/dz cuts described. Many
kaons are originating [rom the primary quark in the event, thereby preserving the charge cor-
relation. Similar effects are expected for leptons. These events are present at levels of a few
percent in all modes considered and are taken into account by [itting for a background asym-
metry, as described in section 3.3.3. The background asymmetries as fitted in the data are
quoted in section 3.3.4.

In table 3.5 the number of D**, D® and D* meson candidates, and the background, is shown
for each channel, with statistical errors. Altogether 24195 £ 150 D** mesons and 8439 4 132
DY and D* mesons have been reconstructed after background subtraction, over backgrounds of
24664 % 150 events and 16558 + 132 events, respectively.
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DY - Dt D*t — Drt D** —» DUyt
Ly Kot O K-ata® L K-ata—nt

™ N Ne N | N | N N,
0.2-0.3 3036 1716+ 39 10372 | 75474 87
0.3-0.4 1825 704+ 25 5131 | 2999+ 54
0.4-0.5 1251 264 £ 15 3016 | 1273+ 36
0.5-0.6 1556 411418 3636'| 1753% 40 5417 1 3312+ 52
0.6-0.7 927 169 & 11 1687 7254 26 2156 1002+ 28
0.7-0.8 520 8.+ 7 670 2634 14 908 298+ 14
0.8-1.0 i 34 .+ 4 208 L (0 - I 357 8 + 6

D* — DOt DV—» K-=nt Dt —» K-rxtgt
L K¢ty

) N:;;?d N _J_V_ﬁ?g Ncoal\).fd N, §§§ Ng’nsd N@L
0.2.0.3 2217 1058+ 33
0.3-0.4 1405 475 + 22 4102 26564162 6314 | 5300+ 72
0.4-0.5 861 212 & 15 2513 1636+ 51 4089 | 2982+ 55
0.5-0.6 829 99 + 14 1711 THQ:=E2:28 2318 | 1465+ 38
0.6-0.7 985 455 & 21 1289 6694+ 26
0.7-0.8 } 597 99 + 9 514 2244 15 672 242+ 16
0.8-1.0 224 92 . 10 266 68 + 8

Table 3.5: Number of D mesons reconstructed in the different decay modes , in bins of the effective
scaled energy of the candidates calculated from the reconstructed track momenta. Given are the
number of D meson candidates, N2, before background subtraction and the number of background
events, Nﬁ;tl . The error quoted on the estimated background is the statistical error only.

3.3.2 Charmed Mesons in ¢¢ and bb Events

In this analysis the D**, D® and D* mesons are used as tags for primary charm and bottom
decays of the Z°. Both processes are expected to contribute roughly equally to the tagged
sample, in addition to sizeable contributions from combinatorial background. Lifetime infor-
mation and jet shape variables are used to separate the different sources of D mesons. First
the level of background in the sample is determined, based on the D meson signal, as described
in section 3.3.1, and subtracted. The remaining signal is composed essentially only of ¢¢ and
bb events. Since bb events are significantly different in lifetime and jet shape properties from
other events, the fraction of bb events in the sample can be determined, and therefore the ¢
content inferred. A small contribution to the sample of tagged events is also expected from
gluon splitting processes. In this analysis these events are not subtracted from the sample, but
will be considered later as a source for a systematic error. Finally for each event a probability
is calculated whether this event is a bb or a ¢€ event. These probabilities are used in the
asymimetry fit to separate primary charm and bottom events.

In this section the details and the techniques used to derive the event probabilities are
presented. The description starts with a general introduction into the formalism used. Next
the treatment of background is discussed, and the charm and bottom fractions in the sample
are determined. Finally all information is combined in the calculation of the event probabilities.
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Definition of the Bvent Probabilities

The dominant contributions to the sample of events with tagged D mesons come from decays
of primary b or ¢ quarks. Only a small [raction of the events is expected to originale from the
splitting of a ghion into a pair of charm quarks. For the sake of simplicity this contribution is
neglected in the following discussion.

The event probabilities introduced above are calculated individually for each event from
lifetime information. They are obtained for two jets in the event, firstly the jet containing the
reconstructed D meson, referred to as the D jet in the following, and secondly the jet with
the highest encrgy not containing the D meson candidate, called the secondary jet. They are
caleulated, as functions of the D meson scaled energy, # = zp, and the decay length significance,
5, of the secondary vertex in each jet, by

(5D i pj(m) ¢ L?(I) (5D) ) L;'ec(zv l5sec)
wj (l«y ) ) dic El:bgd,c,b » (I) LP (113, 51))];7“(:1:, (5"'“)

The functions LP(z,d) and L*(x, %) are the probability density functions for the D jet
and the secondary jet for the different samples, j=bgd,b,c, calculated from the decay length
significance distributions. The functions Lygq are derived from data, as discussed above, while
the bottom and charm distributions are taken from Monte Carlo simulation. The [unctions
pi(x) = Nj(2)/Neana(x) are the total fractions of the events from the different sources in the
candidate sample. These charm and bottom fractions are calculated separately for each channel
from lifetime information and jet shape properties in bins of zp, as described below, and from
the probabilily density functions 73 (x, 6°) and L5*(x, %) and also using the output from an
arlificial neural network analysis based on jet shape information [26].

,j=bgdbc.  (3.10)

Treatment of Background

The method used to determine the level of combinatorial background in the sample has been
described in section 3.3.1. The background has contributions from events of all five Hlavours
and thus contains also lifetime information as well as typical jet shapes of heavy flavour events.
Thus for the purpose of flavour separation not only has the absolute level of background to be
known, but also the dependence of the background on the separation variable, that is, on decay
length significance or jet shape variables.

Data are used as far as possible to determine the background shapes. In the lifetime analysis
an estimator is used which is constructed from a D** background event tagged by the reflected
pion technique discussed in section 3.3.1. To increase the number of candidates an extended
window in the mass diflerence AM is used. Secondary vertices are searched for in these events
and the resulting decay length significance distributions are used to describe the expected
background shape as a function of the decay length significance. In the D% and D* channels
the decay length significance background distributions are calculated in sidebands of Mp, above
(for the D® and the D) and below (for the D*) the mass of the expected signal. The region
below the D mass cannot be used since the decay D% — K=7t#® contributes there. Details of
the selection of the samples are given in table 3.6.

The background sample used in the jet shape analysis is based upon a wrong charge tech-
nique, where a D candidate is reconstructed with an unphysical charge of £2 (e.g. a Ktnt for
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decay length significance jet shape

channel variable range estimator range estimator
3 prong

satellite AM/GeV 0.140-0.200 R 0.180-0.200 Q

5 prong

semileptonic AM)GeV 0.140-0.220 R 0.190-0.220 Q

I Mpo/GeV 1.95-2.50 S - -

Dt Mp+/GeV 1.75-1.81,1.93-1.99 S - =

Table 3.6: Summary of the different background estimators used in the seven D meson channels.
Shown is the variable in which the background is selected, the range over which events are accepted,
and the type of estimator used. For the latter, S corresponds to the correct charge selection, in the
mass range indicated, Q to the wrong charge one, and R to the reflected pion sample. Estimators are
listed for the decay length significance and the jet shape analysis.

the 3 prong channel) by combining tracks appropriately. This is done in sidebands of the AM
distribution. The reflected pion estimator has been shown in [26] to bias the jet shapes in the
secondary jet significantly and therefore is not used. The ranges for the sidebands are given in
table 3.6.

Using data estimators for the backgrounds has the advantage that small contributions from
partially reconstructed D decays, which are present in all sidebands used, are also present in the
background estimator. They therefore do not bias the flavour separation procedure. A Monte
Carlo study of the fraction of partially reconstructed D mesons in the signal region compared to
the sidebands can be found in [31] for the D** meson analysis and in [32] for the reconstruction
of the D? and D* mesons.

The distributions obtained for the decay length significance and the jet shape analysis are
used to calculate the probability functions for the background, LE;;"C‘ Monte Carlo studies
show that the decay length significance and jet shape analysis output distributions expected
for true background events are well reproduced by the distributions obtained in the background
tagged samples.

Determination of the Charm and Bottom Fractions

The determination of the fraction of the bottom and charm signal events in the total sample, py,
and p,, is presented in this section. These fractions are calculated for each channel, separately
for each bin of zp.

In the technique adopted, the bottom fraction in the sample of background subtracted
events is determined by counting the number of bottom tags present. 1f f, is the fraction of bb
events in the sample, and if Ny,_i5q events are tagged by the bottom tagging technique, f,, can

be derived from
Nb—tag i |
N, =Pt (- 1) Pe (3.11)
cand
il the tagging probabilities P, and P, are known.

The two bottom tagging techniques used are the measurement of the decay length signifi-
cance and the inclusive jet shape variables mentioned above. In the first method hadronic decays




3.3. ANALYSIS OF I'HE HEAVY FLAVOUR ASYMMETRIES USING D MESONS 39

of the 7° into bottom quarks are tagged by taking advantage of the relatively long lifetimes of
hottom-flavoured hadrons compared to light-flavoured ones. The decay length significance is
measured for the D candidate and for the background sample. The tagging probabilities Py .
are derived from the decay length significance distributions for & and bb events, as found in
the Monte Carlo simulation. An event is tagged as a bb event if the decay length significance
is larger than 8. The procedure is repeated for a value of § = 2,4 and 6, and the results are
combined taking into account the statistical correlations of the samples. This measurement is
performed in both the D jet and the secondary jet and the results are then combined

The second method uses the shapes of jets, which are expected to be significantly different
for bottom and charm jets. The shapes are measured by a set of seven jet shape variables,
containing combinations of the momenta of the particles in the jets, where both transverse and
longitudinal components are used. The shape variables are only calculated for the secondary
jet in the event, which does not contain the D meson candidate, since the D meson candidate
does introduce a significant bias into the shape of the jet which it belongs to. These variables
are used as input Lo an arlificial neural network which has been trained using data and Monte
Carlo for b/c separation. A detailed description of the variables and the method may be
found in [26,33]. The tagging probabilities P, have been calculated in [26] from data, using
samples enriched in bottom decays by the presence of a high momentum lepton. The tagging
probabilities for ¢¢ events, Pe, have been determined using Monte Carlo simulation. They are
calculated for four ranges of the output of the neural network. The number of events found in
each range is determined, and the total bb fraction calculated. The network was developed for
the analysis of D*" decays and is applied to the D** sample only.

The results of this part ol the analysis are the charm fractions in the background subtracted
evenl sawple, [o(op)ehannet, determined as a function of the scaled energy for each channel
separately. In table 3.7 the charm fractions are given for each channel, combined into two
bins of 2p. The systematic errors shown in the table are discussed in detail later. From
these numbers of f, the fraction of charm events in the signal to the total number of events
including the background can be derived through the relation pye = fo,e (1 = Noga/Neand)-
The decay length significance and the neural net output distributions are shown in figure 3.3
for the background subtracted candidate sample. The expecled distributions for c€ evenls are
superiniposed.

mumel 02<zy<04 zp > 04
r—-'fprTng 0.258+0.0204+0.027 | 0.7204:0.01740.025
satellite | 0.35840.0194:0.035 | 0.7974+0.01540.025
5 prong - 0.841+0.01740.032
electron | 0.4334:0.03840.030 | 0.8760.029+0.024
muon 0.306::0.0364-0.028 | 0.867-0.02940.026

0.3<2p <05 Zp > B.5
Do 0.36940.03440.099 | 0.78740.02640.108
D* 0.3174+0.060£0.130 | 0.81040.03540.077

Table 3.7 List of charm fractions, [, in the different channels with their statistical and systematic
errors. 'T'he results are shown for two ranges of z5.+ to illustrate the increasing charm purity with
increasing xp. Note that the zp used is the one calculated from the observed tracks, and the same
zp could correspond to a different true scaled energy of the D meson in different channels.
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Figure 3.3: (a) Distribution of the decay length significance in data (points with error bars) and
Monte Carlo (solid histogram), as reconstructed in the opposite hemisphere from the D*+ candidate.
The shaded histogram represents the distribution for cg events, as calculated in the simulation, and
normalised to the measured charm fraction in the sample. (b) Normalised distribution of the neural
network output for D** candidates (points with error bars) and the Monte Carlo distribution for all
and cC events as in (a).
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Calculation of the Event Probabilities

The measurement of the decay length significance for each event is used to determine the proba-
bilities defined in equation 3.10. In addition, the charm and bottom fractions p. and py,, derived
with b tagging methods as described above are needed to calculate the event probabilities. In
nearly all events at least one vertex is reconstructed, either in the D jet or in the secondary
jeb, from which a valid event probability can be calculated. If no vertex is reconstructed in
one of the two jets considered, an event probability is still calculated if the reconstruction was
successful in the other jet. If the vertex reconstruction failed in both jets considered, the event
based probabilitics are replaced by the mean flavour fraction, determined from the p;(z) only.
The fraction of such events is less than 1% of the total sample.

3.3.3 Determination of the Asymmetries

ln this section the method used to determine the asymmetries is presented. While the main
thrust of the analysis is the measurement of the charm forward-backward asymmetry, a simul-
taneous fit is done for both bottom and charm. At the same time the method presented allows
the measurement of the effective mixing of B mesons applicable to the mixture of B mesons
present, in Uhis sample of events. The results of the fit are discussed in section 3.3.3.

The Likelihood Function

The forward-backward asymmetry is defined as

"l do 0 do 4,
ia(ly—f_l ﬁdy

1 dg g, 0 do g3,
foSdy 7 Edy

wlhere y is the cosine of the polar angle of the outgoing fermion direction with respect to that
of the incoming fermion. In events containing a D meson, the direction y is approximately
described by y = ¢ cos(Ourst), where ¢ is the sign of the charge of the D meson’, and Oyrus; 1S
the angle of the thrust axis with respect to the electron beam. The orientation of the thrust
axis is chosen such that the scalar product of the thrust axis with the D direction is positive.

/1]:}3 = (312)

The asymmetries are determined in an unbinned log-likelihood fit to the y distribution. The
likelihood function has the form®

8 '
log £ = Z log L; = Z log(1 +y? + EA%tl’;’y.-) - Z log Ny (3.13)
i i i
where the sum runs over all candidates i. The normalisation is given by

1
; 8
NK:OI"I‘I s /1 dy a(y) i (1 + ?/2 5 gAFBObSyL (314)

"The charge of the D meson is defined as the sign of the charge of the charm quark in the quark model for
the mesou.

81lere the longitudinal component of the differential cross-section has been neglected. The correct expression
for the differential cross-section is given in equation 3.1. The effects caused by this approximation are discussed
in section 3.4.
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where a(y) is the acceptance as a function of y. From this normalisation factor Nyom solely
the term
1
8
/ dy-Arp™y
et
depends on the fit parameter. This term vanishes for an acceptance which is symmetric in y

and the normalisation does not contribute to the maximisation of the likelihood. Therefore the
acceptance is dropped from the further discussion.

The total observed asymmetry has contributions from bottom, charm and background
events, resulting in a likelihood for event 4 of

8 : ; : :
L= kgt [wh (1-2CH0) Abp +ui At +uig A]w. (319)

Here w,q, . ate the event probabilities that a D meson originates from the source indicated and
A;’g' allows for a possible asymmetry in the background. Mixing and non-prompt production
of D mesons can change the charge correlation between the primary quark and the detected D
meson in the bottom sample. These eflects are collectively described by the charge correlation
factor C} () and described below.

Background Asymmetry

The background in the sample is expected to have no asymmetry if the sign of the charge
reconstructed for the background, geand, is uncorrelated to the sign of the charge of the primary
quark, gprim, in the event. If a correlation exists between gcang and gpyim for a significant fraction
of events, the background displays a non-zero asymmetry. Monte Carlo studies show that such
correlations are expected to be present at a significant level in the different channels. These
correlations come mostly from partially reconstructed or misreconstructed D meson decays in
the background samples. These studies also indicate that the amount of correlation does not
depend on AM, Mpo or Mp+, allowing it to be measured in sidebands in AM, My and Mp+,
respectively. From the simulation it is found that typical charge correlations are of the order of
a few percent in the non-leptonic D channels, and around 10% in the semileptonic channels. A
more detailed discussion of the charge correlation can be found in [31] and [32] for the D** and
inclusive D® and D* channels, respectively. Together with the expected asymmetries for qq
events, which are below 10%, this translates into background asymmetries of typically less than
1%. Nevertheless the fit is extended to determine simultaneously the background asymmetries.
This is done by including the sideband regions in the fit. Since the statistical significance of the
events found in the sidebands is as good as, or better than, that of the candidates in the signal
region, this essentially constrains the background asymmetries to their values in the sideband,
and allows them to be included in the fit without loss of precision for the ¢ and bb asymmetry
determination. The Monte Carlo simulation indicates that the sidebands describe the charge
asymmetries to better than 0.1%, with no significant systematic effects visible. The details can
be found in [31,32]. The ranges of the sidebands are the same as those summarised in table 3.6,
but only candidates with the correct charge combination of candidate tracks are used in the
estimation.
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Determination of Cp in bb Events

The correlation between the charge of the detected D meson and the charge of the produced
quark in bb evenls can be changed by two basic processes: mixing in the neutral B sector
and the production of a D meson in b — (Ss)c, where the reconstrucied D meson contains
the charm quark produced from the virtual W. The amount of charge correlation from B%— B9
mixing depends on the proper decay time of the B meson, whereas the correlation introduced
fromn the second process does not. Small ellects are also expected from B — B mixing. In
the following paragraphs the method of measuring the amount of events with reversed charge
correlation as a function of the decay length significance is described.

The probability P(t) to find a f&g meson al proper time ¢ after a BY meson is produced and
thereby the contribution to Cp from B?—BY mixing is expected to follow [34]

P(t) = sin? (A”;"'—t) , (3.16)

where Amyg is the mass difference of the mass eigenstates of the E system. Because of the
very fast oscillations of the B? system the effects from the B—BY system are expected to show
no time dependence, within the time resolution measurable with the detector.

Since in Lhis analysis the lifetime information in the D hemisphere is nsed to help separating
bh and ¢ events, Cp has to be known as a [unction of the decay length significance. Bvents
with a large measured decay length significance are likely to be b events, and therefore will
enter in the fit with a large probability to be a bottom event. Such events are also more likely
to have undergone mixing, and have consequently a different charge correlation between the
primary b and the tagged D meson. Therelore the appropriate charge correlation factor Cp for
a certain measured decay length significance has to be used in the likelihood fit.

The charge correlation in bb events is directly measured in the sample of D** mesons used
for the asymmetry fil. For this part of the analysis only D** mesons are used because of
their lower background level compared to the DY and D* channels. The charge correlation is
measured by comparing charges in both hemispheres of the event, where the charge information
from the reconstructed D*' mesoun is used in one hemisphere, and a jet-charge technique in the
other hemisphere. Tor events, where for example the B9 meson decays directly after production
into a D meson, the charge of the jet-charge measurements in one hemisphere corresponds to
the same charge of the D meson in the opposite hemisphere, as determined from the decay
products of the D decay. This is illustrated in figure 3.4 a). On the other hand, if the BY
meson is transformed into a BY meson by mixing, then the charge of the D meson is opposite
Lo the measured jel-charge, as is depicted in figure 3.4b). Thus the charge correlation can
be calculated from the ratio of events with opposite charges in both hemispheres to the total
number of events. It is determined as a function of the decay length significance of the D
candidate and, following equation 3.16, parametrised by a function of the form

CH(0) = a' + V' sin*(vs) , (3.17)
where o, V' and v are delermined in a fit. The corresponding charge correlation function
C[)((S) =a-+ bSinZ(Ué) (318)

with parameters a and b is diluted by the imperfect measurement of the jet-charge. Cp(6) can
be interpreted as the fraction of D*' mesons with opposite charge correlation. This fraction will
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B°— B°— I@ be b)

Figure 3.4: Sketch of the method of determining Cp(d). The charges of the D decay products are
compared to the jet-charge measurement in the second hemisphere.

be denoted by r*~ in the following. Cp(d) is calculated from C}, in equation 3.17 by correcting
for the probability for a correct jet charge identification.

Equation 3.17 also has contributions from the background and from c€ events. The charm
background is suppressed by considering only events with zp.+ < 0.4 for this part of the
analysis, resulting in a bottom fraction of about 66.5% of the D** signal. In the following the
details of this charge correlation analysis and the treatment of the different backgrounds are
discussed in more detail.

Measurement of Jet-Charge Identification Probabilities The jet-charge used is defined
as a momentum weighted sum over the charges of the tracks in the hemisphere® considered [35]):

Z.N 'P,ig "

Q.C = *—_—- :
e

(3.19)

where the sum runs over the IV charged tracks of the hemisphere, py;, is the momentum compo-
nent of the track i along the thrust axis, g; is the charge of track 7 and  is a parameter which
defines a momentum weighting for each particle. The weight factor optimal for the identifica-
tion of the primary quark charge in the event has been determined to be k = 0.3 [14,32]. In
figure 3.5 the probability to identify the flavour of the primary quark correctly is shown as a
function of the weight factor « for bottom and charm quarks as determined from the Monte
Carlo. The value chosen is a compromise between an efficient charge identification for bottom
and charm events. The sign of the jet-charge Qjet is used to reconstruct the charge of the
hemisphere.

9a more proper name would thus be ‘hemisphere charge’.
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Figure 3.5: The jel-charge identification probability 7 for bottom and charm quarks as a function
of the weight factor & as determined from the Monte Carlo.

‘The jet-charge identification probability 7; for the different flavours j is defined as the
fraction of events where the charge of the primary quark is correctly identified. The jet-
charge identification probabilitics for charm and bottom events are measured in data with
event samples enriched in the different flavours.

A highly enriched sample of bottom decays is selected by identifying leptons with high mo-
mentum, p, and high momentum transverse to the jet direction, py, opposite to the hemisphere
where the jet-charge is determined. The b purity of the lepton sample is (91.2 4 2.0)% [29] for
the selection cuts of p > 2 GeV and p, > 1.3 GeV for electron candidates, and p > 3 GeV and
p > 1.5 GeV for muon candidates. From this the jel-charge identification probability in bb
eventls is determined to be 7, = 0.642 = 0.003 4= 0.013 where the first error is statistical and
the second systematic. The systematic error is dominated by the errors on the bottom purity
ol the sample and the charm background.

Decays of the Z° inlo c¢ pairs are selected by requiring a reconstructed D** meson in one of
the five chaunels in the opposite hemisphere with a large scaled energy wp-+ > 0.7. About 3500
candidate events are selected. This sample is found to have a signal purity of (72.4£1.1)% and
a chiarm purily of the D** signal events of (96.9 == 0.4 £ 2.0)% (c.f. section 3.3.2). From this the
jel-charge identification probability in € events is determined to be 7. = 0.6994-0.0100.012,
where the first error is statistical and the second systematic. Possible charge correlations in the
background are corrected for by repeating the analysis in the sidebands of the AM distributions,
analogous to the method described in the paragraph about the background asymmetry in this
section. The main systematic error is due to the charm purity of the sample, and possible
differences between Lhe charge correlation of the background and the sidebands.

Determination of Cp(d) ‘The data sample of identified D** mesons with zp.+ < 0.4 is
divided into two samples, a like sign sample, where the sign of the reconstructed D meson is
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equal to that of the jet-charge, and an unlike sign sample. 1f the charge of the primary quark is
correctly tagged by the jet-charge, mesons produced in b — (€s)c decays, and those produced
in B decays where the B meson had mixed before decaying, would contribute to the unlike sign
sample. Unmixed events would contribute to the like sign sample.

In the sample contributions are present from a variety of background processes. The com-
binatorial background has been measured as described in section 3.3.1 and is given in table 3.5.
The remaining charm contribution in the signal of the sample considered here (zp-+ < 0.4) has
been measured as described in section 3.3.2 and found to be (34.5 & 0.8 £ 2.5)%. These two
background sources are subtracted on a statistical basis from the sample Firstly the combina-
torial background is subtracted as a function of the decay length significance. The shape of this
background is estimated using the same sideband tagged events as estimator as discussed in
section 3.3.3. Secondly, the charm background is subtracted with the decay length significance
distributions taken from Monte Carlo simulation, after taking the jet-charge identification prob-
ability for charm into account. The resulting decay length significance distributions contain
only bb events. They are derived for both unlike sign events and for all candidates. The total
fraction of unlike sign events in the b sample at decay length significance § can be written as :

Ng"“ke ( 6)

Nétll((sj— =mrt(6) + (L — my) (1 — rF7(6)) = CH(9). (3.20)

Here 7, denotes the jet-charge identification probability, and r*~ is the fraction of D** mesons
with opposite charge correlation, i.e. where the B meson had undergone mixing or the D**
meson has been produced with the wrong sign in a bottom decay b — (Cs)c.

The ratio of unlike sign to all events as a function of the decay length significance is fitted
with the function Ch(d) in equation 3.17. Free parameters in the fit are the offset o/, the
amplitude O and the frequency v.

The variables o’ and 0’ depend on the fraction of D** mesons originating from b — (¢s)c
decays, B?, Bg and charged B mesons. In addition experimental resolution effects both from
the jet-charge reconstruction aud from the decay length significance reconstruction influence
these parameters. The measured parameters a’ and O’ have to be corrected for the effects of the
jet-charge identification efficiencies. From equation 3.20 by using the explicit form of 7+~ given
in equation 3.18 C},(6) can be expressed in terms of the parameters a, b and 7,. Comparing
this expression subsequently with equation 3.17, the following relations can be derived in order
to correct the parameters o' and b':

a+np—1
27]\-, -1
bl

i 2y — 17 (3.21)

The corrected parameters together with the measured frequency v define the function Cp(0)
in the asymmetry fit. That this function is able to describe the decay length significance will
be explained in the following. In analyses which aim to measure the frequency of the BO—B0
mixing and thus Amg (c.f. equation 3.16) as in [36] a function analogous to equation 3.17 is
used, but as a function of the proper time of the B hadron in the event. In the analysis presented
here in contrast the decay length significance is used since this is the variable which enters the
asymmetry fit. Although here the interpretation of the results are different than in the analyses
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of the B9~ 1Y mixing frequency, Monte Carlo studies show that equation 3.17 still provides a
good description of the decay length significance dependence of the charge correlation. Using
the bare decay length would modify the functional form of equation 3.17 due Lo the neglect of
ihe boost of the meson compared to the use of the proper time. In the decay length significance,
however, Lhe boost enters implicitly in the decay length error. For an event with a large boost
the measurement of the decay length is usually relatively poor due to the small opening angle of
the vertex tracks. The physical interpretation of the parameters a and b is as follows. The time
independent. components of the charge correlation factor Cp(d) are absorbed in the parameter
a. b denotes the ‘amplitude’ of the oscillation and therefore reflects the relative contribution
of time-dependent components in the sample, i.e. the BS amount in the mixture of Bl B¥. B?
and b — (¢s)c decays. The tolal fraction of unlike sign events can be expressed in terms of
wrong sign events in a b —» (Gs)c decay NE, coniributions from B{—B? mixing N2 and events
which have undergone 3% BY mixing NP according to

; Numhkc v 0.5NB 4+ NT NEBS .9
= N““ =1—1ny-+(2m —1) (»——~N—l?u — |+ (2m — 1)7\/? sin®(vd). (3.22)

T'he contribution from BY~BY mixing enters with a lactor 1/2, because of the very fast oscillation
of the By system. The lifetime of the Bs mesons in much smaller than the oscillation frequency
and therefore hall of the events have undergone mixing.

The distribution of the ratio of unlike sign to all events as a function of the decay length
signilicance is shown in figure 3.6 after subtraction of the combinatorial background and the
charm fraction of the signal. The dependence of this ratio on the decay length significance is
clearly visible. The fit, yields

a 0.401 £ 0.016
o 0 TFs & ~0:870
v 0.023 + 0.007

Il

Il

(3.23)

i

and the result is superimposed ou the plot. From that the parameters a and b can be derived
according to equation 3.21 to be

a = 0151 + 0.064
b = 0623 4 0.253. (3.24)

]

The errors given in equations 3.23 and 3.24 combine the statistical and the systematic compo-
nent.

To compare the result of the fit with other related measurements of the mixing in the neutral
BB system, the effective mixing parameter X.ss is derived from the fitted parameters a, b and v.
This effective mixing parameter takes into account the fact that D** samples are produced in a
mixture of B?, B, BY and b — (€s)c decays. It is found to be xer; = (19.1 £8.3)%. Moreover,
the effective mixing can be determined {rom the individual mixing in each component and the
relative importance of the dillerent contributions. In [31,37] the same quantity is estimated
from other measurements quoted in [30] to be xe;r = (17.8 4 4.3)%. Both results are in good
agreement. Note, however, that in this asymmetry analysis no knowledge of the actual physical
mixing parameter Xess is needed.
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Figure 3.6: The ratio of unlike sign to all events, after background subtraction, as a function of the
decay length significance. Superimposed is the fitted function Cjj with its error band.

The relative fractions of D” or D* mesons produced in B® and BY meson decays are different
from that of D** mesons. This is mostly due to the different dominant spectator diagrams and,
in addition, due to the decay chains of D** and D*® mesons into D? and D* mesons'®. These
diflerences have been estimated in [32]). Comparing equation 3.22 with equation 3.17 and
replacing the D** fractions by the corresponding D® or Dt values, the factors a and b can be
calculated for D° or D* mesons to be

0.151 + 0.064, o
0.235 + 0.095, bps

0.163 + 0.069
0.584 + 0.237. (3.25)

apo

il
Il

bpo

The decay length significance dependence of the charge correlation Cp () is assumed to be the
same as that for D** mesons. Because of the lifetime cut applied for the reconstruction of D?
and D* mesons (cf. section 3.3.1) in order to reduce the background, the probability for a
selected event for having undergone mixing before decaying is enhanced. The numbers given in.
equation 3.25 are corrected for this effect and the errors include the systematic uncertainties.

1Br(D** — D°X) = (68.1 £ 1.3)% and Br(D*® - D°X) = 100% (c.£. [38])
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For a comparison with the numbers of the D** sample, the effective mixing for the D° tagged
sarple is estimated 6o be xeps = (8.0 4.4)% and for the Dt sample xorp = (19.4 % 8.4)%.

Results of the Asymmetry Fit

The samples collected on, below and above the peak of the 7% resonance have been fitted to
determine Afy, and Apyy. The final probability density function used to construct the likelihood
is given by equation 3.15. The bottom asymmetry, the charm asymmetry and the background
asymmelries are free parameters in the fit. The latter are allowed to vary independently in
eanch of the seven channels considered. It should be noted that the background asymmetries
are neatly completely determined from the sidebands, and are very much decoupled from the
charm and bottom asymmetries. Typical correlations between the background asymmetries
and the charm or bottom asymmetries are below 10%.

The results of the lits are

ASy = 0.030 & 0.051 ABy = —0.086 £ 0.108  (Em) = 89.45 GeV
Ay = 0.063 £ 0.012 ABy = 00940027  (Ega) =91.22 GeV
Afy = 0158 + 0.041 Aby = —0.021 £0.090  (Fm) = 93.00 GeV,

1
|

with a statistical correlation coefficient between the bottom and charm asymmetry of —0.281
on-peak (—0.272 and --0.273 for the low and high energy off-peak points, respectively). The
centre-of-mass energies indicated are event weighted averages of the appropriate off-peak and
on-peak points [39].

The tesult of the fit for the on-peak data is illustrated in figure 3.7, where the differential
asymmetry, Adpy = (n(y) — n(~y))/(n{y) + n(~y)) is shown as a function of y, and n(+y)
are the number of candidates in the forward (backward) y hemisphere. The results are plotted
as a function of the centre of mass energy in figure 3.8. Also shown is the standard model
prediction evaluated using the ZFITTER program model [3] for a top mass of 174 GeV [30]
and a Higgs mass of 100 GeV. The correlation between Afp and ARy is illustrated in figure 3.9,
together with the predictions of the standard model shown for the asyminetries on the peak of
the Z° resonance.

"The fit has been repeated with the bottom asymmetry set to its standard model expectation
obtained for a Higgs mass of 300 GeV and a top mass of 180 GeV. The results of the fits for
the charm asymunetry are then

ASy = 0020 £ 0.049  (Eem) = 89.45 GeV
Aby = 0064 + 0012 (Egn) = 91.22 GeV
¢p=0139 £ 0039 (B = 93.00 GeV

in good agreement with the two parameter [it.
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Figure 3.7: Differential asymimetry as a function of y = qcosOpyys , for all candidates, for on peak
energies. Superimposed is the result of the fit. The one standard deviation error is indicated by the
shaded band.

3.3.4 Cross Checks and Systematic Errors

The stability of the fit procedure has been checked by repeating the analysis individually for
each of the seven channels and comparing the results. The fit results for the charm and bottom
asymmetries of the individual channels for the measurement on top of the Z°-resonance are
summarised in figure 3.10. They show a consistent behaviour.

Through the use of the event probabilities the correlation between charm, bottom and the
background asymmetries has been reduced significantly and thus the error on the heavy flavour
asymmetries minimised. The correlation between the charm and bottom asymmetries without
any event probabilities is about -53%, and can be reduced by the event probabilities of either
the D or the opposite hemisphere to about -39%, and to -28% with the information from both
hemispheres. The resulting error on the charm and bottom asymmetry has been reduced by
about 20% aud 36%, respectively by including the event probabilities of both hemispheres.
The background asymmetries as determined in the data sample from the simultaneous fit to
the signal region and the sideband are summarised in table 3.8.

Two groups of systematic errors affect the analysis. The first group is related to errors
specific to this analysis and the determination of the asymmetry. The second group concerns
errvors related to the separation of the sample into its bottom and charm components. A more
detailed description of the errors relating to the determination of the charm fraction can be
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Figure 3.9: Comparison of the measured b and ¢ asymmetries on the peak of the Z resonance with
the Standard Model prediction for a range of top and Higgs masses. The top mass is measured [2]
to be (174.1 +4.1) GeV and is varied within its errors. The central value is indicated by the square,
the inner and outer contours correspond to 39% and 86% probability, respectively. The line shown
illustrates the standard model predictions for the values (myop, Mpjggs) shown.

Centre-of-mass energy (GeV)

[Figure 3.8: Results for the b and ¢ asymmetries at energies on and around the pole of the Z resonance.
The curve shown is the prediction of the standard model for a Higgs mass of 100 GeVand a top mass
of 174 GeV. The inner error bars are the statistical errors, the outer ones the total error.
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Figure 3.10: The results for the charm and bottom asymmetries for the individual channels in percent.
The combined results are snperimposed as the hatched band. Note that the charm and botlom
asymmetry measurements are on average correlated by -28%.
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(Eem) 80.45 GeV 91.22 GeV 93.00 GeV

Systematic error source A(4gg) | A(Aps) || A(ARs) | A(ARs) | A(ASs) | A(ARg)
General errors

Sag;gk’;f;p:j“:ﬁdﬁ;fgnal 0.0009 | 0.0028 || 0.0009 | 0.0028| 0.0009 | 0.0028
Background level 0.0038 | 0.0101 0.0014 | 0.0062 0.0038 0.0113
Charge correlation 0.0010 0.0164 0.0010 0.0186 0.0028 0.0037
g — ¢, bb +0.0002 | —0.0034 || +0.0020 | +0.0034 | 4+0.0050 | —0.0001
Background asymmetry 0.0010 |  0.0023 || 0.0010 | 0.0023 || 0.0010 | 0.0023
I%fffg‘?;‘ifﬁl“;;’yfmmmy 0.0002 | 0.0001 | 0.0003 | 0.0001 | 0.0008 | 0.0001
b-¢ separation errors

Monte Carlo statistics 0.0042 | 0.0124 0.0005 |  0.0010 0.0022 0.0130
Background estimator 0.0018 |  0.0055 0.0018 |  0.0055 0.0018 |  0.0055
Charged mult. in b jets —0.0020 | +0.0095 || —0.0016 | +0.0017 || —0.0040 | +0.0100
Charged mult. in ¢ jets +0.0015 | —0.0065 || +0.0011 | —0.0012 || +0.0040 | +0.0100
Charm modelling 0.0030 | 0.0054 0.0030 | 0.0054 0.0030 0.0054
Detector response 0.0015 0.0045 0.0005 | 0.0006 0.0008 0.0022
Detector resolution 0.0011 0.0006 0.0011 0.0006 0.0011 0.0006
Heavy flavour frag. 0.0005 | 0.0015 0.0003 | 0.0005 0.0007 | 0.0015
Bottom hadron lifetime —0.0030 | +0.0075 || —0.0015 | +0.0025 || —0.0021 | +0.0072
Charmed hadron lifetime || +0.0030 | —0.0054 {| 4+-0.0012 | —0.0018 {| +0.0030 | —0.0054

[ Total 0.0087 | 0.0292 | 0.0055 [ 0.0220 0.0110 [ 0.0259 |

Background Asymmetry
3 prong +0.008 £+ 0.007
satellite +0.008 + 0.004
5 prong —0.003 + 0.006
clectron =0.00% £ . 0.019
muon +0.014 £+ 0.018
15 +0.016 £+ 0.009
D+ +0.017 £ 0.008

Table 3.8: Summary of the background asymmetries as determined in the fit.

found in [26].

The following sources relevant for the asymmetry analysis have been considered:

o Tixperimental acceptance: One of the advantages of the likelihood fit is that it is inde-
pendent of experimental acceptances. This is only true if the ratio between signal and
hackground acceptances is constant over the different cos6 regions for which they have
been determined. The influence of this assumption has been investigated by repeating the
fit with signal and background determined in only one bin of cos@. Possible deviations
from this assumption could be caused by a variation of the mass resolution with cos @,
which might affect signal and background differently. The effect is found to be small.

Background level: Uncertainties in the background fraction can introduce a bias in the
asymmetry. This has been investigated by varying the background fractions within their
systematic errors or 3%, as given in [20].

Table 3.9: List of the systematic errors contributing to the measured asymmetries of charm and
bottom events , for the three mean centre-of-mass energies investigated. A sign in front of an error
indicates the direction of change under a positive change of the variable.

e Charge correlation: The charge correlation function Cp(8) is determined from data. The
parameters of the function Cp(d) have been varied within their errors as indicated in
figure 3.6, taking the correlations between the parameters into account. Any resulting
differences in the asymmetries are quoted as a systematic error.

o Gluon splitting g — ¢¢,g — bb: Heavy flavour production in gluon initiated jets will
contribute at a low level to the sample of tagged D mesons. First measurements of this
contribution have been presented in [26,40] and found to be in agreement with current
theoretical predictions. The measured rate of c¢¢ production from gluon splitting per
hadronic event is ng_,cz = (2.38 &= 0.48)%. Systematic errors on the charm and bottom
asymmetries have been calculated by assuming that all events originating from gluon
splitting were assigned by the b/c separation to be c€ events or bb events, respectively.
The measured asymmetries have not been corrected explicitly for the effects of gluon
splitting, because the event probabilities do not provide a clear assignment of these events
to a specific flavour. By applying the lifetime method to the D jet, these events will most
probably be counted as charm events, whereas the lifetime information in the secondary
jet will preferentially assign them to the primary event flavour.

s Background asymmetries: The determination of the background asymmetries depends
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on the asswmption that the sidebands correctly reproduce the charge correlation present
iu the true background. This assumption has been checked in the simulation. Typical
charge correlations are found to be ol the order of a few percent, and diflerences between
sideband and true background below 0.1%. The observed differences are used to estimate
the systematic errors from this source.

o 1, dependence of the background asymmetries: A possible bias in the background asym-
inebries as a funclion of 2y, has been investigated by splitting the background samples into
two bins of @p and repeating the fit. The dilference has been assigned as the systematic
error. Its size is also consistent with Monte Carlo studies.

The errors considered in connection with the flavour separation are:

Monte Carlo statistics: The determination of the tagging probabilities relies partially on
Monte Carlo simulation. An error arises owing to the limited statistics of the Monte Carlo

available.

Background estimators: Some dillerences may exist between the true background and the
background estimators used. This has been estimated in Monte Carlo by repeating the
fit with the true background.

e lleavy flavour multiplicity: The multiplicity for heavy flavour decays in the Monte Carlo
has been varied by reweighting simulated events, corresponding to the current experi-
mental uncertainties of :-0.5 tracks in bb events and £0.2 tracks in € events [41]. The
systematic errors of the olf-peak measurements are greater because they contain a statis-
tical component.

e Charm modelling: The modelling of the shape of charm jets, their multiplicities and
momentum (low, is another important source of systemaltic error in the jet shape analysis.
This error also includes effects due to possible differences between data and simulation
in the decay length distribution of jets originating [rom charm quark decays, not already
covered by the other charm modelling error. This latter part of the error has been
calculated by repeating the analysis after determining the charm decay length distribution
nearly entirely from data. This is possible, since the decay length significance distribution
of the candidates, of the background and of the bottom jets are known. The observed
differences in the asymmetries are used as systematic errors.

Detector response: Non-uniformity of the detector response as a function of cos@ gives
rise to this error. This error is present only in the jet shape analysis.

e Detector resolution: The resolution of the track parameters in the Monte Carlo is varied
by +5%.

Ileavy flavour fragmentation: The parameters for the charm and bottom [ragmentation
function are varied within their experimental limits [41] of ¢ = 0.035 = 0.009 and €, =
0 00244-0,0023

. —0.0006

Bottom hadron lifetime: The B-hadron lifetime used in the Monte Carlo samples has been
varied within its current experimental error. For the flavour separation performed in the
hemisphere opposite to the D mesons, the mean lifetime of bottom hadrons as measured
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at LEP has been varied by £0.021 ps. In the D hemisphere, the individual B hadron
lifetimes have been varied independently by 40.07 ps for the B*, +0.08 ps for the B?,
and #0.12 ps for the B? [30].

o Charm lifetime: The lifetime of the weakly decaying charm hadrons D® and D* has been
varied independently by £0.004 ps for the D°, and + 0.015 ps for the D* [30].

A list of all systematic errors considered is given in table 3.9.

3.3.5 Results and Summary

The forward-backward asymmetries of the processes ete~ — ¢¢ and e*e™ — bb have been
measured using 32634 4 200 D**, D® and D* candidate events containing 28261 signal events
on the peak of the Z° resonance, 1762 events below and 2611 above the peak of the resonance.
The results of the fits with both the b and the ¢ asymmetries as [ree parameters are

<5 = 0.039 £ 0.051 & 0.009  AB, = —0.086 £ 0.108 + 0.029  (Esm) = 89.45 GeV
ASp = 0.063 4 0.012 4 0.006 Ay = 0.094 & 0.027 £ 0.022  (Eun) = 91.22 GeV
AGp = 0.158 + 0.041 £ 0.011  Abg = —0.021 £ 0.090 £ 0.026  (Eum) = 93.00 GeV

|

with a statistical correlation coefficient between the bottom and charm asymmetry of —0.281
on-peak (-0.272 and —0.273 for the low and high energy off-peak points, respectively). These
results are in good agreement with the OPAL measurements using high momentum leptons [29]
and other measurements at LEP [42].

3.4 QCD Corrections

In order to interpret the measurements of the forward-backward asymmetries in terms of the
Standard Model, the elementary electroweak process has to be separated from the effects of
the strong interaction in the final state, as already mentioned in the beginning of this chapter.
Analytical calculations for the QCD effects of the asymmetries are available in first order and as
a second order estimate. The results of these calculations, however, cannot directly be applied
to the measurements, because the amount of QCD corrections actually seen in the analysis
depends significantly on the details of the analysis. The experimental bias introduced by the
tagging of heavy flavour events and other analysis techniques can be evaluated with Monte
Carlo simulations. This procedure and a comparison of the analytical calculation with the cor-
responding values for the QCD corrections from different Monte Carlo generators is described.
and the estimate for the QCD corrections for the three OPAL analyses are summarised.

3.4.1 Introduction

QCD effects modify the individual cross-sections in the production of qq pairs in ete~ — qq and
therefore the measurements of the forward-backward asymmetries. In addition to the diagrams
depicted in figure 3.11a), graphs including vertex correction and gluon bremsstrahlung (fig.3.11b
and c) contributes to the process. This results in a change of the direction of the final fermion
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Figure 3.11: Feynman graphs of the process ete” = qa(g)

and thereby alfects the forward-backward asymmetry. The angnlar distribution of the decay of
a spin one boson into two spin 1/2 fermions was given in equation 3.1. As can be directly read
oll from equation 3.5 there is no contribution from the axial-vector current to the longitudinal
cross-section, and the vector current contribution vanishes for massless quarks. Therefore the
longitudinal component of the cross-section is expected to be very small. IHowever, in the
presence of gluon radiation in the final state the relative contributions of the different cross-
sections are modified. According to equation 3.4 this implies a change in the forward backward
asymmetry. Tu particular the longitudinal cross-seclion increases and is no longer negligible.
This can be understood intuitively for example for the case of the longitudinal cross-section.
For massless quarks the quark has to be lefthanded and the antiquark righthanded, thus a
longitudinally polarised 70 boson cannot couple to massless quarks and the contribution of
the longitudinally polarised cross-section vanishes. Tn the presence of an additional gluon
in the final state the spin states of the quarks and the gluon can be adjusted such, that a
longitudinal polarisation of the final state is allowed even for massless quarks. A summary of
the coutributions of the various quark current products for the pure electroweak process and the
quark production including gluon radiation is given in table 3.10. The ry 1, parameters in table

etem = qg | ete” — qq(g) (incl. vertex corrections)

oy | voyy+vdoan (v+ 2rf)ovy + (V¥ + 2r{)oan
oL Supoyy (up® + (2r))ovy + 21i)oan
oF viova (V2 + 21y )ova + (221R) oy,

Table 3.10: Overview of the polarised cross-sections in terms of the quark current products for the
pure clectroweak process and the case where QCD corrections are included.  Here g = 2mq/V/s
denotes the quark mass in units of the beam energy, v is the velocity of the quark and the coefficients
Ty, parametrise the QCD corrections for the various polarised cross-sections. The quark current
products are given in equation 3.6 and the explicit form of the additional term of the cross-section op

to g 168 e L'z -1
18 OV/\"\_/%qeqch[‘/\sz p

3.10 are independent of the quark flavour, but they are functions of the quark mass . In the
high energy limit or for massless quarks the r-parameters for the total cross-section, 7y and r,,
both the vector and the axial-vector parts, are unity, whereas the parameters rp vanish. This
can be interpreted such, that the main effect of the QCD correction for the forward-backward
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Figure 3.12: Pictorial representations of the different topologies which can influence the asymmetry.
For each figure the direction of the tagged particles is indicated by the thin arrows, the gluon direction
by the curled line, and the thrust direction by the thick arrow. (a) No gluon radiation: thrust direction
and quark direction are equal; (b) ‘Soft’ gluon radiation: The thrust direction is a good estimator
of the primary qg direction, and the charge of the primary quark is unambiguously related to the
charge of the tagged particle in the hemisphere; (c) ‘Hard’ gluon radiation: The thrust direction is no
longer a good estimator of the primary quark direction, and no charge information is contained in the
hemisphere.

asymmetries (c.f. equation 3.4,3.5) results from a change in the normalisation, whereas the
cross-section oy itself is nearly unaffected.

Experimentally the direction of the outgoing fermion is not measurable. It is approximated
in the measurements presented in this thesis by the thrust direction. The orientation of the
thrust axis is chosen such that the scalar product of the thrust axis with the momentum of
the direction of the quark is positive. This direction is modified by QCD effects. In figure 3.12
some of the topologies in lowest order which might influence the asymmetry are shown. For
soft, gluon radiation, as depicted in figure 3.12b) the direction of thrust axis in essentially unaf-
fected, whereas the direction of the primary quark after gluon radiation is changed. The main
contribution to the QCD correction results from hard gluon radiation, where the two quarks
are recoiling against the gluon into the same hemisphere. For those events any information
about the asymmetry is lost and the measured asymmetry in these events is zero. Therefore
the QCD correction determined for the thrust axis as the reference direction is expected to be
smaller than the QCD correction based on the direction of the quark after gluon emission. In
addition to these perturbative QCD processes, effects like hadronisation may also influence the
direction of the hadrons compared to the direction of the partons and thus contribute to the
QCD correction.

The measured asymmetry is therefore an effective asymmetry, which has to be corrected
for the effects described above to get the bare asymmetry, resulting from the direction of the
primary quark, A%y, according to

AT ST < 69048 (3.26)

Equation 3.26 is true quite generally as long as no experimental effects are taken into account.
Experimental effects are, for example, the event selection, finite acceptances or the method
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itsellf used Lo determine the value of the asymmetry. Such biases might change the €17(‘ of the
QCD corrections and thus the observed asymmetry significantly relatively to AF . This is
parametrised by an experimental bias factor B defined by

AR = (1 — B§ACP) Al (3.27)

Il is this QCD suppression or bias factor B which is different for the individual analyses.

In the following scclions the theoretical cstimates of the QCD corrections will be sum-
marised. For comparisons generalor studies are performed. The analytical calculations will be
used as a basis for the QCD corrections quoted in this section. With the help of the Monte
Carlo generators the effects of hadronisation are estimated. Subsequently a method (o evaluate
the experimental effects on the QCD corrections is explained and the corresponding bias is
determined for the three OPAL forward-backward asymmetry analyses described in section
3.2 and 3.3. Finally the results are summarised.

3.4.2 Generator Studies and Hadronisation Effects

A uumber of analytical calculations exist which predict the QCD eflects for the heavy quark
forward-backward asymmetries [43,44]. In most cases the correction quoted is that between the
asymmetry determined [rom the primary quark direction and the asymmetry using the quark
direction at the end of the perturbative phase (‘after gluon radiation’). In [43] a correction is
also quoted relative to the thrust direction, calculated using all partons before hadronisation.
The calculations in [43] are to first order in e, while in [44] some results are given to order
2. In this note the results from the first order calculations are used, while the results from [44]
are used to estimate the error made by neglecting higher order effects.

T'hese analytical calculations for the QCD corrections, based on perturbative QCD, are
performed for the partons afler the perturbative phase. In order to apply these results to mea-
surements, the changes due to non-perturbative eflects like hadronisation have to be taken into
account. The difference between the asymmetry calculated from, on one hand the thrust axis
build from partons and, on the other hand, from all stable particles, is accessible only through
Moute Carlo models. In the following section a comparison between the results from analytical
calculations and Moute Carlo generators is performed and the effects of the hadronisation is
estimated by comparing different Monte Carlo models.

QCD correction factors dyc are evaluated from Monte Carlo models for the following levels:

. 3;\‘,;'&“", calculated using the direction of the quark after the perturbative phase,

6,';%” calculated using the direction of the parton-level thrust axis onented according to

the direction of the quark,

o T calculated using the direction of the thrust axis from all stable particles (including

neutrinos), oriented according to the direction of the weakly decaying hadron containing
the quark.

The QCD correction [actors dyve are calculated by comparing the values for the forward-
backward asymmetry using one of these directions with the direction of the primary quark
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before gluon radiation. The definition used for the asymmetry in this context is

ngy —ny

App = (3.28)
where ny,n, are the number of events counted in the forward and backward hemisphere, re-
spectively. The hemispheres are defined by the direction of the quark or the thrust axis at
the appropriate stage in the fragmentation, relative to the direction of the incoming electron.
This definition has the advantage that it is independent of the exact shape of the underlying
differential cross-section. The number of events in the forward or backward hemisphere before
and after QCD effects are highly correlated. These correlations are taken into account when
calculating the error on the correction. Iivents where a gluon splits into a pair of heavy quarks
will also influence the observed asymmetry. Such events have a high probability to be tagged as
a heavy flavour event, however they do not contribute to the asymmetry. These types of events
are explicitly considered in the individual analyses and are excluded from the calculation of the
theoretical QCD corrections and from the Monte Carlo studies.

The analytical calculations for the QCD correction are summarised in [45]. The estimates of
63‘&';‘ and 68“(';2)[ can be directly compared to the results obtained with Monte Carlo simulations.
In tables 3.11 and 3.12 the results of the analytical calculations for bb and cG events, respectively,
are compared with the results obtained using standard JETSIET 7.4 Monte Carlo [10] or different
versions of JETSET and HERWIG [11] tuned by ALEPH, DELPHI, L3 and OPAL. The tuned
generators include an up-to-date description of the production and decay of b and ¢ hadrons
together with an improved description of global observables. Also shown are results for the
shape parameter a introduced in equation 3.3.

In general, for the corrections to the asymmetries the agreement between analylical cal-
culations and generators is poor when the quark direction is used (more than 30% difference
in one case) while there is a much better agreement when the thrust axis is used (below 10%
discrepancy). Qualitatively this pattern is expected since in a parton shower simulation many
more gluons are radiated than in a fixed O(a?) calculation. For bb -events the shape parameter
a is well reproduced by the simulation. This is not the case for ¢€ -events at the quark level.
The relatively good agreement between Monte Carlo models and analytical calculations for the
thrust direction encourages the use of the simulation to estimate the suppression factor of the
QCD corrections induced by experimental techniques.

Tables 3.11 and 3.12 show that the predictions of the various versions of generators have
some spread. Even the same generator with different, tunings yields different results for 5™
and JPMT (up to 13% discrepancy). One of the possible sources of difference between dlfferent
tumngs is the cut-off chosen for the energy of gluons emitted in the parton shower. The spread
is slightly smaller at the hadron level, 6MC where the simulation programs are tuned to the
experimental data.

It is especially interesting to compare the results from the two Monte Carlo generators,
HERWIG and JETSET, because two different approaches are used to incorporate the frag-
mentation process. Therefore the effects of the hadronisation process in both models are not
necessarily expected to be the same. In HERWIG a cluster hadronisation model [49)] is realised.
After the perturbative phase all gluons are split non-perturbatively into light qq pairs. Then
the quarks are combined through colour lines into ‘clusters’, i.e. such that they form a colour-
singlet. The mass distribution and the spatial size of these clusters peak at low values and
fall rapidly for larger cluster masses and sizes. Subsequently the clusters either decay into two
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hb events (5;‘/}'8”([%] J;Tg"r (%] (5}:‘5'1‘[%] a;u‘érk a{f}g"r a:dag'T

[ JETSET 7.408 T [3.954+002 [ 317+£002 [ 294£002 | 0.89 0.95 0.96

CALEDLL JETSET [46] | [ 3.84 4 0.09 [ 3.07 £0.04 [ 2.79 +0.08 0.90 0.96 0.98 ]
DELPHT JIETSET [47] 1 | 4.38 £ 0.03 | 3.43 £ 0.03 | 3.06 & 0.03 0.88 0.95 0.95
L3 JETSET [48] 3.98:£0.06 | 3.15 + 0.06 | 2.89 + 0.06 0.89 0.95 0.98
OPAL JETSET [11]) { [ 4.020.18 | 3:04£0.19 | 3.02£0.20 0.89 0.95 0.95
OPAL HERWIC [11] 411 +0.14 | 2.86 +0.13 | 2.75 4 0.14 0.90 0.95 0.99 |

e %) | dby 1) o | obey

Theory 3304 0.37 [ 319 £0.33 0.91 & 0.02 | 0.95 £ 0.01

Table 3.11: Different values of dgep in % (see equation 3.26) and a (see equation 3.2) for bb events.
The line quoted as JETSET 7.408 is obtained using the JETSET generator with default tuning. All
the other lines correspond Lo results obtained with generators tuned by the LEP experiments. The
lines quoted with a 1 are used in table 3.13 to estimate the reference values of the QCD corrections
at the level of the hadrons [45]. T'he stalistical errors on a obtained with the generators are negligible
compared to the theoretical errors and therefore are not quoted. While the values of the shape
parameter a are nol used for the final correction, they provide an additional test of the agreement
between the Monte Carlo and the analytical calculations.

€ events sinarkiog) | opartTiog) | shadT o) afiy* aie” | et
[ JETSET 7.408 549+ 0.04 | 3.95+0.04 | 3.51 £0.04 0.85 0.95 0.95

DELPIT JETSET [47]f | 5.74 4 0.03 | 4.12 % 0.03 | 3.65 + 0.03 0.85 0.95 0.95

OPAL JETSET [11])f | 495+ 0.18 | 403 £0.18 | 3.80 £0.19 0.86 0.96 0.96

OPAL HERWIG [11] | 4.7540.17 | 3.18 £0.16 | 3.26 £0.17 0.87 0.97 0.97
E et | ot -

Theory T18£0.69 | 3.92+0.68 0.91 +0.02 | 0.95 £ 0.01

Table 3.12: Different values of dgcp in % (see equation 3.26) and a (sce equation 3.2) for ¢ events.
The line quoted as JETSET 7.408 is obtained using the JETSET generator with delault tuning. All
the other lines are calculated using generators tuned by the LEP experiments. The lines quoted with
a T are used in table 3.13 to estimate the reference values Jgt‘;r’;"‘.

hadrons, where an additional quark/antiquark-pair ¢ and the spin states of the decay products
are chosen randomly, or, il the cluster is too light for further decays, the mass of the cluster is
shilted to the appropriate value by an exchange of momentum with the neighbouring cluster
in the jet. The JETSET Monte Carlo adopts the Lund string fragmentation scheme. The idea
of this generator is, that a ‘string’ is spanned from the quark to the antiquark, as they move
apart, storing the potential energy of the colour-field. For highly virtual quarks the string may
break into two parts by creating a qg-pair. The production of qg-pairs alter string break-ups
is an ileralive process, which continues until only on-shell hadrons remain. For generating the
quark/antiquark-pair after breaking the string, the process of quantum mechanical tunnelling
is adopted. This leads to a suppression of heavy quarks in the fragmentation process, propor-
tional to exp(—u?), where g is the quark mass. Within the string model no implicit predictions
are made for the spin states of the mesons produced. They have to be put in by hand, usually
assutiing a ratio of 1:3 for the production of pseudo-scalar and vector mesons, as suggested by
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the naive counting method.

Comparing the estimates of Jﬂ‘ét‘Twith 6,’;’3'1'indicates that the change from the parton level

thrust to the hadron thrust decreases the QCD corrections significantly. The source of the
decrease is the hadronisation as well as the decays of b and ¢ hadrons, although the latter have
a smaller effect. Both processes result in a poorer estimate of the thrust compared to the quark
direction. It is interesting to compare the effects of the hadronisation predicted by the two
different Monte Carlo generators with the spread of the results within the JETSET model, but
with the various tunes of the LEP experiments. It turns out, that the differences because of the
Monte Carlo tunes exceeds those due Lo the two generators, which have a principally different
implementation of the fragmentation process. A possible explanation could again be the cut-off
parameter chosen by the experiments in their tune. On the other hand the similar results for
the hadronisation effects in the JETSET and HERWIG model confirm that the estimates of
the hadronisation effects, although based on phenomenological models, are reliable.

The final QCD corrections, 68??,’;, are obtained from the analytical calculations on the
parton level thrust [45] and the Monte Carlo prediction for the hadronisation effects as

had, T __ gcpart,T had,T part, T
dacp = doen +<‘5MC = e > )

where 6;\‘,{“3'7' — 6 'T> is the average of the diflerences between the QCD corrections at hadron
and parton level based on the JETSET estimates quoted in Tables 3.11 and 3.12.

The uncertainties for the parton level corrections are those given in tables 3.11 and 3.12. In
addition the full difference between the parton level and the hadron level correction as predicted
by the Monte Carlo is taken as the systematic error. The values for the final correction, including
its error, are listed in Table 3.13.

bb events cC events
(e - ope™) %] | 028 ~0.35
e (%) 2.96 4 0.40 | 3.57 + 0.76

Table 3.13: Estimated value of Jg"}d,’;r . The average value of <6;',[“g”r - 6{’4"3'T> is obtained using
the results quoted with a { in tables 3.11 and 3.12.

3.4.3 Experimental Bias

Experimental biases in the asymmetry measurement can be introduced by the detector and
by the selection procedure used in the analysis. Detector effects are already considered in the
OPAL analyses, and systematic errors are given for this. The most important detector effect is a
possible charge asymmetry of the detector, an effect which is most significant for the jet-charge
analysis [14]. Experimental selection biases can also change the size of the QCD corrections, in
most cases decreasing the actual size of the correction. This depends entirely on the details of
the analysis and the cuts used, and therefore has to be evaluated individually for each analysis.

‘The dominant part of the QCD corrections comes from the type of events shown in fig-
ure 3.12(c), where a hard gluon is emitted, recoiling against the ¢ system. As stated earlier,
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Figure 3.13: Dependence of the QCD correction of the charm forward-backward asymmetry in charm
events tagged by a D mesons, as a function of the scaled energy of the D. This study is the result of
~

a generator level Monte Carlo.

such events have no measurable asymmetry if the thrust axis is used as a direction estimate.
On the other hand the selection of such events is suppressed if, for example, high momentum
leptons or D mesons are selected. The fraction of events of type (c) therefore will be reduced
in the sample used to measure the asymmetry, and the QCD correction in this sample will be
smaller than naively expected. This is illustrated in figure 3.13, where the QCD correction is
shown as a function of the scaled energy xp = Ep/Fheam 0f the sclected D meson in ete™ — T
events. For high energy D mesons the QCD corrections essentially disappear.

Other important effects are introduced by the fitting method itself. In the OPAL analyses
the asymemeiry has been fitted using equation 3.2 with a = 1. However, Monte Carlo studies
and the theoretical estimales (c.[. tables 3.11 and 3.12) show that a diflers from one by around
—5%. Iitting with a = 1 biases the measured asymmelry, decreasing the QCD corrections
by avound 14%. It is therelore very important that the final bias is evaluated using as far as
possible the same methods as were used in the actual analysis. The bias due to the fitting
method is absorbed into the experimental suppression factor B.

In the following two scctions the evaluation of the experimental bias B is described for
each heavy [lavour asymumnetry analysis done at OPAL. In all cases a fit is done to the angular
distribution of the thrust axis, closely following the original analyses. I'rom this the observed
asymmetry is extracted. A similar fit is performed to the angular distribution of the primary
quark/anti-quark pair, and the bare asymmetry is determined. DExactly the same sample of
events is used for this second fit. From this the ratio Ags/A%, is calculated. Similarly, us-
ing Monte Carlo events, but this time without taking detector effects into account, the ratio
AbT A8 s calculated. Again the same events are used in calculating the ratio, thus min-
imising the statistical error. Note however that the events used to calculate the first and the
second ratio are not identical. The experimental bias is defined in terms of these double ratio
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Achs det Ah‘ad,T
B= (1 - A§B> -t : (3.29)
FB/ MC FB MC

The superscript ‘det’ indicales that these variables have been evaluated including experimental
effects. The full QCD correction is determined by multiplying the analytical prediction for
the QCD correction given in the previous section with the bias, égep = Bag“g,g", according to
equations 3.26 and 3.27.

of asymmetries:

The Lepton Analysis

In the asymmetry analysis using lepton tags the lepton selection and separation into a prompt
b — I~ component, a prompt ¢ — 1" component, and background is made using several neural
nets. Instead of cutting on several quantities the analysis uses the output of two neural networks
as discriminators. Individual events are weighted by these net oulputs, and the asymmetry is
extracted from a binned likelihood fit to the differential asymmetry distribution. The details
of this weighting method can be found in [16].

The experimental bias from this method is calculated by repeating these steps for Monte
Carlo events. However the method has been slightly simplified:

e Since the analysis is only done on Monte Carlo, it is possible to restrict this study to
the flavours under consideration, i.e. to bb events to extract the bottom asymmeltry and
to € events for the charm asymmetry. The neural nets therefore are not needed for the
flavour and the signal to background separation. They are only needed insofar as they
bias the event selection. Therefore a coarser binning in the net output distributions has
been used.

o Similarly the fit in gcosf/, where g is the charge of the lepton, has been simplified. The
complete likelihood expression given in [16] is replaced by a simpler one without back-
ground contributions. The fit itself is done as a x? fit instead of the likelihood fit.

It has been verified that these approximations do not significantly influence the results for the
experimental bias within the quoted statistical errors.

In figure 3.14 the QCD correction including all experimental biases is shown for the lepton
sample, as a function of the output of the neural net. The final QCD correction is calculated
by the weighted average of the QCD corrections as a function of the neural net outputs. The
results are summarised in table 3.14. Typically the lepton analysis is sensitive to less than 70%
of the underlying QCD corrections. The error on this bias factor is dominated by the statistical
precision of this determination. Systematic errors of the hadronisation model etc. are already
included in the original analyses.

The D Meson Analysis

Similarly to the previous method, the analysis of the charm and bottom asymmetries using D
mesons relies on an event weighting method to separate background, ete~ — bb and ete~ — ¢g
events.
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Figure 3.14: QCD correction including all experimental biases for the lepton sample in bottom events
as a function of the output of the neural network.
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Figure 3.15: QCD correction including all experimental biases for the D meson sample in ete™ — bb
events as a function of the scaled energy of the D meson as determined from the JETSET Monte
Carlo.

The actual weighting and fitting method is a slightly simplified version of the one described
in section 3.3 and [50]. There a two dimensional weighting method has been used based on
lifetime information and the scaled energy, zp, of the candidate. Again, since here Monte
Carlo evenls arve used for this study and no separation between the different signal sources is
needed, and only the energy dependence is relevant. Therefore weights have been calculated as a
function of zp only, and the bottom/charm separation is made using Monte Carlo information.
It has been checked that this simplification introduces negligible effects in the determination
of the QCD correction. In figure 3.15 the QCD corrections, including all detector biases, are
shown as a function of zp.
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The final QCD correction is calculated as the weighted average of the QCD corrections
shown in figure 3.15. The experimental bias is calculated in the same way as described before.
The results are summarised in table 3.14. The error on the experimental bias is again dominated
by the available number of Monte Carlo events.

The Jet-Charge Analysis

In the OPAL measurement of the bottom asymmetry using jet-charge, corrections are given
to derive the quark level asymmetries from the measured ones. They include experimental
biases as discussed in this note. The error quoted includes the theoretical uncertainty from the
underlying QCD correction and a 50% error on the difference between the quoted bias and the
fully observed QCD correction (B = 1) has been assigned. The error on the experimental bias
factor is again dominated by Monte Carlo statistics. The results are summarised in table 3.14.

f jet-charge l lepton D
ete™ — bb
bias B +0.36 £ 0.32 +0.692 +0.133 +0.295 + 0.126
dgcp | +0.0103 = 0.0012 + 0.0050 | +0.0197 =4 0.0025 + 0.0038 | +0.0084 £ 0.0011 + 0.0036
ete” = cC
bias B -+0.366 + 0.081 —0.061 & 0.087
dgcp +0.0117 £ 0.0021 4 0.0026 | —0.0019 + 0.0004 =+ 0.0028

Table 3.14: Table of experimental biases and final QCD corrections dgcp for ete™ — bb and
ete™ — T events for the three OPAL asymmetry analyses. The first error quoted is the theoretical
error of the underlying QCD correction, the second one is dominated by the statistical precision with
which the bias has been determined.

3.4.4 Results and Conclusions

The final results for the bias and the QCD corrections are summarised in table 3.14. The QCD
corrected asymmetries are given in table 3.15 for each of the three analyses and the three energy
ranges considered.

3.5 Combination of the Analyses

The three analyses are combined with the method of Best Linear Unbiased Estimate (BLUE)
[51]. The averaging procedure is similar to that used by the LEP electroweak working group,
which is explained in detail in [52]. Statistical as well as systematic correlations are taken into
account.

The covariance matrix can be written as:

C = Cata.t s Csyst (330)
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L 89.44 GeV 91.21 GeV J 92.91 GeV

ete™ = bh

jetcharge [ 0.041 4 0.021 £ 0.0024 | 0.1004 - 0.0052 £ 0.0045 | 0.146 =& 0.002 £ 0.007

lepton | 0.035 -L 0.017 4 0.020 | 0.091040.0044 £ 0.0020 | 0.107 = 0.014 4 0.004

D 0.087 == 0.108 k: 0.029 | 0.095 - 0.027 £ 0.022 | -0.021 4 0.090 + 0.026
ete” = c¢

lepton | -0.069 L 0.024 £ 0.005 | 0.0595 = 0.0059 £ 0.0056 | 0.156 = 0.020 £ 0.010

D 0.039 4 0.051+ 0.009 | 0.063 + 0.012 + 0.006 | 0.158 4 0.041 +0.011

Table 3. 15: Table of the final QCD corrected asymmetries for ete™ — bb and ete™ — ¢&. The errors
shown are the statistical error and the total systematic error.

In the following scctions the determination of the statistical correlation between the measure-
wents is described and the correlation of systematic errors are discussed.

Statistical Correlations

Iu order to extract the statistical correlations between the different measurements of the heavy
flavour asymmetries first the stalistical overlap of the three samples is determined. The total
number of events used in the different analyses and the number of events which are tagged by
more than one analysis are summarised in table 3.16.

lﬁlmplc [ lepton D meson | jet-charge
lepton 512125 16235 98806
DD meson 73856 19301
jet-charge | 353085

Table 3.16: In the diagonal the number of events used for the individual asymmetry measurements
are given, whereas in the ofl-diagonal the number of events which were used in two of the analyses are

quoted.

Each of the samples has a specific signal to background ratio and flavour composition due
to the different flavour tagging techniques. The errors for the asymmetry analyses of the
events cornmon to more than one sample can be estimated by using these signal to background
numbers, the contributions of the various flavours in the sample together with the statistical
overlap given in table 3.16. From these numbers the correlation matrix of the five measurements
of the heavy flavour asymmetries can be calculated and is given below.

Systemactic Errors

The systematic covariance matrix, C%%, can be calculated from the detailed breakdown of
systewatic errors given in table 3.18. The diagonal element, CJ, is the square of the total
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| (Aadi (sl (Ao (5o (Al)]
(A%5)iep 1.00 o7ay foio2: Lo 0.16
(AL )iep 0.17 100 0.01 0.04 0.02
(APy)p 0.02 0.01 1.00  -0.27 0.05
(A%p)p 0.01 0.04  -0.27  1.00 0.03
(AP)iq 0.16 0.02 005  0.03 1.00

Table 3.17: Statistical error correlation matrix of the charm and bottom asymmetry measurements
of the three analyses.

systematic error for measurement 7. If the signed systematic error on result r# due to a source
of systematic uncertainty p is written as s;(p), then an off-diagonal element is given by:

3 q .
Cr =Y sip)s;(o), (3:31)
P
where the sum is over all sources of uncertainty, p, which are correlated between results i and
7
A detailed listing of the correlated and uncorrelated systematic errors for the measurement
on the Z° pole is given in table 3.18. For the measurements in all three energy ranges considered
the sum of correlated and uncorrelated statistical and systematic errors are summarised in table
3.19. More details about the individual systematic errors of the measurements above and below
the Z° resonance can be found in [14,50].

Results

Combining the measurements of the OPAL bottom and charm asymmetries with the averaging
procedure described above yields the following results:

Apg = 0.039 £ 0.014 A%y = —0.046 + 0.022 (Eem) = 89.45 GeV
AR = 0.0951 £ 0.0040 A%y = 0.0605 + 0.0067 {Eem) = 91.22 GeV
Apg = 0120 £0.021 A%z = 0.152 4 0.020 (Eem) = 93.00 GeV

The correlation matrix of the combined results for the three energy ranges of the bottom and
charm asymmetries is given in the table 3.20. The results for the measurement on the Z9 pole
and the correlation between the bottom and charm asymmetries of the individual measurements
are visualised in figure 3.16. The results are compared with the predictions of the Standard
Model, where the top mass is varied within the experimental errors and a Higgs mass range
from 90 to 260 GeV is considered.

3.5.1 Interpretation of the Results
Energy Dependence

The energy dependence of the forward-backward asymmetries in the Standard Model is deter-
mined by the interplay of the y- and Z'-exchange. In addition to the 7~ and Z’-exchange -
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ol o afl 2 2| e 4
218 88 ¢z s g
L. %o o ~ | o = é
“ Lepton D meson Jet-Charge Al egteliTe g sl 8 el & g
T Abp | Abg Ay 3 it Sl el RO TR e

ey statistical errors al @ 5l 2 3 8| 3 g =
1 statistics 0.0044 0.0059 0.027 | 0.012 0.0052 gliuer el 2 8 8| 8| ¥
“slatistics uncorrelated 0.0051 0.0061 0.041 | 0.014 0.0065 B Rl Tt
statistics correlaled 0.0087 0.0232 0.036 | 0.023 0.0087 sl e 2| 3 E g 8 §
systematic errors gleguc = Sugmoe =
| total systemadics [ 00020 | 0.0056 ]0.0055 | 220 [ 0.0044 g
i = individual systemalic errors e & § § g § g § 9
Monte Carlo Statistic 0.0008 0.0010 [ 0.0010 | 0.0005 0.0008 a3l o 3| sl 2 2| 2| g
Conversion [raction 0.0000 0.0003 o T I 8
Muon Decay [raction 0.0000 0.0000 v ;?; 2. Bl § § § E
Net Source dependence 0.0002 0.0013 g e el 8sle 5 8
Tracking Resolution 0.0006 0.0000 g = laEan e = o =
Theta dependence 0.0008 0.0019 = S’) = ﬁ % g "g § g
Lepton background asymmetry 0.0000 0.0026 a2 =l =l e elsl g
Br(b — 1) 0.0001 0.0015 il @ el & = Bl @l
Br(b — ¢ — 1) 0.0002 0.0010 H Yz 2ala 8§/ =
Be(b— € - 17) 0.0002 0.0023 sl e o el e of el ®
Br(b — 7 - 1) 0.0001 0.0009 T T | e S
Br(c - 1) 0.0003 0.0020 S35 8|8 38 3
Sewilept. model b — 1= 0.0001 0.0020 | 9 =S| [T o= e s
Semilept. model ¢ — 1T 0.0007 0.0008 i e elesiaatites 1 s f
Time dependenl mixing 0.0004 0.0004 Sl s 8| 8 § § E 2
Jet-charge hemisphere correlation 0.0013 o e e I e §
Jet-charge rhos 0.0012 a ol 8 g 2l g gl 8 E)
Detector modelling 0.0008 | 0.0012 0.0030 S T e 8l 8| 8 8| 8| §
D*F charm modelling 0.0054 | 0.0030 P s e e
D** background acceptance 0.0028 | 0.0009 wil @ 9 2 T 8 2 =
D** background level 0.0062 | 0.0014 ” = g 38l 8| o
D** background asymmetry 0.0023 | 0.0010 4‘% S (E s
D*! charge correlation 0.0186 | 0.0010 b gl s = =l 8 ] & 2
common systematic errors a2 3 2 § 8| 8 g
FET: 0.0020 | 0.0034 il M
b and ¢ hadron lifetime 0.0023 | 0.0028 A8 838 22 8§ &
B decay multiplicity 0.0002 0.0001 | 0.0017 | 0.0016 0.0003 BBl Soala Sl S lng :%
D decay multiplicity 0.0012 | 0.0011 0.0002 b=
b fragmentation function 0.0001 0.0002 0.0000 | 0.0000 i gl e T, B Sl
¢ fragmentation function 0.0012 0.0005 | 0.0005 | 0.0003 0.0020 | e e § § § g
AFB QCD corr 0.0002 0.0002 0.0004 | 0.0003 0.0005 5
4 3 ©w
Table 3.18: Overview over the correlated and uncorrelated errors for the on peak measurements of i & G 7 8 ;}i &
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Figure 3.1G: The results of the individual bottom and charm asymmetry measurements together
with the OPAL combined value. Shown are the 39% confidence level contours in case of the two
dimensional fits and the one sigina error band for the jet-charge analysis, which gives information
about the bottom asymimetry only.
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1 [ Abs —2 A5y —2 Apppeak Afgpeak App+2 Agp+2|
A2y — 2 1.000 123 013 -.006 008 -.002
AL, =9 123 1.000 027 .002 012 -.016
Abgpeak 013 .027 1.000 016 093 -.048
Appeak -.006 .002 016 1.000 -.050 .206
Aby +2 008 012 093 -.050 1.000 077
ASg+2 -.002 -.016 -.048 .206 077 1.000

Table 3.20: Error correlation matrix of the combined fit to all three measurements for the three
energy ranges. 'The numbers include the statistical and systematic correlations. App — 2,Apppeak
and App + 2 denotes the asymmetry measurements at a mean energy of /s = 89.44, 91.21 and
92.91 GeV respectively.

graphs in e*e~-annihilation, the interference between both production mechanisms contributes
in general. On top of the Z° resonance the interference vanishes and the Z-graph dominates by
3 orders of magnitude over the y-exchange graph. By measuring the asymmetries at energies
around the Z%resonance, the interplay between the SU(2) and U(1) gauge interaction can be
tested and compared to the predictions of the Standard Model. The individual measurements
are corrected for QCD effects as described in section 3.4 and subsequently compared to the
predictions of the program ZFITTER [3]. Initial and final state photon radiation are included
in the Standard Model predictions of ZFITTER, therefore the asymmetry measurements are
not corrected for these effects. A top mass of m; = 174.1 + 4.9 GeV and o, = 0.119 & 0.003™
are used as Standard Model parameters. The mass of the Higgs boson was varied between
90 < myg < 260 GeV, where the lower limit is given by the direct searches at LEP2 and the
upper limit corresponds to the 95% c.l. of the overall fit to the electroweak data of LEP and
SLD [2]. As can be seen from figure 3.17, both the measurements on the Z° resonance as well
as the off-peak points are in good agreement with the Standard Model predictions for the bot-
tom and charm asymmetries, although the on-peak measurement of the bottom asymmetry is
relatively low compared to the expectation.

Extraction of sin® Oy

In order to extract some of the electroweak parameters of the Standard Model from the mea-
sured asymmetries, they have to be corrected for different effects, as mentioned earlier. The
measured asymmetries have to be corrected for QED effects as described in section 1.2, i.e. for
initial and final state photon radiation as well as for photon exchange in the vertex. Equations
1.6 and 1.7 are tree level formulae valid for the peak of the Z° resonance only. LEP, however,
was operating at a mean energy, which was not exactly at the Z° mass. To correct for this, the
measured values are shifted to match exactly the energy of the Z° boson mass. This is done
using the Standard Model prediction for the energy dependence of the asymmetries according
to ZFITTER. Even on top of the Z° resonance a small contribution of the v exchange diagram
exists, which has to be subtracted in order to extract the weak couplings or the weak mixing
angle. These corrections are summarised in table 3.5.1 for the bottom and charm asymmetries.

The heavy flavour asymmietry measurements performed in the three energy ranges can be

"The experimental error on a; leads to negligible effects on the Standard Model prediction.
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Figure 3.17: Summary of the results for the b and ¢ asymmetries at energies on and around the pole
of the Z resonance from different OPAL analyses and their combination. The inner error bars are the
slatistical errors, the outer ones mark the total error. The dark band shows the range of the Standard
Model prediction for a Higgs mass between 90 and 260 GeV and a top mass of 174.1 4.9 GeV.
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Source Shift in A}y, | Shift in A%y
QED corrections +0.0041 +0.0104
Photon exchange —0.0003 -0.0008
Centre-of-mass energy | —0.0013 —0.0034

combined into one single measurement for each flavour by extrapolating the off-peak measure-
ments to the peak using the standard model energy dependence predicted by ZFTT'TER. Here
a top mass of 174 GeV and a Higgs mass of 100 GeV was used.

Applying the corrections discussed above and taking the correlations between the measure-
ments into account, the combined value for the bare bottom and charm asymmetries yields

Ap = 0.0968 % 0.0037 and ARD = 0.0673 £ 0.0064

where the systematic and statical errors have been combined in quadrature. The values of the
bottom and charm asymmetry are correlated to 1.5%.

According to equation 1.6, the measurements of the quark forward-backward asymmetries
ARy allow the determination of the product of the asymmetry parameters A. of the electrons
and A4 of the quarks. Combining equations 1.6 and 1.2 shows, that from a measuremient of the
asymmetries the weak mixing angle can be extracted. 1t is possible to calculate the weak mixing
angle sin? 0! directly from a measurement of the leptonic asymmetries if lepton universality
is assumed. In order to extract sin’@§ from the heavy flavour asymmetries, either an input
value for the electron asymmetry parameter is needed or the Standard Model relations for
the heavy flavour couplings have to be assumed. The latter possibility allows a rather precise
extraction of the mixing angle, because no further experimental errors enter. In order to derive
the effective leptonic mixing angle, the radiative corrections for the electrons and the charm or
bottom quarks, respectively, have to be used as input parameters, as can be seen by combining
equations 1.8 and 1.10. They can be taken from the predictions of ZFITTER for example.
With this method the results of the determination of the weak mixing angle from the bottom
and charm forward-backward asymmetries are

Abp : sin? OyP"*T = 0.23264 £ 0.00066  and A%y : sin® 0P = 0.23300 + 0.00150 .

Taking into account the correlation of the bottom and charm asymmetries, the average of both
measurements yields

sin? gPueT = 0.23270 + 0.00060.

According to equation 1.6 the product of the weak coupling constants, i.e. the asymmetry
parameter Ag, can be extracted directly from a measurement of the forward-backward asym-
metry ALg by putting in the electron couplings. Using the value of A, = 0.1489 + 0.0017 12],
which is the combined result of the measurements performed at LEP and SLD, the bottom and
charm asymmetry parameter can directly determined to be

Ay = 0.867 £ 0.035 and Ae =0.603 £ 0.058 ,
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where again the asymmetry parameters are correlated to 1.5%. In the Standard Model, values
of Ay = 0.935 4 0.001 and A, = 0.668 £ 0.003 are expecled assuming a top and Higgs mass of
my — 174.1 1 4.9 GeV and 90 < my < 260 GeV, respectively. Whereas the charm asymmetry
paramcter is in good agreement with the Standard Model, the bottom parameter is about two
standard deviations below the expected value. This behaviour, which is even enhanced for the
LIEP and SLD combined values of the asymmetry parameters, will be discussed in more detail
in the following section.

3.5.2 World Averages and Discussion

The heavy lavour forward-backward asymmetries are measured by all four LEP experiments
using similar techniques as the ones described in section 3.2. The results of the individual mea-
surements are summarised in figure 3.18 together with the combined result. The measurements
al LEP give an average bottom asymmelry of Ap, = 0.0990 + 0.0021 and the mean value
for the charm quarks is Afy; = 0.0709 = 0.0044. The combination of the bottom and charm
asymmetry measurements is done by the heavy flavour LEP electroweak working group [2].
The values quoted here are the pole asymunetries, i.e. the results are corrected for QED effects
and it is accounted for the photon exchange and interference terms. The QCD corrections have
been applied, estimated individually for each of the analyses following the procedure suggested
in [45] and explained in section 3.4. The result is a comnbined value of the three measurements
at energies on and about 2 GeV above and below the Z%-pole, where the same method has
been used as described in section 3.5.1 to transport the result to the energy of the Z-pole. In
addition, the prediction of the Standard Model is shown as a function of the mass of the Higgs
boson. The individual measurements are in good agreement with each other, and the combined
result is comparable with the prediction of the Standard Model, especially if a relatively high
mass ol the Higgs boson is assumed. This can also be seen in the two dimensional contour plot
3.19 showing the LEP combined bottom and charm asymmetry values and their correlation.
On the contrary, a combined fit to worlds electroweak precision data [2] clearly favours a light
iggs boson with an upper limit of 260 GeV at the 95% confidence level'?. The overall chi-
square for the fit is 14.9/15 d.o.f., confirming the expectation of the Standard Model with a
high probability of 46%. The Standard Model value resulting [rom this combined electroweak
fit for the bottom asymmeltry is A%y = 0.1028 and A§y, = 0.0734 for charm quarks at a Higgs
and a top xmass of 76 GeV and 171.1 GeV, respectively. Thus the LEP combined result for the
bottom asymmetry deviates 1.80 [rom the Standard Model electroweak fit. Although being
oue of the largest deviations from the combined fit for the Standard Model, it could very well
be a statistical Auctuation. For a fit of around 20 input parameters, a deviation as high as the
observed value [or the bottom asymmetry is expected.

The measurements of the heavy flavour forward-backward asymmetries can be used to
derive a value for the weak mixing angle. As already explained in section 3.5.1 in order to
extract sin® 92" from the asymmetries, the Standard Model relation for the hadronic coupling
have to be assumed. In figure 3.20 the results ol various measurements at LEP and SLC are
summarised, from which the leptonic effective weak mixing angle is extracted. From the most
recent. data a mean LEP value of sin? 0P = 0.23189 4 0.00024 can be derived, which is in
reasonable agreement with the SLD measurement of sin® P = 0,23109 40.00029. The LEP

12he mean value for the Higgs mass derived in the fit is 78 GeV, and thus already below the lower limit of
approximately 90 GeV resulting from the direct searches [2] at LEP2.
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Figure 3.18: Summary of the LEP resnlts for the bottom and charm asymmetries.

are the pole asymmetries.

The results given
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Figure 3.19: The LEP combined result for the bottom and charm forward-backward asymmetries as
a two dimensional contour plot. In addition the Standard Model expectation is shown as a function
of the Higgs boson and top quark mass.

and SLD average then yields sin? 0\P"*% = 0.23157 + 0.00018. These results are summarised in
table 3.21. The two most precise contributions, the SLD measurement and the value extracted
from the bottom asymmetries at LEP, disagree by about 2.5 o, but the chi-square for the
combination of all results shown in figure 3.20 yield a value of x*/d.o.f. = 7.6/6 and thus a
probability of around 25%. The values of sin® Oﬁ,‘“’eﬁ extracted from earlier measurements of
LEP and SLD (c.f. for example the values in the summer 1996, summarised in [53]) used to
be sin? 0574 = 0.23200 + 0.00027 and sin® g " = 0.23061 & 0.00047, respectively, and thus
showed a much stronger deviation.

sin® BIVE;,“t‘EH
LEP 0.23189 =4 0.00024
SLD 0.23109 = 0.00029
combined | 0.23157 &4 0.00018

Table 3.21: Summary of the measurements of the effective weak mixing angle performed at LEP and
SLD.

The asymmetry parameter Aq as defined in equation 1.6 measures directly the product of
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Preliminary
Aol S e 0.23117 + 0.00054
A, —a—-  0.23202 + 0.00057
A, b 0.23141 £ 0.00065
Ay0b —A—  0.23225 1 0.00038
Apoe S 0.2322 + 0.0010
<Qq> o aae 0.2321 £ 0.0010
Average(LEP) -0~ 0.23189 + 0.00024
x/d.of:33/5
A (SLD) ke 0.23102 + 0.00029
Average(LEP+SLD) # 0.23157 +0.00018
x/d.of:78/6
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Figure 3.20: Summary of the measurements of the weak mixing angle performed at LEP and SLD.

the axial-vector and vector coupling of the quarks. The parameter A, has to be used as an
input parameter in order to extract the heavy flavour asymmetry parameters A. and A, from
LEP measurements of the forward-backward asymmetries.

A. has been measured very precisely at the SLC collider via a measurement of the left-
right asymmetry. In this experiment Z° — hadrons events are counted and by making use
of the polarisation of the ete™-beam A, can be estimated. The result is a measurement of
high statistical accuracy and small systematic uncertainty. The electron asymmetry parameter
extracted from the left-right asymmetry measured at SLD is A, = 0.1504 +0.0023. At LEP A,
can be extracted from the leptonic forward-backward asymmetries assuming lepton universality
or directly from the tau polarisation measurement, yielding an average value of A, = 0.1469 +
0.0027. The agreement between the values of A, measured at SLC and LEP is good (the chi-
square is 2.2/2 d.o.f.), yielding a combined value of A, = 0.1489 & 0.0017. Two scenarios can
be applied in order to extract a value for the heavy flavour asymmetry parameters:

e A, can be extracted from LEP data alone, i.e. from the heavy flavour asymmetries by
using the LEP combined A, measurement [2] A, = 0.1469 + 0.0027. This yields

Ap = 0.899 £ 0.025 and A = 0.644 £ 0.041.

Profiting from the polarisation of the e*e™-beam, the heavy flavour asymmetry parame-
ters can be measured directly at SLC via the left-right/forward-backward asyrmmetries,
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yielding values of

Ap = 0.867 4 0.035 and A, = 0.647 + 0.040.

Thus the LEDP results can be compared to the values measured directly at SLD, which
is done in table 3.22. The results are in good agreement with each other. Both values
for Ay are about one standard deviation low compared to the Standard Model value of
Ay, = 0.935. The agreement for charm is excellent, both, among the measurements and
compared to the Standard Model expectation of A, = 0.668 , although the relative errors
are larger compared to the measurements of the bottom quarks.

Alternatively the world average for Ay, can be extracted from the measurements of the
LEP forward-backward asymmetries with help of the combined value for A, from the
SLID and LEP measurements, and subsequently the measurements of the asymmetry
parauneters [rom SLD are included in the average. The results are

Ap = 0.881 4 0.018 and Ag =0.641 £ 0.028.

Again the value for the bottom quarks is low (about 30), whereas the results for charm
is in good agreement with the expectation of the Standard Model.

-Ab -Ac
[ LEP (A, = 0.1469 & 0.0027) 0.899 +0.025 | 0.644 +0.041
SLD 0.867 = 0.035 | 0.647 -+ 0.040
combined ( A, = 0.1489 + 0.0017) | 0.881 £ 0.018 | 0.641 -+ 0.028
Standard Model 0.935 0.668

Table 3.22: Summary ol the values for the bottom and charm asymmetry parameters as extracted
from LEP and SLD measurements. In addition the Standard Model expectation is given, where the
input parameters are taken from the best fit to the electroweak data as given in [2].

The discussion above shows, that this deviation of 3¢ in the latter scenario is a combined
eflect of the low value of the bottom forward-backward asymmetry and the low result of the
electron asymmetry parameter and could, again, very well be a statistical fluctuation. Never-
theless it is interesting that the largest deviation is found in the third generation of quarks,
where the discovery of New Physics is most probably expected. It is worthwhile to study the
resull found for the bottom asymmetry parameter together with what is found for the partial
width of Z° — bb, Ry. The experimental result for Ry, differed from the expectation of the
Standard Model by as much as 3.7¢ [23], but today the discrepancy is reduced to a 0.90 effect
by new measurements with higher statistics and fined systematic investigations. 1t is thus in-
teresting €o ask whether the deviation in the partial decay width into bb-quark pairs and in the
[orward-backward asymmetry of the bottom quark together could give a hint to new physics.
The deviation in the partial width used to cause a lot of discussion and a variety of possible
explanations were suggested in terms of extensions of the Standard Model.

Alternatively to the equations 1.4 and 1.6 of section 1.2, R, and A, can be expressed in
terms of the right— and lefthanded coupling constants like

I oc (e1)? + (ci)’? and (3.32)
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(cL)? — (R)®
() + (c)*

I(ZU o) /1. + Af .
Ic]fil = 1— .Af’ (33-1)

i.e. the ratio of the left— to righthanded couplings can directly be derived from the asymmetry
parameters. Thus, a measurement of the asymmetry gives information about the relative
strength of the left— and righthanded coupling parameters. Using the mean value of A, =
0.881 £ 0.018 (c.f. table 3.22), the ratio of the left— to righthanded coupling can be extracted
to be |cp]/|ch] = 3.98+0.35. From the Standard Model a ration of |} |/|ch| = 5.46 is expected.
Together with the R, measurements which yield a value 0.9¢ high compared to the Standard
Model, this suggests that the righthanded coupling of the b-quark is higher than expected.
None of the popular extensions of the Standard Model, like for example the MSSM (the minimal
supersymmetric extension of the Standard Model), could account for these effects of the two
measurements 2, and Ay. It is for example unlikely that the deviations arise from new physics
in the form of radiative corrections, because the correction parameter (cf. equation 1.8)
would have to deviate about 30% from the Standard Model value. The only possible explanation
would be an extension, which couples on tree level and influences mainly the righthanded
coupling of the third generation of quarks, without contradicting the measurement of Ry. One,
although a fairly remote, possibility to explain the deviations in both quantities could be a
scalar neutrino (#) resonance in R-parity violating supersymmetric models [54]. Because in
most of the models discussed at presence, the scalar fields of the third generation are lighter
than the first two, it would be expected to discover the resonance of the third generation, 1,
af, the lowest energy. Assuming that such a v,-sneutrino would cause the deviations in Ry, and
Ap, it would couple primarily to the bb-pairs, i.e. the third generation of quarks. The mass of
the sneutrino could be around the mass of the Z° boson, resulting in a hidden F-resonance in
the s-channel. According to [54], the chi-square in a combined fit to the line-shape of the Z°
and the heavy flavour electroweak observables'® could be improved from x?/d.o.f. = 60.6/54 to
around x?/d.o.f. = 54/51 by allowing for a sneutrino resonance as described above, which could
be interpreted as a slight improvement in the probability for such a scenario. The extracted
line-shape parameters from this fit are almost identical to the Standard Modelvalue, except that
the value for the hadronic cross-section is reduced by two thirds of a standard deviation. The
improvement in the fit probability in mainly due to Ry, (x2/d.o.f. reduced from 4.5 to 0.1) and
to Ay, yielding now a x%/d.o.f. of 1.4 instead of 2.6 without assuming a sneutrino resonance.
Thus the usual line-shape parameters could be extracted with about the same agreement as
the Standard Model line-shape fit by a simultaneous improvement in the couplings of the third
quark generation.

Ap = (3.33)

Equation 3.33 is equivalent to

13This analysis is based on the electroweak data of summer 1997, where the deviation of the LEP and SLD
average of A, compared to the Standard Model was also as large as 30 and the measured value for Ry, differed
by about 1.60 from the expectation.



Chapter 4

Measurement of the Triple Gauge
Boson Couplings
with the Spin Density Matrix Method

4.1 Introduction

In lowest order, W pairs are produced in ete™ collision via the Feynman diagrams depicted
in figure 4.1. The production mechanism shown in the first sketch of this figure allows a direct
test of the couplings among the three gauge bosons WW~y and WWZ. This is an important
test of the SU(2)y, x U(1)y gauge invariance of the Standard Model. Whereas the couplings

€

v e

Figure 4.1: Teynman diagrams of W pair production in etecollision.

of the gauge bosons to fermions have been measured rather precisely, particularly at LEP and
SLC, the self coupling of the vector bosons is experimentally not yet very well exploited. The
W pair production in the clean environment of an e*e~collider is the ideal laboratory for an
investigation of the trilinear gauge boson vertices WWvy and WWZ.

Although there are indirect tests of the trilinear vector boson vertices and limits on anoma-
lous couplings — mostly [rom precision tests of the electroweak physics at LEP1 - these tests
allow restrictions on single triple gauge coupling (TGC) parameters only and not on the combi-
nation of different anomalous coupling parameters. Cancellations between different anomalous
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couplings could have inhibited the detection of anomalous triple gauge couplings. Moreover,
the deduction of these bounds from virtual contributions in precision measurements is possible
only under the assumption of specific models of new physics. Thus, the bounds derived from
these indirect, tests of the trilinear gauge boson vertex can only serve as an order of magnitude
estimate as long as the underlying physics is not specified [55]. Therefore, these indirect tests
cannot replace direct measurements of the gauge boson couplings.

In this thesis a method for testing the trilinear gauge boson vertices is described which
uses observables closely related to the polarisation of the W bosons, the so-called spin density
matrix method. Additional insight into the underlying physics may be gained by visualising
these spin-related observables, and a direct comparison of the production of different helicity
states of the W pairs can be obtained. Explicit examination of the helicity amplitudes ensures
that no cancellations or correlations of anomalous couplings escape detection. Moreover, if any
deviations from the Standard Model are found, the measurement of the polarisation of the W
would be helpful to disentangle different anomalous couplings. In addition, with the help of
the spin density matrix elements the transverse and longitudinally polarised cross-section of
the W-production can be derived.

In the following sections, the spin density matrix method is introduced. The extraction of
the density matrix elements allows the determination of the contributions of the different helicity
states. Comparing the spin density matrix elements with the theoretical predictions allows a
model-independent test of the triple gauge couplings and the origin of anomalous couplings
could be tracked down if deviations from the Standard Model are detected. Subsequently, a fit
is performed in order to quantify the results and either measure or restrict anomalous couplings.
Two different methods of accounting for experimental effects are discussed. For this analysis
the OPAL data taken in the year 1997 with a centre-of-mass energy of 183 GeV are used.
Finally these results are combined with other OPAL measurements and the limits derived are
compared to the word averages of triple gauge boson coupling.

4.2 Phenomenology of the Triple Gauge Couplings

4.2.1 The Trilinear Gauge Boson Vertex

The most general Lorentz invariant effective Lagrangian describing the couplings of two charged
vector bosons with a neutral one, WWV, with V = Z,  can be split into four components with
different behaviour under the transformations of parity (P) and charge conjugation (C) [56,57):

WWV _ fWWV | sWWV 4
L' =Lep" +Lgcy +Lgp ¥ +Lyg" (4.1)

where the individual components are given by

LEFY = (~i)gwwv [9}/ VE(WoW ~WEIW™) + sy WEIW VI + VW W,

|

LGy = gwwv - 95 Eppo (W)W — W k(0o W )] VP
LEFY = gwwy - g Wy WSF(@*V" + 8"V

5 . i -1 A i
L?:évv = Wwwv ["zKI/V;A W :— Epvpo Vpa + éﬁvg ermI/Vt;F psvmﬂ Vaﬁ] >

(4.2)
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Here the former two components are CP conserving, whereas the latter violate CP invariance.
For this Lagrangian it is assumed, that the vector bosons couple to effectively massless fermions.
lere the overall coupling constants are defined as gww, = e and gwwz = ecol Oy, where
Oy is the weak mixing angle and the following notation is adopted: W, = oW, — o,W,
and accordingly Vi, = 8,V, — 8,V,. From equation 4.2 it follows, that in the most general
case the triple gauge boson vertex can be described by seven electromagnetic and seven weak
coupling parameters. Within the Standard Model, at tree level, the couplings are given by
g% = g] = Ky = i, = 1, whereas all other couplings vanish. Thus, in the Standard Model only
C and P couserving trilinear gauge couplings exists. Throughout this thesis the couplings are
expressed as the deviations [rom the tree-level Standard Model values, using the notalion

(g% - 1), Agl
(h’,z = 1), Aii.y

Agy

(g7 - 1) ;
KL (4.3)

(ry —1).

-

IRl

For the clectromagnetic coupling to the W bosons, the C and P conserving terms are directly
connected with the lowest order terms in a multipole expansions. The charge qw, the magnetic
dipole moment iy and the electric quadrupole moment (2§, can be related to the CP coupling
parameters in equation 4.2 via

aw = eg]
pw = ﬁ\;(!];’ + iy + Ay) (4.4)
Qs = ‘;‘:,’;(m., - M)

while the CP-violating parameters are related (o the electric dipole moment dw and magnetic
quadrupole moment Q) according to
dw = g (Ry+Ay) (45)

- T §

4.2.2 Parametrisations of the Triple Gauge Boson Couplings

As already mentioned in section 4.2.1, the most general coupling of the triple gauge boson
vertex can be parametrised by altogether 14 different coupling parameters. Due to the limited
statistic of WHW-pair production at LIEP2 it is desirable to reduce the number of couplings
to be tested. For real photons the relation g = 1 can be derived from electromagnetic gauge
invariance!, describing the electric charge of the W-boson to be gw = e [4]. By restricting to
the C and P conserving couplings ounly, the number of possible deviations from the Standard
Model couplings reduces to the following five coupling parameters: Agy, Akg, Ay, Az, Ay.

The number of parameters can be further reduced by concentrating on parameters which
are not severely constrained by LEP1 or other precision low energy data. Especially vertex
extensions, which affect the triple gauge boson vertex already at tree level are unlikely to be
compatible with low energy measurements, unless accidental cancellations disturb these indirect
derivation of the gauge coupling parameters. Moreover it is desirable to embed the non-standard
TGC into a theory which obeys the local SU(2),, x U(1)y symmetry [55,58,59].

A low energy approximation can be expressed with the help of a dimensional analysis of
the most general Lagrangian given in equations 4.1 and 4.2. This procedure corresponds to the

"For ¢? # 0 deviations are possible because of form factor effects
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‘linear realisation’ [4,59] of the gauge symmetry and is applicable if a light Higgs particle with
a mass lower than around 1000 GeV exists. Then a Taylor expansion in the field dimension d
can be performed and the operators describing the physics beyond the Standard Model can be
expressed in a power series in v?/A?, where v is the vacuum expectation of the Higgs boson and A
denotes the scale of new physics. In a SU(2), x U(1)y invariant theory and with the restriction
to operators of dimension six or lower, then there exist only three independent operators to
extend the Standard Model triple gauge boson coupling vertex, without affecting the triple
gauge boson coupling vertex already at tree level or involving anomalous Higgs couplings.
The possible extensions of the Standard Model Lagrangian obeying these constraints are the
following:

Lw = g- (Xwaiy\;wlf, - (W';, X Wﬂu)
Lwe = ig-awa - (Du®)rW™ (D,®) 8]
Ly = —ig- le@;%,‘(Dud’)tB""(Uu‘I’) ;

where Wu,, = W, — gW,, x W, are the non-abelian field strength tensors. Here the quadrupole
interaction Lyw describes purely transverse vertices of three or more vector bosons. For the
dipole interactions Lyg and Lge also longitudinally degrees of freedom are involved.

The parameters aw , @ws and age can be expressed in terms of the five C and P conserving
parameters like [58,59]

ags = Aky— Ag¥cos? Oy
aws = Aghcos?Oy (4.7)
Qw = /\7 3

using the following constraints which arise from gauge invariance:

/\Aﬂz 2 f\kfs., tan® 0y + Ag? 48)
7 = G L8
Single parameter extensions like Lyws, i.e. Lw = Lpe = 0, can be interpreted as excluding WW
scattering amplitudes growing as s* [59]. A dipole interaction like Ly — Lpe, i.e. a deviation of
gzww alone, would described the effects of the novel heavy vector boson triplet with potentially
strong self-coupling, but without any couplings to ordinary fermions [58]. According to equation
4.7, in case of a one-parameter model the following parameters are equivalent:

ape - = AI{,Y

e (4.9)

In reference [55] another model with the additional constraint aps = awe is proposed. It is
equivalent to
Agl = ArlPISP) /(2 cos? By), (4.10)

leading to a reduced parameter set of AK,(,HISZ)

expected in a composite Higgs model [55].

and \,. This scenario might naturally be

In the absence of a light Higgs boson a non-linear realisation of the symmetry breakdown
has to be assumed. Then the dimensional analysis cannot be employed, because v and A are
no longer independent. Nevertheless the considerations of a ‘naive dimensional analysis’ show,
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that the parameters Ag?, Ak, and Akg, (and thus awe and apg) would be expected to be the

dominant ones, whereas here the A, and Az (and correspondingly cw) terms are negligible.
The analogous considerations with respect to the dimensional analysis and the gauge in-

variance as for the C and P conserving parts of the Lagrangian can be carried out for the

CP-violating parts [60]. Tn that case the restriction to SU(2)y, x U(1)y-invariant operators of
dimension six lead to two possible CP-violating extensions of the Standard Model:

Vi = <l)“ W”"<I>B
BW 99" ”BWZT (4.11)

fw = g-Gw i L(WE x We). 1wy
Y

Here the paramelers dpw and dyw  are related to the CP-violating parameters in equation 4.2
via ¢ %
OiBW = "y (4.12)
Qyy = )\7 3
with the following constraints [rom gauge invariance:

Rz = ~—tan® OwFy

gl i (4.13)

Il

4.2.3 W-Pair Production and Polarisation of the W Bosons

In the following two paragraphs the phenomenology of the W-pair production and the trilinear
gauge boson vertex will be briefly and qualitatively summarised, before a more detailed and
formal description will be given.

As already mentioned three different graphs contribute to the W-pair production. In only
two ol them the triple gauge boson vertex is involved. For an investigation of the polarisation
properties of the W bosons these contributions have to be disentangled. A simple method
of testing the triple gauge boson vertex is the investigation of the total W-pair production
cross-section, as will be explained in the following paragraph. Each of the three production
mechanisms on its own would show a divergent behaviour in the cross-section, i.e. a rise propor-
tional to s or even 2. Only the sum of all contributions has a good high energy behaviour. This
is because the steeply rising Lerms of the cross-section of the individual production mechanisms
cancel. This behaviour is called ‘gauge cancellations’ and the level of cancellation depends on
the centre-of-tnass energy. Anomalous couplings would alter this gauge cancellations and cause
a violation of unitarity, if not at higher energies new physics comes into play. Possible differ-
ences between the Standard Model expectation and new physics would be more pronounced
for energies well above the W-pair production threshold, where the affected terms are already
cancelled in the Standard Model.

Another method to distinguish the individual production mechanisms is to investigate the
distribution in the W production angle 8 of the W~ compared to the incoming electron. For
example the t-channel exchange shows a forward peaked structure in the production angle ¢,
which is typical for a t-channel process. In addition, the polarisation of the W-pairs is dif-
ferent for the individual contributions. Consequently additional information on the trilinear
gauge boson verlex can be gained from the helicity of the W bosons. The polarisation of the

86 CHAPTER 4. MEASUREMENT OF THE T'RIPLE GAUGE BOSON COUPLINGS

instantaneously decaying W bosons can be determined from their decay products since the
well-known V-A structure of the W decay can be utilised as a polarisation analyser. Exper-
imentally, the observables used for this purpose are the W decay angles, i.e. the polar and
azimuthal angle cos@* and ¢* of each of the fermions resulting from a W decay in the W
rest frame. The relative contribution of the diflerent helicity states varies as a function of the
W production angle . Thus in the event shape analysis the five-fold differential cross-section
do /d cos By d cos 05, dsy,— d cos B, ddyy 4 is investigated.

The W boson, carrying one unit of angular momentum, has three possibilities to adjust its
spin, resulting in three helicity states 7w = 1 or 0. In the following 7_ and 7, denote the
helicity states of the W~ and W, respectively. For the reaction e™(A)et(X) = W= {7_)W*(7})
there are nine different helicity amplitudes FX . for each of the two possible helicity states of
the ete~ system (A = —\ = £1/2)%

The helicity amplitudes ]—'T(f)” for the process ete™ — WHTW~ are given by the sum over
all contributing production mnechanisms

FE =B st T (4.14)

T

The dominant angular dependence of the helicity amplitudes originates from the rotation of
the angular momentum of the WTW~ system compared to the e'e™ initial state. 1t can be
expressed with the help of the spin rotation d-functions (see for example [38]). The reduced
amplitudes F are defined as

Fos n (0) = \/'/\62}—: T+ (6’)d,\ ar(0); (4.15)

where Jy is the lowest angular momentum contributing to the process and A7 =7_ — 7. For
(r4,7-) = (£, 7F), l.e. a spin of AT = 2, only the t-channel neutrino exchange contributes
because of angular momentum conservation. In the limit of massless fermions the electron has
to be lefthanded (A = —1/2) for this configuration. The corresponding amplitude is

= - 1
f( 1/2) _)(0) = \/58 5111\/0;/ W(T_)Sin 0(1 2 (T_) €os 9)/2, (416)

where f is the velocity of the W boson f = /1 —m&,/s. For all other helicity amplitudes
there are also contributions from the s-channel Z°- and v-exchange. The reduced amplitudes
F are then given in the limit of massless fermions by

f'? = _ﬂAT T+

AL [(1 Ry W] i (4.17)

Z

N
I

= . 1 1 v
F, = (%,-—1/2)55;5% [Br.m. - mcnq] .

The subamplitudes A, B and C are given in table 4.1.

The helicity amplitude for AT = 2 (c.f. equation 4.17 and table 4.1) shows a good high
energy behaviour (i.e. non-divergent), whereas the contributions from the individual feynman
graphs involving longitudinally polarised (i.e. 7w = 0) W bosons grow with the energy. In the

2In the limit where the electron and positron mass is neglected
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(r4.7-) || AT Ay, Bri, Cr.4 s,
() 0 gV +29°v +(i/B)(Fv +dv —29%Ay) | 1 1/~? —osing /v/2
) o el 2ty = (/B Ry + v —29%hv) | 1 1/~* ~osinf /2
(00) 0 gl +29%ky 22 2/7? —osinf /2

(10) 1| gy =g +Bed + (/B)E =) | 2y |21+ B)/v | (1 +ocosh)/2
(0-) Ry =Av)) | 2y |20048)/y| (1 +ocosh)/2
OF) || =1 | A +igl — Boy + (/B FEv —Av)) | 2y | 2(1—B)/v | (L —acosh)/2
(-0) | =] U gl = Bed — @/B)Ev —Av)) | 2y | 2(1—B)/y | (1 —ocosd) /2

0-) || 1 | U3 +igi +Bey — (i/B)

Table 4.1: Subamplitudes A,B and C for the reduced helicity amplitudes F for processes with a
transfer of the total angular momentum of Jy = 1. Here -y is defined as v = /5/2mw and f} denotes
the combinalion of coupling parameters [ = g + Ky + Av. In the Standard Model ol =1 for
V = 7" -y, whereas all other coupling constants vanish.

Standard Model gauge cancellations between the various production mechanisms ensure a good
high energy behaviour. Within the Standard Model the subamplitudes A% and A are equal
and thus the ‘electromagnetic’ terms in equation 4.17 cancel except for the difference between
the photon and 7 Boson propagator. Similarly, the purely weak term of the Z-exchange graph
(i.e. the second term of 77) and the first term of the {-channel contribution, %, cancel in their
asymplotic (y = co) form. The second term in the v-exchange graph converges even in the high
energy limit. For energies near the WW-production threshold, and thus for energies relevant
for LIEP2 analyses, these terms are not yet totally cancelled. Numerically, at a centre-of-mass
energy of /s = 183 GeV, approximalely 65% of the v exchange amplitude is cancelled by the
according ‘electromagnetic’ term of the Z exchange, whereas only 30% of the ‘weak isovector
part’ of the 7 exchange is cancelled by the v exchange coutribution, as can be seen from equation
4.17 and table 4.1. Therefore the investigation of the total cross-section of the W production,
where the ellects of the cancellation becomes directly visible, are expected to be less sensitive
to anomalous couplings than for higher energies. On the other hand the W-pair production
cross-section is not yet totally dominated by the helicity combination (—-) from the ¢-channel
v-exchange diagram. Interference terms between the v-exchange graph and graphs involving
the triple gauge boson vertex would enhance any differences from the Standard Model and the
experimental sensitivity to measure the coupling parameters is increased. A detailed analysis
of the helicity amplitudes of the W production thus provides useful information in addition to
the measurement of the total cross-section.

The various helicity cross-sections (or combinations) as a function of the W~ production
angle cos @ are shown for an unpolarised e*e™ initial state in figure 4.2 a). The interferences
between the different production mechanisms of the individual W helicity states are clearly
visible and help to discriminate between the various helicity states, i.e. the contributions of
the longitudinally polarised W bosons is enhanced by the interference with the dominant v
exchange contribution. This characteristic behaviour allows to disentangle the contributions of
possible diflerent anomalous couplings. Therefore, an analysis of the W polarisation should be
established with observables closely related to the helicity amplitudes and as a function of the
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W production angle 0.

In addition to the helicity amplitudes with Standard Model couplings in figure 4.2a), the
amplitudes for various anomalous couplings are shown in figure 4.2b) to d). For figure 4.2b)
Ag? is varied (Agf cot Oy = 2), in figure 4.2c) an anomalous magnetic dipole moment with
Ak, = 2,0k7 = —2tanfy and in figure 4.2d) an electric quadrupole moment with Agirms
2,Az = 2tanfy is assumed. In each case the anomalous couplings which are not explicitly
mentioned are chosen to be zero. Although the total differential cross-sections show only small
variations for the various anomalous couplings, the effects are clearly enhanced in the individual
helicity amplitudes. Both their shape as well as the normalisation show a distinctive behaviour.

With the help of the well known V-A structure of the W decay into a fermion pair, the
angular distribution of the W decay can be used as a polarisation analyser in order to determine
the helicity of the W boson. This is done by measuring the polar and azimuthal W decay angles
0" and ¢* in the rest frame of the W boson. In the following the convention from [58] is adopted:
0* and ¢* define the angles between the flight direction of the W boson and the down-type
fermion, i.e. between the boson and the et, u*, 7%, d or 5 quark in case of the W~ and the
e ,u~, 7 ,dor s quark in case of the W* boson. The angles are then defined in a right-handed
system, which is oriented such, that the W flight direction coincides with the z-axis and the
y-axis is perpendicular to the ete™ — W*+W~—plane. This procedure is visualised in figure 4.3.

The decay amplitudes M, of the decay of a W boson with helicity 7 can be written as
emwy
= L 4.1
V2 sin Oy ) (18)
where the angular dependence is given by £,(6%,¢*) = v/2d} ,¢'*". Thus the angular depen-
dence of the W decay W — ff is contained in the so-called D-functions

D (0%, 9%) = €,(0°, ¢*)6.(0°, "), (4.19)
which are summarised below.
Dy = 1(1+-cos?6*)— cos 6"
D.. = }{1+cos?6") +coso"
Doo = Sin2 i
Y (4.20)
Dy_ = Zsin?@*e®

Dy = 3v/2sin@*e** (cos6* — 1)
Dy = 3v2sin6'e " (-cosf* — 1)

The information of the W production and decay is comprised in the five-fold differential Cross-
section do/(d cos Owd cos 67, dpyy-dcos By, dyy+), where cos@ denotes the production angle
of the W and 65, and ¢}y, are the decay angles of the W~ and W+ bosons, respectively. Then
the five-fold differential cross-section can be written in terms of the W production amplitudes
}'ﬁ:\)r + and the D-functions in the narrow W-width approximation

da(ete” = WHW— — fif535;) o 3 2B W s ik E
dcosfwd cos 0y, dy,_dcos by, dply,  1281s \ 8 (W = £i1) Br(W — f3f,)
X _7:(*) (]:(A) )* x D. 0 AL i .
ATl =T\ gl X Dr_rt. ( Ww-o ¢w-— ) el (7r 9w+, ¢W+ == 7r)
(4.21)
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In fig a) the observables in the Standard Model are shown, whereas in fig. b) — d) the

helicity amplitudes are depicted for different anomalous couplings. In figure b) the coupling Ag? is set
to Agf cot @ = 2, in figure ¢) an anomalous magnetic dipole moment of Ak, = 2, Akz = —2tan Oy

and in figure d) an electric quadrupole moment of A, = 2, A

Figure 4.2: The various helicity cross-sections (7_7) as a [unction of cos 0 at a centre-of-mass energy

of 183 GeV.



42 PHENOMENOLOGY OF THE TRIPLE GAUGI COUPLINGS 91

Pigure 4.3: An illustration of the definitions of the W production and decay angles.

4.2.4 Spin Density Matrices

In the [ollowing section the spin density matrix element method will be explained. The aim of
the analysis is Lo extract the information of the helicity states of the W bosons as a function of
the W production angle 0. Tn this method the information about the trilinear gauge couplings
contained in the total W-pair production cross-section will not be utilised. Therefore this
analysis, which relies on differential angular distributions only, can finally be combined with
the event rate analysis.

The spin densily matrix elements are normalised products of the helicity amplitudes and
describe the polarisation of the W boson pair. The elements of the two-particle joint density
malrix are defined by

i A
ol e M
ot (€080) = = (4.22)
Pr_tryr) (€08 P
Z)\m,r_ |‘7:T—7+|

Altogetheer, the WHW system has 81 density matrix elements. With the normalisation

Z Pror.ryry = 1, (423)

T

80 of these are independent. This number reduces to 35 elements in an CP conserving theory, as
is described in [58]. Even with the expected full LEP 2 statistics (500 pb™" per experiment) it is
illusive to extract all two-particle joint density matrix elements of the WW system. It is possible
to reduce the number of observables by considering the W bosons individually. Summing over
all possible helicity states of the second W gives the so-called single W spin density matrix.
Here the relation for the single W matrix elements of the W~ boson is given as an example:

py‘i:{_ (COS 9) = Z Pr_r! vy (424)

T+

The matrix p, is hermitian, thus having six independent matrix elements. The density ele-
ments will be extracted as a function of cos 8, since the helicity amplitudes and thus the density
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clements depend strongly on the W production angle as can be seen from figure 4.2. The diag-
onal elements p,, of the spin density matrix can be interpreted as the probability to produce a
W boson with helicity 7. Therelore, they are normalised to unity:

b (4.25)
T+

Note that in general the off-diagonal elements are complex. For CP-counserving theories, how-
ever, the imaginary parts vanish. This will be described in more detail in section 4.2.5. In
this analysis, where the single W spin density matrices are reconstructed, the spin correlations
between the two W bosons are not considered. The resulting loss in sensitivity is very small.
This issue will be discussed in section 4.6.

The three-fold differential cross-section for the W production and decay angles of the W~
boson as an example is given in terms of the single W density matrix elements by

do(ete™ > Wt 4 ff)  do(ete” = WHW~)
dcos 0d cos 0y, _dey, e dcos @

3 2
(1) () 3 A2se(c0s0)Dr (cos by, ).

(4.26)
Here (Br) denotes the branching ratio Bry-_,g of the W™ decay, from which the density matrix
is extracted.

The theoretical predictions for the single W spin density matrix elements as functions of
the anomalous couplings can be derived from the analytical expressions of the helicity subam-
plitudes in table 4.1, equations 4.15, 4.17, 4.22 and 4.24. They are given explicitly in [58,61].

As a summary of the description above, the information contained in the three-fold dif-
ferential cross-section of the production and decay angles of the W boson can be transformed
into nine projections, the spin density matrix elements. These are the six real parts and three
imaginary parts of the matrix, taking into account that the density matrix is hermitian. These
observables are physical meaningful and represent the smallest set of observables which contain
all information about the helicity of one W boson.

4.2.5 Test of CP-Invariance

An examination of the reaction ete™ — WHW~ provides a genuine experimental test of CP-
invariance, which is entirely independent of any theoretical assumptions [58,62]. In the Standard
Model CP violation is only present via the Kobayashi Maskawa phase, which affects this reaction
only at two-loop order. These effects are too small ((O) = 107%) to be detected with the
precision of the LEP2 program. Thus if any signals of CP violation are observed, this would
unambiguously be a sign of new physics. But the Lagrangian £ describing the most general
triple gauge coupling vertex as given in equations 4.1,4.2 allows for CP violation. There exist
very stringent bounds on CP-violation in the electromagnetic interaction, which can be derived
from limits on the electric dipole moments [63,64]. If the SU(2) weak isospin symmetry is valid,
CP violation is neither expected in the weak sector. Therefore, CP violation in the trilinear
gauge coupling is theoretically disfavoured. On the other hand there are no measurements which
exclude CP-violation in the weak sector and the indirect limits in the electromagnetic sector
cannot replace direct measurements. It is thus of great importance to confirm the expectation
of CP conservation in the triple gauge couplings.
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Within the formalism of spin density matrix elements, a very simple test of CP-invariance
in W-pair production can be performed, which will be shown in the following.

CP1 invariance implics

NPl (A) . -
FO = (F ) (4.27)
From bhis at tree-level for the single-W spin density matrix element directly follows
+
= (/)(V!T)(_TJ))‘. (4.28)
On the other hand, a CP couserving theory implies for the helicity amplitudes
A (A)
Fr = Flery (4.29)

and as a consequence for the density elements
. e
Prer = Ploryrt)- (4.30)

Following equation 4.30 a very simple test of CP invariance can be derived through the following

relations:
Im(p¥") — Im(p",) =0
tm(p¥) — lm(p%) =0 (4.31)
Im(p%, ) — Im(p‘fg) =)
Any deviations from equations 4.31 directly imply CP violation. On the other hand, following
equation 4.28, the presence of loop effects can be tested by comparing the imaginary parts
according Lo

i Im(p. ) + lm(p%",.) = 0. (4.32)
A deviation from zero would give an estimate of (CP conserving and violating) loop effects,
whereas any non-zero CP-violating tree level contributions would cancel.

The CP test described in this section is much simpler compared to a full analysis, which
would also take the real parts of the density elements and the angular distribution of the W
production angle into account. Nevertheless this simple test has similar sensitivity, because
the CP-violating parameters enter linearly in the imaginary parts of the spin density matrix
elements, whereas for the real parts the dependence is quadratically. Thereflore, and for the
sake of simplicity the CP-violating TGC parameters are extracted from the imaginary parts
only.

4.3 The Spin Density Matrix Analysis

In the following the realisation of the spin density matrix analysis is described. In a first step
the density matrix elements, as a function of the W production angle, are extracted from the
data. Secondly, the results are compared to the theoretical predictions of the Standard Model.
To do so the experimental effects have to be taken into account, as will be described in section
4.4. This method allows, in principle, a model-independent test of the data. If deviations from
the Standard Model expectation are found, the individual helicity states of the W boson can be
compared to the analytical predictions for various anomalous coupling parameters. The specific
shapes of the density elements as a function of the production angle W allow to distinguish
between the different anomalous triple gauge coupling parameters. Subsequently, in order to
quantily the agreement between the data and the theoretical prediction, a fit is performed for
various models and the anomalous coupling parameters can either be measured or restricted.

number of entries
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4.3.1 Data Sample and Angular Reconstruction

For the analysis described in the following only the so-called ‘semi-leptonic’ channel WW — qqév
is used. About 43% of the total WHW~ decay cross-section is expected to contribute to this
modus. Measuring the direction of the jets of the hadronically decaying W by suimming over
the jet momenta and applying momentum conservation, the direction of the W bosons can
be reconstructed. This is done with the help of a kinematic fit: from the measured lepton
and jet momenta and their errors the momentum vectors of the W bosons are determined by
constraining the total energy to the centre-of-mass energy and the total momentum to zero.
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Figure 4.4: The angular resolution for the W production and decay angles as determined [rom the
Monte Carlo (EXCALIBUR).

The charge of the lepton from the leptonically decaying W can be used to distinguished the
W~ and the W+ boson. In case of a 7 lepton the charge of the W boson can be derived by
the charge(s) of the 7 lepton decay products. Because of the missing information due to the
additional neutrino(s) of the 7 decay further constraints have to be assumed to fully reconstruct
these events. According to [65] the direction of the 7 lepton can be reasonably approximated
by the direction of the visible 7 decay products. Doing so and with the constraints from energy
and momentum conservation in a kinematic fit the W production and decay angles can be
reconstructed as in the case of the electron and muon decay. Via the measured charge of the
lepton candidate, the fermion can be distinguished easily from the anti-fermion, and thus the
decay angles of the leptonically decaying W can be reconstructed unambiguously. “This is not
the case for the hadronically decaying W, where the quark and the anti-quark cannot be distin-
guished without applying additional techniques for the determination of the hadromic charges
like jet-charges, for which the efficiency for measuring the charge of the quark jets correctly is
relatively low (around 70%) and would give only very modest statistical improvement. There-
fore such techniques are not applied here and consequently only folded angular distributions are
accessible for the hadronically decaying W. Theoretically, these folded, or symmetrised, angular
distributions can be derived from the true angles by using the following relations, depending
on the value of the polar angle cos@* of the W decay:

cosf* >0 — (cosf0",¢*)

cos0* <0 — (—cosb*,¢* +m). (4.33)
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Fully hadronic decays, W'W™ — qqqf, which are expected to contribute with 46% to the
Llolal WHWdecay cross-section are dillicult to reconstruct and therefore expecled to have
relatively little impact on the measurement of the triple gauge boson coupling as will be
explained in the following. The selection is expected to be less pure than for the semileptonic
case, because of the high background from multi-jet final states in e'e™ — (29/9)* = q@(7)
events. Moreover hard gluon radiation will complicate the selection. An additional problem is
that the jels cannot unambiguously be assigned to the W bosons. The most severe problem
for measurements of the triple gauge boson coupling is the poor reconstruction of both the
W production and decay angles. Neither the W' boson can be distinguished from the W~
boson nor the W-decay jets originating from the quark or anti-quark can be identified without
additional techniques to determine Lhe charge of the jets or the W bosons. As mentioned,
these techniques are quite limited in their performance. Therefore the useful information in an
analysis of the angular distribution is strongly diluted and the channel is expected to contribute
relatively little compared to the semi-leptonic channel, despite the fact that it has the largest
cross-section of all the channels. The fully hadronic channel has been analysed in a separate
analysis using a binned likelihood fit and its resulls are combined with these from the spin
density matrix analysis for the qqlv, channel in section 4.7.

Approximately 11% of the W-pairs are expected to decay through the fully leptonic channel
WHTW~ — [*1) 7. In this channel the momenta of the two neutrinos are unknown. Applying
momentum and energy conservation and forcing the two W bosons to a fixed mass my allows
the reconstruction of the two neutrino momenta, in case of the two leptons being an electron
or muon. The quadratic nature of the mass conslraint results in a twofold ambiguity in the
reconstruction of the five angles, which implicates a loss in sensitivity (or measuring anomalous
couplings. Because of these problems together with the low cross-section, this channel as
well is expected to have a low impact compared to the semileptonic decay channel. Events
with at least one W-decay via the T-channel cannot be reconstructed because of the missing
information of the additional neutrino(s) in the 7 decay. As for the fully hadronic channel a
separate analysis has been performed for this channel and the results will be combined with
these of the spin density matrix method in section 4.7. The results of the spin density matrix
aunalysis of the WW — qqfv channel can subsequently be combined with the results from the
evenl-rate analysis and from other channels. This will be described in section 4.7.

4.3.2 Monte Carlo Samples

Diflerent Monte Carlo generators are used in order to simulate the physics processes of the
W W -pair production and their backgrounds. 1n the following the generators, which are used
for the analysis of the triple gauge boson coupling, are introduced briefly and the main features
are summarised.

e EXCALIBUR [66]
can be used either in a full 4-fermion mode, where all CC and NC final states are gener-
aled, or as a CC03 (c.[. section 1.3) generator (optionally, any graphs or combinalion can
be switch on and off). QCD corrections, finite W width and the masses of the fermions
are incorporated. For initial state radiation (ISR) a simplified simulation is implemented,
where only single photon radiation without transverse momentum is taken into account.
Anomalous triple gauge couplings can be switched on, with all CP-conserving anomalous
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coupling parameters settable. This Monte Carlo generator is mostly used in order to
produce samples with anomalous couplings in the various models examined, including
simulation of the OPAL detector.

e KORALW [67]

can be used in the CC03 mode or, alternatively, all charged current diagrams (CC11) can
be produced. They are generated using the GRACE package [68]. The matrix elements
are calculated for massless fermions, but optionally kinematics with massive fermions can
be used. The finite W width is incorporated and Coulomb corrections can be switched
on. The main advantage compared to EXCALIBUR is a carelul implementation of ISR,
including multiple photon emission and finite transverse momenta of the photons. The
fully simulated OPAL samples are produced in the CC03 mode and without anomalous
couplings. No anomalous couplings are settable.

PyTHIA [69]

is mostly used in order to produce Standard Model WW (CC03) samples to cross-check
the EXCALIBUR or KORALW samples. Only single classes of events, like WW or Z7Z
samples, can be produced, PYTHIA does not allow for full 4-fermion samples including
the interference terms. No anomalous couplings can be set.

gre4f [70]

is able to generate all 4-fermion processes without any kinemaltic cuts. 1t is based on the
GRACE package [68], which computes Feynman diagrams automatically. Therefore the
calculation is considered to be the most complete and reliable. The fermion masses are
finite, QCD and Coulomb corrections are included. For handling ISR two possibilities
exist: either a structure function formalism or a parton shower algorithm is used. The
latter may also be used in order to implement final state radiation. In principle any
anomalous triple gauge couplings can be set. The price to pay for all these advantages
is that that the grc4f program is very slow. Therefore fully simulated samples are
only used by OPAL in order to produce reliable 4-fermion samples with Standard Model
couplings and the according CC03 samples as counterparts in order to investigate possible
4-fermion effects.

The fragmentation and hadronisation is done with the JETSET [10] Monte Carlo while HERWIG
[49] is used for systematic studies. For the decays of T-leptons the program TAUOLA [71] is
used, which models hadronic decays of the 7 including the relevant resonances.

Various samples of fully simulated Monte Carlo events, both the Standard Model processes
and samples with anomalous triple gauge boson couplings, are used for the spin density ma-
trix analysis or systematic checks. They are sumnarised in tables 4.3,4.4 and 4.5. All Standard
Model samples, generated with the different Monte Carlo programs, are summarised in table
4.3. In table 4.4 samples with anomalous couplings are listed, where only the CC03 diagrams
of the W+W~-pairs are produced with the EXCALIBUR generator. In table 4.5 the samples
produced in the 4-fermion mode of the EXCALIBUR generator are summarised. All 4-fermion
processes, which are sensitive to anomalous couplings are produced, including interferences be-
tween these processes. The eell and eeqq final states are independent of anomalous couplings,
therefore they are not included in these samples.
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Run | Quantity | Physics process Generator NG
5762 | 100k | WW PYTHIA 181 GeV
6843 100k WW EXCALIBUR | 184 GeV
5033 150k WWwW Herwic 184 GeV
6640 157k WW gredf 184 GeV
7322 50k Ww KoraLW 183 GeV
7323 100k WWwW KorALW 183 GeV
6900 100k Ww PyTHiA 183 GeV
7352 100k ww EXCALIBUR | 183 GeV
7337 78k Ww gre4f 183 GeV
5795 80k 4f—qqqq greaf 184 GeV
6850 82k Af—llqq grcaf 184 GeV
6851 261k 4{—eeqq grcaf 184 GeV
7051 39k 4l—-qqqq gre4f 183 GeV
7050 41k 4f-1lgq gre4f 183 GeV
7055 134k 4f-—reeqq greaf 183 GeV
6859 170k | 4f (I'GC sensitive) | EXCALIBUR | 184 GeV
7330 | 100k | 4f (I'GC sensitive) | EXCALIBUR | 183 GeV
5050 500k 2]y = qq PYTHIA 183 GeV
1124 150k Z/y = qq HERWIG 184 GeV
1126 170k | vy — qq (tagged) | HERWIG 184 GeV

Table 4.3: The Monte Carlo samples without anomalous couplings used in this analysis.

4.3.3 Event Selection

WW — qqlv events are characterised by two well-separated hadronic jets, missing energy due to
ihe unobserved neutrino and a high momentum lepton. In case of the electron or muon channel,
the lepton can be directly identified, whereas for tau events the signature is an additional jet
with low multiplicity. The missing momentum of the neutrino resulting from the W decay is
expected to be less well defined in this case due to the additional neutrino(s) from the 7 decay.

Because of the similar signature of the three different channels in the semi-leptonic W-pair
decays, a common event selection [72,73]. is performed, which proceeds in four steps:

o Identification of the candidate Lepton

Tn case of the electron and muon channel, WW — qqlv,1 = e, u1, no explicit lepton iden-
tification is required, in order to maximise the efficiency. Instead, the track in the event
which is, according to a likelihood caleulation, most consistent with being an electron or
muon from a W decay is chosen as a lepton candidate. This selection is based on a set
of variables, like the specific energy loss in the jet chamber or the matching between the
hits in the central detector and the muon chambers. This information is combined with
variables like energy and isolation, which help to identily tracks coming from a leptonic
W decay.

In case of the tau channel the track (or tracks) most consistent with being from the
leptonic decays W — 77, — (eVer,)Vy, W — 70, — (uP,v;)7, and from the hadronic
decays W — 777, — (75 (nn")v, )7, and W — 77, = (2rt7Fu,)7, is identified, using the
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Run | Quantity Vs anomalous couplings
6844 50k 184 GeV awg = +2
6845 50k 184 GeV awe = —2
6846 50k 184 GeV ape = +2
6847 50k 184 GeV apy = —2
6848 50k 184 GeV Qw = +2

6849 50k 184 GeV aw = —2

7353 50k 183 GeV awg = +2
7354 50k 183 GeV awe = +1
7392 50k 183 GeV awe = +0.5
7393 50k 183 GeV awg = —0.5
7355 50k 183 GeV aye = —1
7356 50k 183 GeV awe = —2
7357 50k 183 GeV awy = +2

7358 50k 183 GeV aw = +1

7394 50k 183 GeV aw = +0.5
7395 50k 183 GeV aw = —0.5
7359 50k 183 GeV aw = —1

7360 50k 183 GeV oy = —2

7361 50k 183 GeV oy = +2

7362 | 50k | 183 GeV ope = +1

7396 50k 183 GeV age = +0.5
7397 | 50k | 183 GeV opg = —0.5
7363 50k 183 GeV ape = —1

7364 | 50k | 183 GeV opy = —2

7794 | 50k | 183 GeV Agh =42

7795 | 50k | 183 GeV Agl=+1

7796 50k 183 GeV Agl =1
7797 | 50k | 183 GeV Agt = -2
7367 50k 183 GeV Aky =41

7368 50k 183 GeV Ary=—1

7798 50k 183 GeV Ak, (HISZ)= +2
7799 50k 183 GeV Ak, (HISZ)= +1
7800 | 50k | 183 GeV Ay (HISZ)= —1
7801 50k 183 GeV Ak, (HISZ)= —2
7369 | 20k | 183 GeV Ay =Xy = +1
7370 20k 183 GeV Ay =)y =-1
7371 20k 183 GeV | awe = +1 and aw = +1
7372 20k 183 GeV | aws = +1 and ape = +1
71873 20k 183 GeV | aps = +1 and aw = +1

Table 4.4: The Monte Carlo samples with anomalous couplings, produced with the EXCALIBUR
generator in the WW (CC03) mode.

same information as for the electron and muon channel, and in addition variables identi-
fying the tau decay products, like for example the mass of all tracks and clusters within
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Run | Quantity Vs anomalous couplings a background event. Events are finally selected if the relative likelihood
7331 | S0k | 183GeV |  owe=+2 - Law
7827 H0k 183 GeV awe = +1 qull? S i LT
7828 50k 183 GeV awe = —1 L9974 f x £93
7332 50k 183 GeV awe = —2 exceeds a certain cut value. Here the normalisation factor, f, is the ratio of preselected
7333 50k 183 GeV aw =2 background to signal cross-sections from Monte Carlo. For the electron and muon channel
7831 50k 183 GeV aw = +1 a relative likelihood of £997 > 0.5 or L% > 0.5 is sufficient, whereas WTW~ — qqrv,
7832 50k 183 GeV aw = —1 events are selected if the relative likelihood £997 is greater than 0.75.
7334 H0k 183 GeV ow = —2
7335 50k 183 GeV ape = +2 e Event categorisation
7829 50k 183 GeV apy = +1 After applying the preselection and performing the relative likelihood selection for the
7830 50k 183 GeV ape = —1 WHW™ s qgev, and WHW~ — qquu, channels, approximately 25% of the WtW~= —
7336 50k 183 GeV apy = —2 (477, events are selected. Therefore the events passing the WYW~ — qgev, and
7823 50k 183 GeV Agl = +2 WHW~ — qquv, selections are re-classified by additional likelihoods in order to recog-
7824 50k 183 GeV Agl = +1 nise WYW~= — q4r7, events. This procedure results in a better angular resolution for
7820 50k 183 GeV Agl =—1 the leptonical decay angles of the W, because the additional neutrinos from the 7-decays
7826 50k 183 GeV Agh = —2 are taken into account properly. The predominant WYW~ — qr7, contamination in
7837 50k 183 GeV Aky =42 the qiev, and qquv, selection arises from tau-decays into an one prong hadronic state,
7838 50k 183 GeV Ak, = +1 an electron or muon plus neutrino(s), respectively. Therefore two different likelihoods
7839 50k 183 GeV Aky = -1 are applied to events selected in the WHW~ — qdev. and WYW~ — qquv, chan-
7840 50k 183 GeV Aty = -2 nel to classify the candidates either as WHW~ — qgeve and WHW~ — qguv, events,
7833 50k 183 GeV | Ak, (HISZ)= +2 or to identify W*W~ — qgr¥, events in the channels W — 70, — (7t (nn)v, )7, or
7834 50k 183 GeV Ak, (HISZ)= +1 W — 77, = (eVev, )7, and W — 77, — (u¥,v, )7, respectively. For these likelihoods
7836 50k 183 GeV | Ak, (HISZ)= -1 the same variables as for the relative likelihood selections for qqev, and qquv, events are
7836 50k 183 GeV | Ak, (HISZ)= -2 used.

Table 4.5: The Monte Carlo samples with anomalous couplings, produced with the EXCALIBUR

generator in the 4-fermion mode.  The eell and eeqq final states are not included in these samples. The follgwing hackgronngl procegies:haye tio e considered i tie seleghion of the semileptonic

decay of the W-pairs:

a 200 mrad cone around the track.

Preselection

Preselection cuts are applied to remove the main contribution from background events, like
two-photon and (Z°/)* -+ qi(y) events. For each channel a slightly different preselection
is used, where for example the energy of the lepton candidate, the visible energy or the
energy of the highest encrgetic photon are used. Details may be found in [72]. For
WHW— — qqrv, events four different preselections are performed for the four channels.

Relative Likelihood Selection

Relative likelihoods are used to distinguish signal WHW= — qgly; events from back-
ground. The main background after the preselection are (Z°/y)* — qq(y) events. To
distinguish signal from background contributions a set of variables like the energy of the
lepton candidate, the lepton identification probability or the angle between the lepton
track and the missing momentum vector is used. All variables are summarised in [72].
The likelihood, £99¢  for being a qqlw event is calculated as the product of probabilities
for the individual variables, and is subsequently compared to the likelihood, £99, of being

o (Z°/y)* — ff
is the most important background contribution in the qq 77, channel, but it is also
relevant in the other two semileptonic channels. On average, the cross-section is reduced
about a factor of 1000 after the selection for the angular analysis.

e T'wo-photon production
is the process with the largest cross-section (c.f. section 1.2). In most of the cases the
photons are quasi-real, so that the cross-section reduces significantly, when minimal mass
in the GeV-range is required for the fermion system originating from the photons. In this
sense the two-photon processes are relatively easy to distinguish from the events, where
gauge bosons are produced resonantly. Only in the WYW~ — qqew, channel a significant
fraction of these processes remain in the selected events.

e Single resonant W production

is a potentially serious background for the investigation of the triple gauge boson vertex.
Here identical final states as in the W-pair production can be produced, which leads
to interferences between the reaction e*e~ — Wev — ffev and the CC03 diagrams of
the W-pair production. Experimentally those two processes can be distinguished in a
good fraction of cases, i.e. when a quasi-real photon is radiated off and thus the electron
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(or positron) escapes detection. But in case that the electron is found in the detector,
the contribution of ffer final states in W-pair production cannot be disentangled from
single-W production: this background is especially dangerous for the investigation of the
trilincar gauge boson coupling, because of its contribution from non-abelian 4-fermion
processes. For this production mechanism the background contains the same vertex as
should be investigated in the signal. The background could be reduced by a factor of 15
due to the selection and the additional cuts applied for the angular analysis. Because only
a very small fraction of the single W-events remain in the sample (for 57pb~! 2.6 events
are selected), the dependence on anomalous couplings is neglected for this analysis.

e Z-pair production
comes into play at energics above the production threshold of ~182 GeV. But the cross-
section is significantly smaller than that for W-pair production as discussed in section
1.3. The accepted cross-section is reduced by a factor of about 15 compared to the Z-pair
cross-seclion.

Single Z production

is especially important in the qgev, and qq 77, channel. Analogously to the single W-
production, usually one of the electrons in the final state escapes detection. This process
does not interfere with W-pair production, apart from the ete~v,v, final state.

All processes except the first two mentioned are part of the so-called 4-fermion background.
In principle a full 4-fermion analysis has to be performed in order to account for the interference
effects between the individual signal— and background processes (c.f. section 1.3). This is done
in case of the total cross-section analysis (c.f. (73]). Therefore the background cross-section
given in lable 4.6 is categorised via ils final states instead of the underlying physics process.
The analysis described in this thesis is based on the CC03 processes. Possible systematic effects
and biases because of this simplification are small compared to the statistical error and will be
discussed in section 4.5.4.

The efficiency for the WHW~ — qqly; selection is 85.7%, with a purity of 89.6%. Thus for
OPAL’s integrated luminosity of (56.560.27)pb~! the expected number of events is 374.1 - 8.6,
while 362 are observed in total. Of those, 140 are selecied as WW= — qgev,, 118 as WHW~ —
qipuv, and 104 as WHW~ — qqr7,events. The error given on the number of expected events
include systematic uncertainties from the elliciency, luminosity, beam energy, WW cross-section
(2%) and myw. The cross contamination between WHW~ events from different topologies
is taken into account in the spin density matrix analysis and thus the dependence of this
sort, of background to possible anomalous couplings is included in the analysis. The different
background sources with their accepted cross-sections are summarised in table 4.6.

For the angular analysis a number of additional requirements are applied in addition to this
selection in order to further reduce the background and to assure a reliable reconstruction of
the event kinematics.

For evenls in the WHW~ — qdew, and WHW~ — qguw, channels a kinematic fit with
three constraints is applied, where energy and momentum conservation are employed and the
mass of the two W bosons is constrained to the world average of the W mass value, my =
80.40 GeV/c* [74], within the W-width. The results of the fit are then used to reconstruct
the W production and decay angles, if the [it probability exceeds a value of 0.001. For events
failing this requirement a kinematic {it with energy and momentum conservation but without
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Accepted background cross-sections (fb)
Event Selection WHW~— —
Source q{er, qapv, qqrv,
qqqq Y= 2 1:£2 Tk
qaeve 91 &£ 58 3+£3 (5
qg ot 66 + 19 25+ 5 70 4 12
qq v 040 040 942
1l v 040 0+0 040
AL i 0.£.0 0+0 0+0
Z°%/y = qq 53 + 10 290+ 5 184 + 22
20y — £re- 2L 1 ==l 61
Two Photon 13 4= 13 00 S5
Combined 226 + 63 59 + 8 357 + 28

Table 4.6: Background cross-sections for the 183 GeV W+W= selections in fb.

the mass constraint is performed. They pass if the fit probability is greater than 0.001. These
additional requirements rejects about 2% of the signal events and 10% of the background.

For the tau channel all events passing the selection are used, if in addition a kinematic
fit requiring energy-momentum conservation and equality between the masses of the hadronic
and the leptonic systems converges with a fit, probability greater than 0.001. The cosine of the
angles between the two hadronic jets is required to be lower than —0.2, and the angle between
the tau and the closest jet should be greater than 20 degrees. These cuts reject 20% of the signal
and 42% of the background. These cuts were also imposed to suppress qqr¥, events which are
correctly identified as belonging to this decay channel, where, however, the tau decay products
are not identified correctly, leading to a wrong estimate of the tau flight direction. The fraction
of these events is reduced from 13% to 8.5% of the qgrv, sample by these additional cuts . With
these requirements 322 events are selected, 135 as WHW~ — qqew,, 115 as WHW~— — qqlm
and 72 as WHW— — qqrv, candidates.

4.3.4 Extraction of the Spin Density Matrix Elements

In principle there a two different possibilities to extract the single W spin density matrices
from data. Expressing the angular distributions of the production and decay of the W boson
in terms of the density matrix elements as given in equation 4.26 allows the determination by
a maximum likelihood fit to the angular distributions of the W decay [4]

The method used in this analysis is the extraction with the help of projection operators [61].

The single W spin density matrices p,,+ can be extracted from W-pair decays using the threefold
dillerential cross-section do/d cos0d cos8*d¢* by

P (cos 6)

do(ete” = WHW™) i do(ete™ — WHI)
Joost = = - " At (07, 8" )d cos By,— depy,
cos Bryw-_g dcos d cos 05, _dey,
: . Bie (4.34)
where A, is a suitable projection operator for extracting the spin density matrix element p,,/.

In equation 4.34 the extraction of the spin density matrix elements of the W~ boson is shown
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' as an example. The projection operators reflect the standard V-A couplings of the fermions to
the W hoson in the W decay. They can be derived from equation 4.26 by integrating over the
two W decay angles and using the normalisation relation of the D-functions

-l e
/ / D, (0" )d cos 0 dgp* = %IJTT:.
1 S

fixpressions for the projectors [61] are summarised below and the functional forms are shown

in figure 4.5.
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Figure 4.5: The projection functions
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AV = A¥Y; = L(5cos?6" F2cos6" - 1)

ARY = AW = 2-5c0s?0"

AV = AW = 2exp(2ig) (435}
AR = Al = 5i5(1F dcos0”) exp(Fig")

The resulting density matrix elements are functions of cos @ .

The method of extracting the spin density matrix elements from data is described in the
following. For each event % there is a measurement of the W production angle cos ¢; and the W
decay angles cos6*; and ¢*;. According to equation 4.34, the spin density matrix element of a
certain bin k of cos @ is then obtained by

Ny
]‘ * *
o, = A > Arr(cos6*;,¢%). (4.36)
=1

Here, the sum runs over all events 7 in bin & of cos@ , Ny is the total number of events in this
particular bin of cos@ , and A = A(cos@*, ¢*) is the value of the projection operator at cos§*;
and ¢*; of event 7.

The error on the spin density matrix element p* . can then be obtained by

N
k i 1 . Ay . ok 2
a(p‘r-r’) <3 Nk(Nk s l)iz:;(/\‘"’(cose h¢ i) prr’) o (437)

The different spin density matrix elements are correlated in a given bin of cosf . However,
for different bins of cos @ they are uncorrelated. The covariance between the two spin density
matrix elements p¥, and pf,, can be estimated according to

N
1
cov(p':T,,pf\,\,) B m <Z (ATT' (cos 0%, ¢";) — Pﬁr’) (Az\z\' (cos 0%, ¢";) — Pix')
i=1
(4.38)

Using all projection operators given in equation 4.35, three real diagonal and six off-diagonal
spin density matrix elements with a real and an imaginary part can be extracted from the
data set and the errors and correlations can be determined. However, the single W spin density
matrix is hermitian, therefore only three off-diagonal elements are independent.

The spin density matrix elements extracted from a Monte Carlo sample on generator level
(Run 5762) of 100000 WW events at a centre-of-mass energy of 184 GeV is shown together
with the Born level prediction in figure 4.6. In table 4.7, the correlations between all nine spin
density matrix elements integrated over the whole cos@ range are given. The correlations do
not depend strongly on cosfl , and, therefore, can be regarded as typical values for all bins in
cosf .
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[Migure 4.6: The spin density matrix elements extracted from the leptonically decaying W of a gen-
erator level Monte Carlo sample are shown. Overlaid are the Born level predictions of the Standard
Model.
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P+ Pp——  poo  Rel(py) Im(py-) Re(pyo) Im(pyo) Re(po-) Im(po-)
T 100 029 -075 001 0.00 0.12 0.00 011 0.00
Do 029 100 -0.86  0.02 0.01 014 0.00 0.04 -0.01
Do 075 -0.86 100  -0.02 0.01 0.03 0.00 0.03 0.02
Re(py-) | 001 002 -002 100 0.00 0.07 0.00 0.07 0.00
Im(ps) | 0.00 001 001  0.00 1.00 -0.01 0.08 0.00 -0.05
Re(pso) | 012  -0.14 003 007 -0.01 1.00 0.00 -0.73 0.00
Im(pso) | 0.00 000 000 0.0 0.08 0.00 1.00 0.00 0.69
Re(po_) | -0.11 004 003  0.07 0.00 -0.73 0.00 1.00 0.01
Tm(po-) | 0.00 000 000  0.00 -0.05 0.00 0.71 0.00 1.00

Table 4.7: Correlations between the different spin density matrix elements as determined from the
Monte Carlo Run 5762.

4.3.5 'What can be gained from Folded Angular Distributions

For hadronic decays of the W boson, where the quark cannot be distinguished from the anti-
quark without additional information like jet-charge, only the folded angular distributions of
cos 0" and ¢* are directly available. The folded distributions can be identified with the sym-
metric® part of the angular distributions [58], whereas no information about the anti-symmetric
part is accessible. Six out of nine spin density matrix elements (or combinations of them) can
be extracted from the folded angular distributions, as will be shown in the following. The pro-
jection operators can be split into a symmetric and anti-symmetric part, as given in table 4.8.
The symmetric part of the spin density matrix element can be extracted from the symmetric

Projection Operator Symmetric Part Anti-Symmetric Part
Ay = AL 3(5cos?0* — 1) 3 F cos 6"
/\(%+ = AR 2 — 5cos? §* -
A 2 exp(2ig*) p

AF) = —AYy | 535 (Fdeos 0" exp(Fig")) | 525 exp(Fig*)

Table 4.8: The symmetric and anti-symmetric parts of the projection operators

part of the angular distribution together with the symmetric part of the projection operator.

A symmetric (anti-symmetric) projection operator affects the symmetric (anti-symmetric)

3symmetric/anti-symmetric under the transformation

cosf* -+ —cosf*
¢* - "+
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angular distibution only, because the integral over an anti-symmetric function vanishes, i.e.

/’rr'm‘.%'@ = Urqu / F,I ft:r (,—;—A) dcos@*dg*
i lxrw_,,, f 1 f ',:r (o)) 4 (o y@) (AL 4 A@)) dcos 6" dgp*
= anq,, T () OAE) (L) @A 4 (Lo ) DA 4 (L) @A) dcos§*dg*
= B U () OAS (L) @A) deos b dg”,

(4.39)
where ;‘:’ is used as an abbreviation for do/d cos0d cos8*d$*. The following combinations of
spin density matrix elements can be extracted from folded angular distributions, because the
according combinations of projection operators can be expressed in symmetric parts of the
projection operators only.

piy+p-—y poo, Re(py.), lm(py_), Re(pyo—p-0), Im(pso+ p-o),

where the combination p, | + p—— and the spin densily matrix element pgo are fully anticorre-
Jaled. As an example it is shown explicitly how the combination Re(p4o—p—g) can be extracted
from the folded distribution only:

Re(pio — p-0)3%5 = 5 [ [ 42 (Re(A4o) — Re(Ao)) dcos0*dg*

Bry i

= B.w_,,,f J () 4 (d2.)@) 2Re(A))d cos 0 dg* (4.40)

= n.w = J [ (o)) Re( A®)d cos 6* dgp*

4.3.6 IExtraction of the Anomalous TGC

In order to compare the spin density matrix elements extracted from the data with the the-
oretical predictions and to measure the triple gauge boson coupling parameters a y2-fit is
performed. In the following section the main issues of the fit are demonstrated. For this pur-
pose the spin density matrix elements extracted from generator level Monte Carlo are directly
compared to their analytical Born level expressions. The treatment of the experimental effects
will be described in section 4.4.

According to equation 4.34 the density matrix elements as a function fo the W production
angle cos @ are normalised to the differential cross-section do/dcos0, i.e. ounly the information
about the relative contribution of the various helicity states is accessible. Therefore, additional
information can be utilised by including the differential cross-sections do/dcos@ in the x2-fit.
Consequently, the spin density matrix of the leptonically and hadronically decaying W boson
can be used independently® together with the angular information of the W production. Single
parameters or combinations of anomalous (rilinear gauge couplings are the free parameters in
the fit.

As can be seen from equation 4.25 and table 4.7, the diagonal elements of the spin density
matrix are highly correlated. Therefore, only two of the three diagonal elements have been

‘All,hough in the method described here (the single-W spin density matrix analysis) the spin correlations
between the two W bosons are neglected. The resulting loss in sensitivity is small, c.f. section 4.6.
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used in the fit. The following list summarises the information used in the fit to extract the
coupling parameters:

w- o cos
Wiep ¢ P—=y P05 Pt+—r P+0, P-0
Whaa : Po; Pi—r Re(pro — p-o), Im(pio+p-o) -

The correlations between the density elements are taken into account. In principle the
correlations between the individual matrix elements can be estimated directly from data. But
because of the limited statistics of the present data samples, this would introduce a large sta-
tistical component into the correlation estimate. Therefore, the correlations are taken from the
Monte Carlo. In general, the correlations depend on possible anomalous couplings. In table
4.9 a comparison is shown, where two generator level Monte Carlo samples with anomalous
couplings have been analysed. The fit was performed using the correct correlations as deter-
mined from the Monte Carlo sample with the anomalous couplings and then repeated using the
Standard Model correlations. As can be seen from table 4.9, the differences in the fit results are
tiny, i.e. the systematic effects error for taking the Standard Model correlations is negligible,
even for relatively large anomalous couplings.

correct correlations | Standard Model correlations

Run 6844 |  2.009 % 0.021 2.009 + 0.021
Run 6845 |  —2.084 005 ~2.081 10951

Table 4.9: The results of the x*-fit to Monte Carlo samples with anomalous couplings, where the
‘true’ correlations or the Standard Model correlations are used.

4.3.7 Comparison of the Sensitivity to Anomalous TGC

In the following section the relative contributions of the different angular distribitions to the
overall error on the determination of the triple gauge couplings are investigated. In table 4.10,
the results of the fit to a PYTHIA Monte Carlo sample (Run 5762) are given for the fit of the
spin density matrices of the leptonically and hadronically decaying W and the W production
angle.

Although the error of the fit is only reduced by 10 - 30 % by including the information of
the decay angles of the W, this information turns out to be essential to constrain the fit to the
‘true’ minimum. Because of the particular shape of the angular distribution for different triple
gauge coupling parameters, it may happen that the x*-curve of a Standard Model sample has
a second minimum for a non-Standard Model value of the coupling parameter. Especially in
the W® model the information of the decay angles helps to avoid these ambiguities in the fit
result. This can be demonstrated by studies using a number of Monte Carlo subsamples with
luminosities similar to that of the OPAL data of about 57pb™". Figure 4.7 a) and b) show
the fit results for 120 fits to the aws parameter, where cos @ only or cos @ plus the information
of the W decay angles have been used, respectively. Whereas in case a) the correct value for
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X Aywo Uy
cos | -0.000 9045 | 40.000 = 0.008 | —~0.003 & 0.014
p | —0.106 3958 | —0.003 £0.018 | —0.019 2538
puaa_| F0.129 X312 | —0.027 1005 | +0.103 Y5573
all | —0.042 *00%% | —0.002 = 0.007 | —0.003 + 0.012

Table 4.10: Comparison of the sensitivity of the individual angular distributions to anomalous cou-
plings , determined from the Monte Carlo Run 5762.

awe is fitted in 55% of the cascs, in case b) in all fits except one the Standard Model value is
reproduced within its errors.
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Figure 4.7: Fit results in the W® model for 120 fits to small Monte Carlo samples, where the cos ¢
only (a) or all angular information (b) is used.

4.4 Extracting TGC including Experimental Effects

The theoretical predictions for the helicity amplitudes and density matrix elements in reference
[58,61) are Born level approximations and do include neither effects of initial state radiation
(ISR) uor the finite width of the W decay. Moreover, there are a number of experimental effects
which disturb the reconstruction of the angular distributions and, thus, lead to deviations from
the true spin density matrix elements when extracted from data. The most important effects
are the angular resolution, the finite selection efficiency and detector acceptance. In addition,
background contributions have to be taken into account.

In the following two different methods will be presented to handle experimental effects. The
first. strategy is to ‘correct’ the data such, that the ‘true’ density matrix elements, i.e. without
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any experimental effects, can be reconstituted. Then the spin density matrix elerents can
be compared to the Born level analytical expressions. The 1nain advantage is that with this
method the density elements can be visualised and the corrected data can directly be compared
to the theoretical expressions ‘by eye’. In such a way a model-independent test of the trilinear
gauge coupling is possible. This correction method is done with the help of a Standard Model
Monte Carlo and thus the experimental effects for any possible anomalous couplings are only
described approximately. Therefore this method is suitable for a quantitative analysis of the
trilinear gauge couplings with reservations only.

The idea of the second approach is to reconstruct the angular distributions and density
elements from the data without any correction for experimental effects. Subsequently these
distributions are compared with the adequate distributions taken from fully simulated Monte
Carlo. Because only a limited number of fully simulated data samples (with a small number
of different anomalous coupling parameters) is available, a reweighting technique is used to
produce samples with a continuous spectrum of anomalous couplings, which is necessary in
order to perform a fit to the data. For this method the experimental effects are handled exactly
for any anomalous couplings. But since the extracted spin density elements cannot directly
be compared to the theoretical predictions, thus the visualisation of the physics behind is
intangible. In the following these two analysis techniques are described.

4.4.1 The ‘naive’ Method: Correction of the Data

In the following sections various experimental effects and the correction procedures applied to
the data to account for possible biases are discussed.

ISR and finite W Width

The description of the angular distributions of the W decay, c.f. equation 4.26, and, conse-
quently, the projection operators given in equation 4.35 as well, do not include the effects of
ISR and the finite W width. Therefore, systematic differences are expected when the density
elements derived from the data are compared to the Born level formulas. A bias may be in-
troduced if the method is blindly adopted without accounting for these effects. According to
studies in [4], the effect due to the W width is one order of magnitude smaller than that of the
ISR, and is, therefore, negligible.

According to the EXCALIBUR Monte Carlo, the mean energy of the initial state photons
is 1.6 GeV. o first order the overall effect of ISR is a reduction of the centre-of-mass energy.
Because the WW™ system is boosted after initial state radiation, the angular distributions
are affected as well. Consequently, the effects of ISR can, at least partly, be compensated by
reducing the centre-of-mass energy for the theoretical predictions of the density matrices and
the differential cross-section in the x? fit. In order to estimate the effects due to ISR, the
centre-of-mass energy in the fit is reduced in steps of 1 GeV, fitting a PyTHIA Monte Carlo
sample. The results are listed in table 4.11. In addition the results of the fit with an energy
reduced by the mean initial state photon energy is quoted. This procedure is repeated with the
EXCALIBUR and, because of its accurate description of photon radiation, the KORALW Monte
Carlo.

Comparing the results of the different Monte Carlo generators of table 4.11, it is clearly
visible that an overall reduction of the centre-of-mass energy helps to reduce systematic shifts
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| Vs[GeV] | T TunE Vgl awa | ow |
Pytiia MC Run 5762 (184 GeV) o rot]
184.0 Z0.175 =+ 0.031 | —0.037 £ 0.007 | —0.069 £ 0.011
183.0 ~0.129 + 0.032 | —0.023 £ 0.007 | —0.043 £ 0.012
182.0 —~0.074 - 0.034 | —0.009 4 0.007 | —0.017 £ 0.013
181.0 0.007 4 0.037 | 0.006 £0.007 | 0.01240.012
1824 | —0.103 4 0.033 | =0.016 £ 0.007 | —0.029 £ 0.012
Excauisur MC Run 6843 (184 GeV)
181.0 0171 £ 0.030 | —0.029 £ 0.007 [ —0.066 % 0.011
183.0 ~0.123 4 0.031 | —0.015 4 0.007 | —0.040 £ 0.012
182.0 —0.063 4 0.034 | —-0.001 + 0.007 | —0.013 £ 0.012
181.0 0.001 4+ 0.039 | 0.015+0.007 | 0.017 +0.013
18247 | Z0.094 L 0.032 | —0.008 £ 0.007 | —0.026 & 0.012
KorALW MC Run 7323 (183 GeV)
183.0 ~0.206 £ 0.030 [ —0.026 + 0.007 | —0.055 £ 0.012
182.0 —0.152 = 0.032 | —0.011 + 0.007 | —0.027 £ 0.012
181.0 —0.086 + 0.036 | —0.005 £ 0.007 |  0.025 4 0.013
180.0 0.016 4 0.041 | 0.021 +0.007 | 0.034 4 0.013
1814 0114 4+ 0.034 | —0.002 £ 0.007 | —0.009 % 0.013 |

Lable 4.11: The fit results of generalor level fits to fully simulated data, where the centre-of-mass
energy in the x>-fit is stepwise reduced ,in order to account for ISR. All the samples used here are
Standard Model Monte Carlo.

due to ISR, although this simplified method cannot correct perfectly for ISR. If, for example,
the energy in the ?-fit is reduced by 1.6 GeV, i.e. the mean energy of the initial state photons,
the bias due to ISR vanishes for the awe and aw model. Whereas for the ape model there
is still a shift visible, but compared to the fits using the nominal centre-of-mass energy, it is
reduced by a factor of two.

It has been confirmed by generator level studies with the EXCALIBUR program, that the
variations seen in the tests described above are really due to ISR. The EXCALIBUR generator
allows to switch off ISR. Thus two samples of Standard Model (i.e. without anomalous cou-
plings) ExcaLiBur Monte Carlo has been gencrated without detector simulation, of which in
one Lhe initial state radiation was set to zero, whereas the other one included the effects of
ISR. The samples were generated with a centre-of-mass energy of 183 GeV. After extraction
of the spin density matrix elements of both samples the x?-fit was performed. The fit of the
test sample without ISR returns the generated Standard Model value for the TGC without any
bias, whereas the fitted value for the sample with ISR gives a non-zero value for the coupling
paramelers, comparable to those in table 4.11.

Overall, the effects of ISR can be significantly reduced by lowering the centre-of-mass energy
by the mean energy of the initial state photons. Note that the effects of ISR (i.e. the bias
seen by comparing data or Monte Carlo including ISR with Born level approximations of the
density elements) are expected to be different for samples with anomalous couplings, because
the angular distributions will be affected differently by the recoil of the initial state photon.
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Acceptance and Angular Resolution

In figure 4.8, the angular distributions derived from the EXCALIBUR sample (Run 7352) in
cos 0,cos 0 and ¢* of the leptonically decaying are shown for all events and the true Monte
Carlo angles. Overlaid are the distributions, where selected events only are used and where the
angles are either reconstructed as they are in data or those [rom the Monte Carlo information
has been used, respectively. Comparing the distributions for all and for the selected events only
shows, that the selection biases the angular distributions. This bias is introduced because of
the finite detector acceptance and the selections cuts. Moreover, the finite angular resolution
introduces an additional bias in the angular distributions.
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Figure 4.8: The angular distributions of the three angles cos#, cos@* and ¢*.  The histogram
represents the ‘truth’, where the Monte Carlo angles for all events are shown, the open circles and the
black dots mark the distributions of the Monte Carlo and the reconstructed angles, respectively, for
selected events only.

In the following a method to account for these experimental effects is described. The method
adopted here is an expanded acceptance correction. A finite acceptance can easily be taken into
account be introducing a correction, which is given by the ratio of the appropriate distribution
of the selected events to that of all events. This approach is adopled here in order to account
not only for the finite detector acceptance, but for the bias due to selection cuts and angular
resolutions as well. It it clear that this simplistic attempt cannot be exact and cannot account
perfectly for the different experimental effects. But in view of the limited statistics of the data
taken in 1997, the method seems to be warrantable as will be shown in the following. Especially
a dependence in the selection efficiency on the angular distributions will cause a bias when large
anomalous couplings are determined.

The binning in cos @ in the density matrices corresponds to the binning for the correction
functions. The correction functions for a certain bin of cos @, k, are defined as

ot ( — do do
L dcos 0*de* / .. dcos 0*dg* ot (4.41)

where ¢rue and rec denotes the differential cross-section of the simulation before and after the
selection and reconstruction. In those cases, where only one dimensional distributions in cos §*
or ¢* are used to extract the density elements (c.f. equations 4.35), a polynomial is fitted to
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the correction distributions, and the value of this function for the corresponding value of cos 8*
or ¢ is used lo correct the data. In the 2-dimensional case the fit gives unsatisfactionary
resulls, and therelore, the correction is done in a binned way. The fitted functions used for the
combined efficiency and angular resolulion correction including the fit parameters are shown in
ligure 4.9 for four dillerent bins of cos @ .

The density matrix elements are then obtained according to

TN,

e Nik Z #A,T:(cos 6*:,¢%), (4.42)
i=1 7k

where f£ is Lhe efficiency correction of bin k in cos @. The errors and correlations are estimated

analogically.

In figure 4.10 the spin density matrix elements, extracted from the KORALW Monte Carlo
sample on generator level are compared to those, where only the sclected events with the
reconstructed angles are used. In the latter case the correction for acceptance and angular
resolution as derived [rom the EXCALIBUR Monte Carlo was applied. Note that the differences
between both distributions in figure 4.10 contain a statistical component in addition to the
possible systematic differences due to the efliciency and angular resolution correction, because
the statistical overlap between the samples is 85% only. In order to quantify the differences,
fits for anomalous couplings have been performed using Standard Model Monte Carlo samples.
The resulls are summarised in table 4.12. The resulting differences between the fits to the
generator level and corrected Monte Carlo and small.

KoraLW Monte Carlo

@By Cwe Qaw

generator level —0.114 4 0.034 | —0.002 £ 0.007 | —0.009 + 0.013
detector level
(corrected with EXCALIBUR ) | —0.076 70050 | —0.011£0.008 | —0.040 301

Table 4.12: Comparison of the x? {il results for the full Monte Carlo information (generator level) with
Lhe sample of selected events only, where the reconstructed angles have been used and the selection
efliciency and resolution correction have been applied. The correction have been extracted from Monte
Carlo samples generated with the IXXCALIBUR program.

In addition, the density elements have been extracted from Monte Carlo samples including
anomalous couplings, but using a Standard Model Monte Carlo sample to determine the cor-
rection function. Here a bias is expected, because the correction functions are determined from
a Standard Model Monte Carlo sample. The correction [unctions determined from samples in-
cluding anomalous couplings are different from the Standard Model corrections mostly because
the efliciency and resolution depends in general on the angular distributions and thus on the
anomalous couplings. These investigations are summarised in figure 4.11 for different samples.
These comparisons show that, especially for large anomalous couplings, a bias is introduced
if the acceptance and resolution corrections is extracted from a Standard Model Monte Carlo.
The discrepancy between the input and the fitted value for the coupling parameters show a
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Figure 4.9: The acceptance and resolution corrections for four bins in cos@ . Shown are the correction
functions in cos§* and ¢* , where a third and forth degree polynomial is used to fit the correction
factors,respectively.
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Iigure 4.10: The density elements extracted from the KorRALW Monte Carlo on generator level (open
circles) compared to those, where selected events only and the reconstructed angles are used and the
correction (derived from the EXCALIBUR sample ) has been applied (black dots).
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Figure 4.11: Summary of the bias checks for the methods which corrects the data to tree level (open
symbols). For a comparison the results for the generator level fits of the same samples are shown
(black symbols). The line corresponds to an unbiased analysis.
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non-linear behaviour on the dependence on the anomalous coupling, such that a bias-correction
seems to be dillicult. Tspecially in the B® model the bias is relatively large.

Au alternative correction of the data to tree-level distributions would be a real unfolding
technique. This wonld avoid the disadvantages mentioned above, but the ‘unfolding’ would
have Lo be done in a binned way in a five dimensional space, because of the correlations of
the five angles cos 0, (cos 0)w-, (#)w-, (cos 0)w+ and (¢)w+. This would not only cause severe
Monte Carlo statistics problems but also a loss in the statistical power of the analysis, because
the extraction of the density matrices would no longer be unbinned in cos 0* and ¢* . Instead,
a reweighting technique will be employed to get the quantitative results of this analysis (c.f.
section 4.4.2) and the ‘correction’ method here is used to visualise the results. The correction
imethod is adequate for this purpose since the fit results for the anomalous couplings in the data
give results close to the Standard Model (see below), where the bias is expected to be small.

Background

"The dominant background sources for the WW — qqfv  channel are ete” = (Z/7)" = qq,
ele” — 7979 and ete~ — Wre~v events. The background distributions can be subtracted on a
statistical basis from the data, where the angular distributions for the background contributions
are taken from the Monte Carlo samples. The density matrix element p’_ﬁr,b‘:k's“b can then be

extracted according to

" l * * * *
pf‘"‘lbakmsub - I_V__a”‘,_:_ﬁ‘c_k Z A.,.T:((,‘()SO {4 ¢ i) — Z A.,.,.I(COSH i,¢ i) . (443)
¢ ko \i=t,npt i=1,Npek
The error can be estimated by
P L Y - V(o2 + (o3%)? (4.44)
i (N’z:n ) N,"’Ck)(N,?“ e Nllc)ck b 1) ’

where g, is delined as
Ni

IN= Z(ATT'(COS @*;, d)‘i) = pﬁ‘r’)z‘

=1

4.4.2 The Reweighting Method

In order to reduce the bias introduced by handling the experimental effects, an alternative
procedure has been developed to extract and fit the density matrix elements. In this method
the angular distributions and density elements are directly reconstructed in data, without any
correction for experimental effects. Subsequently these distributions are compared in a xX-fit
to the corresponding distributions taken from fully simulated data, which are produced by a
reweighting technique. By this procedure the experimental effects are included (nearly) exactly,
and therefore no bias is expected, even for large anomalous couplings. At the same time the
stalistical advantage of extracting the density matrix elements in an unbinned way in cos 6"
and ¢* is preserved.
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Each selected event 7 in a fully simulated Standard Model Monte Carlo sample is weighted
by a factor w; in order to reproduce a sample of any anomalous coupling parameter A ( in one
of the appropriate models). These weights can be interpreted as the probability that an event is
produced in a certain phase space point (with the angles cos 6, cos 0y, Py, cos @y, and @iy..)
assuming an anomalous coupling A divided by the probability that this event is produced at the
same phase space point within the Standard Model. Thus these weights w; are calculated by
the ratio of the five-fold differential cross-section in case of an anomalous triple gauge coupling
parametrised by A and the Standard Model, respectively. The cross-sections are calculated for
the ‘tree level’ angles of the appropriate event.

do eVl T (5M)
“"‘=(d5a) (2{) : .48)

T e

dba ~ dcosOwd cos Oy, dpy,_d cos 0y, ddly,
is the Born-level formulas for the five-fold differential cross-section calculated with the help of
equation 4.21 and the helicity amplitudes summarised in table 4.2.

Here

The experimental effects like selection efficiency and acceptance cuts are fully taken into
account in the reweighting method. On the other hand, the effects of initial state radiation
and the final width of the W boson are only partly included, because the Monte Carlo sample
taken as a basis for the reweighting fit does already include ISR and I'y, whereas the Born
level predictions used to reweight the Monte Carlo sample in equation 4.45 do not account for
these effects. But the systematic differences due to the missing ISR and width of the W boson
are expected to be small, as long as the difference between the couplings in the Monte Carlo
sample used for the reweighting technique (usually a Standard Model sample) and the data are
small, which is given in our case according to todays limit of anomalous couplings. Possible
systematic uncertainties due to this effect are estimated in section 4.5.4.

Small differences in the centre-of-mass energy of the data and the reweighting Monte Carlo
sample can be approximately accounted for by varying the energy for the calculation of the
five-fold differential cross-section in equation 4.45 such, that for the numerator (da/d5a)™
the energy of the data is chosen whereas for the denominator (do/d5a)S™ the energy of the
reweighting Monte Carlo is used®. Backgrouud from ete™ — (Z/v)* and two-photon events
is subtracted from the data analogously to the procedure described in section 4.4.1. The 4f-
background is neglected in this analysis. The effects resulting from this approximation are
discussed in section 4.5.4.

In the following the results of the fits of large Standard Model Monte Carlo samples are
summarised. The EXCALIBUR sample generated at 183 GeV has been chosen as a test sam-
ple. Various samples have been used as the reweighting Monte Carlo. In order to check the
method to account for differences in energy between the reweighting Monte Carlo and data,
the EXCALIBUR sample generated with 183 GeV has been fitted with an EXCALIBUR sample of
184 GeV as a reweighting Monte Carlo and applying the correction described abowe. The re-
sults are given in the last row of table 4.13 and they do not show any bias within the statistical
significance of these tests.

SFor fits on generator level this is an exact approach, whereas for fit including experimental effects this gives
a reasonable approximation.
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Figure 4.13: Summary of the bias checks for the reweighting method. The samples with anomalous
couplings are EXCALIBUR samples generated at 183 GeV, whereas for the reweighting an EXCALIBUR
Monte Carlo at 184 GeV was used. The line corresponds to an unbiased analysis.

Figure 4.12: Summary of the bias checks for the rewecighting method. All samples are generated
with the EXCALIBUR Monte Carlo at a centre-of-mass energy of 183 GeV. The line corresponds to an
unbiased analysis.
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l(.(!wttig!}]iijxg_l\/l (3 OBy awe aw
PyrHIA Run 6900 4+0.028 + 3968 | +0.003 & 0.012 | +0.009 £ 0.021
KoraLW Run 7323 10,035 * 9966 | +0.012 £ 0.012 | --0.002 £ 0.022
grcaf Run 7337 ) 10.003 % 0.069 | —0.022 4 0.013 | —0.031 == 0.017
_ EXCALIBUR (181 GeV) Run 6843 | +0.076 + 0008 | 10.005 -+ 0.012 | +0.011 = 0.022

Table 4.13: Test of the reweighting method with large Standard Model Monte Carlo samples. The
ExCALIBUR sample generated at 183 GeV was used as ‘mock’ data, whereas samples of different
generator and energies have been used as the reweighting sample.

The fits to samples with various anomalous couplings are summarised in figure 4.12. For
these checks an EXCALIBUR Standard Model sample generated at 183 GeV was used as the
reweighting Monte Carlo. This study was repeated by using an EXCALIBUR sample of 184 GeV
(and accounting for the dilference in energy) as a cross-check and is shown in figure 4.13. No
systematic differences between the generated and fitted anomalous coupling values are observed,
especially for the samples not too far away from the Standard Model.

Iu order to check the errors of the method the fit has been repeated on 118 Monte Carlo
subsels of 57pb~". In figure 4.14 the distributions of the fit results and the pull distributions
are shown for the three a-models, respectively. In addition, the error of the fit has been tested
by looking al the distribution of the x?-dilference between the fitted value and the Monte
Carlo input value. 1t has been confirmed that 68% (95%) of the fits to subsamples result in a
y2-difference below one (four), i.e. that the one (lwo) sigma errors are reproduced well. The
fraction f of the fil results, where this x*-diflerence is lower than the value of the abscissa is
shown for the various parameters in figure 4.15.

4.5 Results from the OPAL Data

4.5.1 The Correction Method

Using all data collected with the OPAL detector in 1997, i.e. 57pb~" with an average centre-
of-mass energy of 182.7 GeV, the density matrix elements can be extracted as described in
section 4.4.1. The angular distributions of the W production angle cos 6 as reconstructed from
the data and corrected as explained in section 4.4 are shown in figure 4.16. Overlaid is the
Standard Model Monte Carlo distribution normalised to the number of expected events and
the background contribution. In figure 4.17 and 4.18 the spin density elements are shown as
a function of cosf , extracted from the leptonic and hadronic W decay angles, respectively.

The data is corrected with the help of a Standard Model Monte Carlo sample in order to
account for experimental effects as described in section 4.4.1. Overlaid are the (Born level)
distributions as expected in the Standard Model and in addition the predictions for anomalous
couplings of Ag? = 1. The dala are in good agreement with the Standard Model expectation.
The results of a fit to these corrected curves with their statistical errors for the different triple
gauge boson coupling paramecters are given in table 4.14. For these measurements the angular
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Figure 4.14: Fit results of 118 subsamples of the EXCALIBUR Monte Carlo with luminosities corre-
sponding to 57pb~'. The widths of the distributions of the results (left side) represent the expected
error of the analysis for the corresponding coupling parameter. For these tests the statistical error of
the reweighting Monte Carlo sample is included in the statistical fit errors, which will not be the case
for the analysis of the data. Thus the expected error shown in table 4.15 are slightly smaller than the
width of the distributions here. The width of the pull distributions (right side) shall be compatible
with unity for correct errors.
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Pigure 4.15: The fraction f of the fit resulls, where the x%-difference between the fitted value and (H152) e
the Monte Carlo input value is below the value of the abscissa. The test is based on 118 subsamples Ary —0.007 Zg165

of the EXCALIBUR Monie Carlo with luminosities of 57pb~!. At an anomalous coupling parameter of
one, the fraction f is expected to be 0.32, whereas for a value of four a fraction of below 0.05 confirms
the correct error estimate of the fit.

Table 4.14: Results and statistical errors of the x-fits to the corrected distributions.

shown in figure 4.19.
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Figure 4.20: The x*-curves for the reweighting fit lo the OPAL data. For the explanation of the Figure 4.21: The imaginary parts of the density matrices determined from data. The line indicated
different curves see figure (4.19).

the Standard Model expectation.
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technique as described in section 4.4.2, where the correlations between the density elements are
taken from the Monte Carlo. The x?-curves determined in the fit are shown in figure 4.23.

N

Ax

-
S=NWAUNAAINED

-

S=NWAUNAANIRCD

sz

Figure 4.23: The x?-curves for the fit to CP violating TGC parameters, where Ay? = y2 — X2in- The
dashed and dotted curves show the results from the information of the leptonically and hadronically
decaying W, respectively and the solid curves the combination.

The correlations between the CP-conserving and violating parameters are expected to be
small, because for these fit only the imaginary parts of the density matrices are used, whereas the
real parts and the differential cross-sections, where the largest sensitivity for the CP-conserving
parameters is present, are not included. The results of these fits are

1l

aw 0.086 15,41
Gwasss 10,8270,
4.5.4 Systematic Error Studies
In the following, possible sources of systematic uncertainties for the analysis of triple gauge

coupling measurements are pointed out and the methods of estimating these systematic errors
are discussed. In table 4.16 the results of these studies are summarised and estimates for the
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overall uncertainty for the various models of anomalous couplings are given. The systematic
errors quoled here are those of the reweighting [it.

o Jet Reconstruction

The reconstruction of the five angles used for the analysis of the semileptonic channel
WW — qqév depends mainly on the reconstruction of the hadronic jets from the W decay
as explained in section 4.3. Possible biases may be expected from diflerences between the
Monte Carlo samples and data in the energy scale or resolution of the jet reconstruction.
Additional uncertainties may arise from the modelling of the spatial resolution of the
hadronic jets. According to studies of back-to-back jet pairs with LEP1 data, possible
differences between Monte Carlo and data were estimated [75] Lo be at most 10% for
the energy resolution, 0.5% for the encrgy scale and 10% for the resolution in cos @ and
¢. A possible relative shifl in the determination of cosf between Monte Carlo and data
was estimated [75] with radiative 2° — qg events to be 0.01 at most. For the qgrv
channel the resolution of the 7-jet reconstruction was additionally varied by 10%. The jet
reconstruction in the Monte Carlo samples which are used in the reweighting procedure
is varied subsequently according to the estimates described above and the analysis is
repeated. The diflerences found were added in quadrature and taken as a systematic
error.

e Monte Carlo Statistics
The eflect of the limited Monte Carlo statistics is estimated by taking the statistical error
of the simulated data used for the reweighting into account. The diflerence (subtracted in
quadrature) of the fit-error to the results where it is not taken into account gives explicitly
the ellects of the Monte Carlo statistics.

Monte Carlo Generators

The analysis is repeated using a PyTiiA sample instead of the EXCALIBUR and KORALW
samples for the reweighting procedure. The effect of the fragmentation model is tested by
using a HERwIG Monte Carlo sample instead of the EXCALIBUR and KORALW samples,
which use JETSET for modelling the fragmentation process. The differences observed give
the corresponding systematic errors.

o Background

The dominant background contribution is from the decays of a (Z°/)* boson into two
quarks. Possible systematic effects are accounted for by replacing the PyTHIA (Z°/y)* —
o Monte Carlo by a HErwic sample. The two-photon background is removed and dou-
bled in the analysis, the variations are taken as a systematic uncertainty. Possible effects
of the 4-fermion background are estimated by repeating the analysis with a grc4f and
[ExCALIBUR Monte Carlo sample in the full 4-fermion mode, but using a grc4f respec-
tively ExcarLiBur WW (CC03) sample as the reweighting Monte Carlo. A significant
bias is observed for the fits of Ax, (Ak, = 0.129 + 0.026), A, (A, = 0.042 £ 0.009),
and Al i 2 (Am(f”sz) = 0.045 = 0.009). For these parameters the result is corrected
for the observed bias and the statistical error on this correction is taken as a systematic
error. For the other parameters the deviation is taken as a systematic uncertainty. The
corrected results are summarised in table 4.17.

e Initial State Radiation
As already pointed out in section 4.4 the effects of ISR are not fully implemented in
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the reweighting technique, and small systematic uncertainties might be possible. These
‘second order’ effects due to ISR are estimated by using a Monte Carlo sample with
anomalous coupling (i.e. that one of the list in table 4.4, which is nearest to the fit
result from data in the appropriate model) instead of a Standard Model sample in the
reweighting procedure. The observed differences are taken as a systematic error.

e W mass and LEP beam energy
The effects of varying the LEP beam energy within its errors (AFEpeam = 30MeV) and the
uncertainty in the W mass measured at the TEVATRON (Amy = 90MeV) is estimated
with the help of the reweighting procedure. The effects caused by a variation of the
LEP beam energy or the W boson mass can be incorporated in the Monte Caxrlo sample
used for the reweighting method by changing the variables in the cross-section of the
denominator, which is used for estimating the weighting factors, c.f. equation 4.45.

The results of these systematic studies are summarised for the various triple gauge boson
coupling parameters in table 4.16. As can be seen from the results given in table 4. 16, one of
the largest systematic uncertainties is due to the different Monte Carlo generators. However,
the method used to determine the error due to this uncertainty contains a large statistical
component.

Source Error on Parameter
Ak, Aglz Ay awe AK,.(,H'SZ)

Jet Resolution | 0.042 | 0.041 | 0.043 | 0.024 | 0.036 | 0.009 | 0.059
MC Statistics | 0.032 | 0.009 | 0.010 | 0.006 | 0.010 | 0.012 | 0.038
Background 0.039 | 0.029 | 0.031 | 0.019 | 0.027 | 0.018 | 0.071
MC generator | 0.171 | 0.032 | 0.028 | 0.0056 | 0.002 | 0.012 | 0.008
ISR 0.012 | 0.029 | 0.030 | 0.017 | 0.016 - -
Fragmentation | 0.037 | 0.032 | 0.012 | 0.011 0.012 | 0.003 | 0.061
LEP energy 0.005 | 0.003 | 0.005 | 0.003 | 0.005 | 0.001 | 0.001
W mass 0.001 | 0.013 | 0.014 | 0.008 | 0.014 | 0.001 | 0.004

Total 0.187 | 0.075 | 0.070 | 0.028 0.052 0.026 | 0.117

aw | Gpw

Table 4.16: Contributions to the total systematic errors of the different TGC parameters due to the
various sources specified in the text.

4.5.5 Determination of the Longitudinally Polarised Cross-Section

The spin density matrix elements can be combined with the cos@ angular distribution and
a measurement of the total W-production cross-section (c.f. section 4.6 or reference [73]) to
determine the differential cross-section for the production of transversely polarised W bosons,
ete” — WrW, and longitudinally polarised W bosons, efe™ — Wi, W, where in cither case
the second W can have any helicity. The W-pair production cross-section is measured [73] to
be oww = 15.43 + 0.61(stat.) 4 0.50(syst.) pb, assuming that the angular distributions of the
W-pair production and decay, as well as their branching fractions, behave accordimg to the
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Standard Model. The semi-inclusive cross-sections do(Wr,)/dcos@ can be derived from the
diagonal density matrix elements, which directly give the probability to produce a W boson
with a certain helicity, by the multiplication with the dilferential cross-section measurement
pormalised to the measurement of the total W-production cross-section. For this purpose the
gpin densily matrix elements and the cos @ distribution are corrected for experimental effects
as described in section 4.4.1, i.e. the background is subtracted and it is accounted for efficiency
and resolution effects. The systematic errors are determined as described for the reweighting
technique. Tor the evaluation of an additional systematic uncertainty, the Standard Model
Monte Carlo sample used for the correction of the experimental effects, is replaced with samples
generated with Agl = 1:1. This resulling difference should cover all possible systemalic effects
from model-dependences of the correction procedure, keeping in mind the fit results and the
small dilferences between the ‘naive’ correction procedure and the reweighting fit. The resulting

OPAL

— T el l , . 2= o ) ] T 1T I ; e | e M I { e e ]' [ 3 A ] )
2, 40 B 40 |- -
£ & b)
[72) «n :
(=] (=]
] Q - .
= = ml ]
~ 20| ~_ 20
= ]
3 3
S 5
() AI L hioib I T (- I " JER I N S ) I_ Lok I | TS T l Lot} ] i (]
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 it
cos6yy, €os0yy,

Figure 4.24: Differential cross-section to produce a) a transversely polarised W and b) a longitudinally
polarised W in a W-pair event, where the second W can have any polarisation. The points represent the
data and the solid (dotted, dashed) lines show the prediction of the Standard Model (AgZ = +1,—1).
The error bars include statistical and systematic uncertainties, expect for a total normalisation error
of 4.6% associated with the total cross-section measurement.

distributions for the transversely and longitudinally polarised cross-section are shown in figure
4.24. Qverlaid are the Standard Model expectation as derived from the Born-level formulae of
the belicity amplitudes given in table 4.2 in addition with the curves for an anomalous coupling
of Agé = £1. As can be seen [rom figure 4.24, the measurement is in good agreement with
the Standard Model. Integrating over these cross-sections, the overall fraction of longitudinally
polarised W bosons is determined to be 0.24240.09140.023. The systematic error is dominated
by uncertainties in the jet resolution (0.017) and the Monte Carlo generator (0.015). The
expected walue for the Standard Model is 0.272, whereas for an anomalous coupling of the Agy
parameter of +1 or -1, this [raction is expected to be 0.393 and 0.405, respectively.
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4.5.6 Summary

The final results of the spin density matrix analysis of the angular distributions is summarised
in table 4.17, where the bias correction due to the 4-fermion ellects and the systematic un-
certainties are included. The y%-curves for the fit results including the systematic error are

Parameter Results
Ak, -0.67 * 338 +0.19
Ag? +0.15 4 0.20 + 0.08
A —0.16 * 19 £ 0.07
aws +0.03 * 017 £ 0.03
ARSTSE) | 0,04+ 012 40,05
G +0.09 * 31§ £0.03
Guw +0.33 ¥ 337 +0.12

Table 4.17: Results of the reweighting fit including bias correction for 4-fermion effects and systematic
erTors.

shown in figure 4.25 for the triple gauge boson coupling parameter Ak, Ag? and \,. The
dashed curves show the x*-curves for the statistical errors only. The integrated fraction of the
production of longitudinally polarised W bosons is determined to be 0.242 + 0.091 £ 0.023,
where in the Standard Model a value of 0.272 is expected.

4.6 Comparison of Different Methods to Measure TGC

There are three different techniques for the determination of the trilinear gauge coupling, which
have been proposed in [4] and are all employed by the OPAL collaboration. In addition to the
spin density matrix method, the maximum likelihood technique and the method of optimal
observables have been used in [73,75]. In the following these techniques are briefly introduced
and their features are discussed.

4.6.1 The Maximum Likelihood Method

The maximum likelihood method was applied in [75,76] in order to determine the OPAL results
for the TGC angular analysis. Here the distributions of the angular distributions are directly
used in a maximum likelihood fit. In order to handle detector and resolution effects, a binned
fit has been chosen. The likelihood distribution is obtained in several steps. As a first step the
expected cross-section of*" is parametrised in each bin as a function of an anomalous coupling
parameter A, making use of the quadratic dependence upon A. Here large samples of generator
level EXCALIBUR Monte Carlo are used, where the effects of ISR and the finite width of the W
boson are included. Subsequently the detector and resolution effects as well as the contribution
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of other WHW~ decay channels are included using samples of fully simulated Standard Model
Monte Carlo events. Correction factors cx; are calculated, which describe the migration of
events of bin i on generator level to be reconstructed due to experimental effects in bin k. Then
the expected observed cross-section for each bin k is given by

AV =Y cuot (). (4.46)

After adding the expected cross-section from background events, the probability for observing
the number of events seen in the data for each bin is calculated using Poisson statistics. Then
the anomalous coupling parameters can be determined by minimising the logarithm of the
likelihood function. This method allows for all effects like I'w, ISR, detector acceptance and
angular resolution.

If both the production angle @ as well as the four decay angles of the W bosons are included,
the fit has to be performed in a five-dimensional space. In order not to run into severe Monte
Carlo statistics problems for the determination of the migration matrix, an appropriate binning
have to be chosen. Because the information contained in the decay angles of the hadronically
decaying W boson is very limited, they were omitted from the analysis in [73,75] in order to
allow for smaller binning in the other angles, which are known to be of higher relevance for a
TGC analysis. A binning of 20 bins in cos @, 10 bins in cos #* and 5 bins in ¢* have been chosen.
Here the drawback of this method becomes clear: if the angles of the hadronically decaying W
are included and/or a less coarser binning is chosen in order to increase the statistical precision
of the analysis, the amount of fully simulated Monte Carlo events needed for this method
becomes huge. Thus the technique is statistically less powerful, although it uses directly the
‘canonical’ observables, i.e. the production and decay angles of the W boson, and thus no loss
of information from the method itself is expected.

4.6.2 The Method of Optimal Observables

In the method of optimal observables the multi-dimensional space of the five angles is projected
into a single observable with maximal sensitivily to a possible deviation of the triple gauge
couplings. The optimal observable for any TGC parameter \ is constructed for each event
by differentiating the differential cross-section for the event with respect to the coupling A
evaluated at the Standard Model value A = 0 and normalising to the Standard Model cross-

section according to ,
1 doj(a

= s ) (447
Thus for each of the trilinear gauge coupling parameters an optimal observable is defined. All
other couplings are assumed to have the Standard Model values. Subsequently a binned max-
imum likelihood fit is performed, comparing the optimal observable distributions determined
from the data to those derived from fully simulated Monte Carlo samples. In order to produce
the full spectrum of distributions with all intermediate anomalous coupling parameters in ad-
dition to those listed in tables 4.4 and 4.5, a reweighting technique is applied, similar to that
described in section 4.4.2. All experimental effects are incorporated in this method. It has been
shown that for a differential cross-section which is linear in the parameter to be determined,
the sensitivity of the optimal observable is the same as for a multi-dimensional maximum likeli-
hood fit. However, the W-pair production cross-section is quadratic in the coupling parameters,
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thus a loss of sensilivity is expected in principle if the observables are constructed without the
quadratic tern, i.e. the next term of the expansion of equation 4.47, see reference [4] for details.
But it turms out that the loss is marginal, because the quadratic terms are suppressed as long
as the deviations of the couplings [rom zero are small. In [73], the spectrum of optimal obsery-
ables is divided iuto 30 bins, thus no loss in sensitivity due to coarse binning is expected. The
method of optimal observables is solely used for one-dimensiounal [its. Because for each TGC
parameter a dillerent observable is needed, the method is less convenient for multi-dimensional
{its. Here the same sort of problem as for the maximum likelihood analysis arises, because the
number of bins would have to be reduced for the two-, three— or even more-dimensional fits,
resulting in a loss of sensitivity.

4.6.3 Comparison of the Methods

In order to compare the dillerent methods for analysing the trilinear gauge boson vertex, the
main features of the spin density matrix method will be summarised. In this method the five-
dimensional space in the production and decay angles is decomposed into the cos @ distribution
and two hermitian spin density matrices of the single W bosons. The diflerential cross-section
in cos@ is independent of the spin density matrices, because the elements are normalised to
the cos @ dastribution, allowing [or information of the relative contribution of the helicity states.
Bach of the hermitian spin density matrices consists ol altogether six different elements, of which
three are real aud three are complex in general. T'he elements corresponds o one-dimensional
projections of the three-dimensional angunlar space (i.e. the production and decay angles of
one W boson). The elements of such a density matrix are correlated. The spin correlations
between both W bosons are disregarded in this analysis, resulting in a small loss of sensitivity,
c.f. section 4.3.

The spin density elements are the smallest set of projections which can be done in a model
independent way. Then the problems with binning and Monte Carlo statistics are avoided
without loss of generality. The advantage of the spin density matrix method is the direct
connection of the observables to physical quantities, i.e. the polarisation of the W bosons. In
this way physical meaninglul quantities, like for example the cross-section of the transversely
and longitudinally polarised W bosons can directly be derived. Moreover, in principle a model-
independent analysis of the trilinear gauge boson vertex is possible. Through the decomposition
of the multi-dimensional space into one-dimensional projections it is relatively easy to follow
the intermediate steps of the analysis, i.e. the density matrix elements are something to look at.
The origin of possible deviations from the Standard Model expectation can be detected by the
visualisation of the observables. In this way different anomalous couplings can be distinguished.

With the maximum likelihood technique a model-independent analysis is possible as well,
although a judgement ‘by eye’ is less clear in the multi-dimensional space. In the optimal
observable method the assumptions of the coupling parameter to be investigated enter already
in the construction of the observables, thus the analysis is model-dependent.

As already pointed out in the description of the individual methods, the best sensitivity
can be reached when a minimal amount of information is lost through the method itself and
the binning. In this sense the method of optimal observable and the spin density method are
advantageous compared to the maximum likelihood fit, although both methods lose in principle
sensitivity because of the projections performed — the optimal observable method due to the
neglect of the quadratic terms and the spin density matrix method due to the neglect of the
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spin correlations between the two W bosons. But these disadvantages are superseded by the
statistical gain obtained through the use of projections, which overcomes the binning problems
in a high-dimensional space. Though, the loss in the spin density matrix method where single
W matrices are used is larger compared to the optimal observable method. In table 4.18 the
expected errors for a data sample of 57pb~" for the different methods are summarised [73].
They are estimated from test with small Monte Carlo samples.

Method Aky | AgE | A,

Maximum Likelihood | £0.56 | 4:0.16 | £0.19
Optimal Observables | 4:0.48 | £0.14 | +0.15
Spin Density Matrix | £0.50 | £:0.14 | 40.16

Table 4.18: The errors for three different TGC parameters as expected from a sample of 57 pb™! |
corresponding to the luminosity of the data taken at 183 GeV.

4.7 Combination with other OPAL Measurements

4.7.1 The Analysis of the qgqq and lzly Channels

In addition to the analysis of the qdl7;, channel, the qgqq and 117.1'1/,, channels have also been
investigated using the data taken at an energy of 183 GeV in reference [73].

The signature for the fully hadronic W*W~ — qqqq events is typically a four-jet topol-
ogy. The selection is performed in two stages using a cut based preselection followed by a
likelihood selection. Topological variables as, for example, the sphericity of the event or the
DURHAM jet resolution parameter as well as the visible energy or the energy of the most
energetic electromagnetic cluster are used to distinguish W*W~ — qqqq events from the main
background source arising from hadronic (Z°/9)* — qq events. The event reconstruction of
the fully hadronic channel for a TGC analysis using the angular distributions is complicated
by the ambiguity in the choice of the correct di-jet combination and by uncertainties in the
determination of the W charge. Therefore, in that analysis only the angular distribution of the
W production angle cos¢ is used. The di-jet combination is chosen by a likelihood algorithm
with input variables like the di-jet invariant mass, the rescaled beam energy, the jet-charges of
the two W candidates and the results of kinematic fits to the momenta and energies of the jets.
The probability to choose the correct jet-pairing is about 78% for a centre-of-mass energy of
183 GeV. In order to determine the charge of the W bosons a jet-charge algorithm is applied,
where the charged tracks of the two jets paired to belong to one W boson are used. The prob-
ability of a correct assignment of the W charges, once the correct jet pairing has been chosen,
is about 76%. The triple gauge coupling parameters are determined in a binned maximum
likelihood fit, taking into account all experimental effects like acceptance, resolution, incorrect
jet pairing and incorrect determination of the W charge. The incorrect jet pairing, the wrong
determination of the W charge as well as the restriction to the W production angular informa-
tion decrease the sensitivity to possible anomalous couplings compared to the analysis of the
W*W~ — qqlw; channel. Thus the expected error of the TGC analysis of the fully hadronic
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channel is by a factor two to three larger than for the semileptonic channel. The resulis of
the WYW - = qqqq angular analysis and the expected errors are summarised in table 4.19.
For comparison the results and the expected errors of the spin density matrix method of the

WHW— — qqly with systemalics

—0.67 * 0%

1014 08

Results Ak, Ag? Ay
WHW - - qali without systematics | —0.67 © 035 | +0.1540.20 | —0.16 * 19
WHW- — qqly expected errors 4+ 0.50 +0.14 +0.16

—-0.17 * 942

WHW™ -5 qqqq without systematics
WHW= — qgqq expected errors

WHW - — qqqq with systematics

115 * 8
+1.13
+1.16 * -39

+0.68 T 50
+0.43

SRR

076182
b 5154

=q + 0.79
+0.79 T g8

WTW— — I7ly without systematics

—1.00 * 954

—0.79 + 058

—0.29 * 54

141

WHW - = I7ly, expected errors +1.08 =071 +0.41
WHW~ — I7ly with systematics o L Bl M e T il 0 & T

Table 4.19: Summary ol the resulls of the event shape analysis of the three different channels. The
results with stalistical errors only, the expected statistical errors as determined from the Monte Carlo
and the results including the systemalic errors are given.

WHW~ - qql7, channel are repeated. Details of the WHW~ — qqq analysis can be found
in [73].

Iully leptonic events WTW= — "1, are identified as two acoplanar charged leptons
with missing transverse momentum. The purity of the selection is found to be above 99%, thus
the background is negligible and is not considered further. While in a W*W~ — I'"upl-7
event there are at least two undetected neutrinos, the W production and decay angles can still
be reconstructed in the small-width and no-ISR approximation for I =y or e. There remains
an (wo-fold ambiguity in the reconstruction of the production angle of the W boson as well
as for the polar angles of the W decays. It corresponds to a reflection ambiguity for the
two peutrinos in the plane defined by the two charged lepton momentum vectors. For events
involving one or two 7-leptons and thus (an) additional undetected neutrino(s) this method
of reconstructing the angles cannot be applied. Therefore additional cuts are applied for the
event shape analysis in order to suppress the contribution of W — 7v events. The number
of electromagnelic clusters of the lepton candidate and simple requirements of electron and
muon identification, for example, are used to distinguish electron and muon candidates from
tau events. After applying these additional culs, the contamination of the WHW= — "ty 13
selection with W — 7v events is below 10%. The method of reconstructing the production
and decay angles of the W bosons is complicated by experimental effects, the finite width of
the W and ISR. Therefore it may happen that some events do not have a physical solution for
the angular reconstruction since a complex momentum of the neutrino results. These events
can be recovered by taking the nearest real solution, setting the complex part of the neutrino
momentum to zero. The trilinear gauge coupling parameters are extracted in an unbinned
niaximuin likelihood fit. For the events with two solutions for the W production and the polar
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decay angles the average of the differential cross sections at the two solutions iis used. As
discussed in section 4.4.1 it is not possible in an unbinned analysis to fully take into account
the experimental effects. Therefore in this analysis a bias is expected. This bias is estimated
using large samples of Monte Carlo events and a correction is applied to the results determined
in the data. The method is cross-checked by tests with subsamples of similar statistics to the
data. The results of the analysis and the expected errors of the WtW~ — 1"ty 15 analysis
of the angular distribution are summarised in table 4.19.

It is interesting that the errors of the [ully leptonic channel are comparable to those of
the hadronic channnel, although the branching fraction of the fully leptonically decaying W-
pairs is about four times smaller than for the other two channels. The loss in statistics is
compensated by the good reconstruction of the angles despite of the undetected neutrinos and
the statistical gain by using the angular information without the loss due to binnimg. Details
and the investigation of systematic uncertainties may be found in [73].

4.7.2 The Analysis of the Total Cross-section

In addition to the investigation of the angular distributions, the total cross-section of the W-
pair production is sensitive to a measurement of the trilinear gauge boson vertex. In order
to extract the TGC parameters, the number of observed events is compared to the expected
cross-section, which is parametrised as a second polynomial in the trilinear gauge co upling pa-
rameters. The coefficients of the polynomial are estimated from the expected number of events
ab various anomalous couplings, which are calculated with the program GENTLE [77]. Here the
Standard Model values for the W branching fractions are used. The background, which orig-
inates predominantly from (Z°/4)* - qq events, is assumed to be independent of anomalous
trilinear gauge couplings. For the total cross-section analysis the same selections are used as
described above for the qgqq and lﬁli’ull channel and in section 4.3.3 for the qqly, channel, but
without the additional requirements imposed to obtain good angular resolutions. The selection
efficiency is found to slightly dependent on the TGC parameters. This dependence is estimated
using various samples of EXCALIBUR Monte Carlo generated with anomalous couplings. Sub-
sequently the number of observed events are compared to the prediction in a likelihood .
The theoretical uncertainty in the expected number of events are estimated by comparing the
prediction from the GENTLE and the EXCALIBUR programs. Moreover the systematic uncer-
tainties arising from the LEP centre-of-mass energy and luminosity, the measured W-mass, the
selection efficiencies and backgrounds are taken into account. The individual systemadtic errors
are of the order of 0.1 to 2%.

4.7.3 Combined Results

In the following section the information obtained from the spin density matrix analysis will be
combined with the analyses of the other two channels and the total cross-section anal ysis.

In figure 4.26 the likelihood curves for the angular analysis with the spin density matrix
method and for the results of the total cross-section measurement for the W+W-— —s qql7; chan-
nel are shown for fits to the gauge coupling parameters Ak, Ag? and A,. For this comparison
the x*-curves as determined in the density matrix analysis are transformed into log likelihood-
curves. In addition the combined results for the semileptonic channel are given, which are
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Figure 4.26: The log likelihood curves of the event rate and spin density matrix method of the qqlv
channel together with that of the combined results for the qql# channel, given for the three parameters
Aky, Agl and A,
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determined by summing the log likelihood curves of the event shape and event rate analyses.
The values of the observed minima in the logarithm of the likelihood curves with the one sigma
errors and the values for the 95% confidence level limits as determined from the combination
are given in table 4.20. The TGC results of the three channels are combined by summing the

Ak, Ag? Ay
Combined result | —0.47 3 214§ 4012+ 02 | 012+ 018

95% c.l. limits | [-0.95, 1.96] | [-0.23, 0.46] | [-0.46, 0.17]

Table 4.20: Combined results from the event rate and spin density matrix analysis for the qglv
channel for the three TGC parameters Ax,, Ag¥ and \,.

individual log likelihood curves. The correlation between the systematic errors of the three
channels is neglected, since most of the important sources of systematic errors, especially for
the angular analysis, are relevant to a particular channel and are not common to all three of
them. The likelihood curves of the combination of the three channels for the three coupling
parameters are shown in figure 4.27. The relative contribution to the final result of the shape
analysis and the event rate information can be read of figure 4.27. The combined results, i.e.
the one standard deviation errors and the 95% c.l. limits from all three channels are given in
table 4.21. In figure 4.28 the relative contributions of the three channels to the combined result
is visualised.

Ak, Agy Ay
Combined result | ~0.32 * §30 | +0.11 * 313 | —0.07 + §:12
95% c.l. limits | [-0.82, 1.68] | [-0.15, 0.38] | [-0.32, 0.18]

Table 4.21: Combined results of all three channels for the three TGC parameters.

4.8 Present Constraints on TGC Parameters

In this section the worlds data on triple gauge coupling parameters are summarised and com-
bined and the results of the present work is put into perspective.

Another experimental possibility to investigate the trilinear gauge coupling at LEP is single
W production. The production mechanism via the non-abelian fusion diagram (c.f. figure
1.3) involves the WW+y vertex. Thus through the investigation of the single W production the
WW couplings can be measured directly, in contrast to the W-pair production, where both, the
WWZ and the WWry vertex is involved. Using the dependence of the single W production cross-
section on the WW+ couplings (and the restriction to CP-conserving couplings obeying gauge
invariance as discussed in section 4.2.2), limits of the triple gauge coupling parameters Ak,
and A, can be derived. Although the cross-section for the single W production is suppressed
by a factor of around 25 compared to the W-pair production, the sensitivity, especially to the
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Figure 4.27: The likelihood curves of the event shape and event rate analyses, both combined for all Figure 4.28: The likelihood curves of the three channels individually and the combined resuls for

channels and the overall combined results for the parameters Ak, Aglz and A,. the three trilinear gauge coupling parameters.
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Ark., parameter, is relatively high. This is because the contributions from other production
mechanisis, where no trilinear gauge coupling is involved but the same final state is produced,
is smaller than for the W-pair produciion. Especially, diagrams where non-resonant (W-boson)
final states are produced populate a different phase-space region than the signal and can be
thus suppressed by kinematic cuts. The parameters £, and A, can typically be restricted to
be |#,] < 1 to |k, < 1.5 and |A,| < 1.5 at the 95% confidence level for such an analysis. Such
an analysis is performed by ALEPI, DELPHI and L3. OPAL has not yet a single W analysis
performed with the data taken at 183 GeV.

T'here exists a process ab LEP2, namely ete™ — vy, where exclusively the WWry vertex
is involved and thus the anomalous coupling paramelers of the WW+y coupling can be distin-
guished unambiguously from the WWZ contribution. In this process the incoming electron and
positron radiate virtual W bosons al a Wer-vertex, and the W bosons subsequently fuse into
a photon. The sensitivity of such an analysis to the anomalous couplings is for the parameters
Ak, aboul the same as for the qqqq channel in the W-pair production and for A, about a
factor ol two less sensitive than the qqqq channel. The dala taken at 183 GeV are analysed for
this process from ALEPH and DELPHI.

The trilinear gauge coupling parameters have been measured by all four LEP experiments.
Here the results from the analyses al centre-of-mass energies of 161, 172 and 183 GeV are sum-
warised. All channels, which are sensitive to anomalous triple gauge couplings are combined,
i.c. the W-pair and single W analyses as well as the analysis of the single photon final state.
The results for the one-parameter fits to the coupling parameters Ax,, Ag? and A, from the
different experiments are summarised in figure 4.29 and listed in table 4.22. In the figure the
likelihood curves of the individual experiments are shown together with the combination, as
done by the LEP clectroweak working group. In figure 4.30 the LEP combined results for the
two-dimensional fits Lo combinations of the three coupling parameters Ak, Ag? and A, are
given. Since the single W production analysis is especially sensilive to the Ak, parameter,
the limit derived by OPAL for this coupling parameter is less stringent than for the other pa-
ramelers. For the results of the other coupling parameters most of the experiments perform
similarly with OPAL having slightly better overall errors than the others. OPAL is the only
experiment, which has analysed the data with different methods and the measurement of the
spin density matrices and the subsequent derivation of the cross-section for longitudinally and
transversely polarised W bosons as described in this thesis are therefore unique. None of the
experiments has performed an analysis with the data taken at 183 GeV on the CP violating
couplings as the one described in section 4.5.3. I'or the results of this section to be published
the production of Monte Carlo with CP violation is needed in order to cross-check the analysis.

At the TEVATRON pp-collider, running at a centre-of-mass energy of /s = 1.8 TeV,
trilincar gauge couplings are also investigated. The analysis of the DO experiment® is based on
approximalely 100pb™! of data. In this analysis the production of WW, Wy and WZ pairs are
investigated. For the WW and Wry production the W decays are considered in the channels
W — (e/pt)v. In addition, decays of the WW and WZ pairs into the qgev final state are
included. To take into account the unitarity constraint, the anomalous coupling parameters
are modified by form factors with a scale A according to A(8) = M/(1 — 5/A%)?, where 3 is
the square of the invariant mass of the gauge boson pair. The DO experiment has analysed

%The DO experiment is leading in this field. The results of CDF are not competitive and are therefore not
quoted here.

148 CHAPTER 4. MEASUREMENT OF THE TRIPLE GAUGE BOSON COUPLINGS

ALEPH+ DELPHI+ L3+ OPAL

FEAD AERRE LRR

jo =

T
fon=y

04 02 0 02 04

7\‘ ="O 05 +0.08
y .

-Aln 1

Figure 4.29: The likelihood curves of the combined results of the four LEP experiments for the
analysis of the triple gauge coupling paramelers Ak, Ag? and Ay. In addition the likelihood curves
for the results of each of the four experiments are shown. The combination has been done by the LEP
electroweak working group.
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Figure 4.30: The LEP combined results for two-dimensional fits to the three coupling parameters.
Shown are the 68% and 95% confidence contours.
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AV J Ag? Ay
LEP Results
ALEPH —0o2 e - +0.05 * 320
DELPHI 4034+ 32 | 40.0440.14 | —0.07 * 342
L3 +0.16:7 282 |-—003 ¥ 318 | to.01 £ 030
OPAL +0.19+ 38 | —002*212 | —gp8* 312
LEP Combined | +0.17 4+ 0.16 | +0.00+0.08 | —0.05 * %

TEVATRON Results

DO I —0.08 + 0.34 | — 1 +0.00 £ 0.10
LEP and TEVATRON Combined
Combined l 0.1340.14 l 0.00 & 0.08 I —0.03 +0.07

Table 4.22: Results of the four LEP experiments and the D0 experiment together with the combined
results for the three TGC parameters. In this table the one sigma errors are quoted.

their data assuming a scale of new physics of A = 2 TeV. A simultaneous fit to all channels
is performed in order to extract the triple gauge coupling parameters. The advantage of this
analysis is that the effects of possible anomalous WW+~ coupling can be directly disentangled
from the effects of anomalous WWZ parameters. In order to compare the results to the limits
derived from the LEP experiments, the results on the three coupling parameters Ar,, Ag? and
A, have been chosen and are quoted in table 4.22. For the LEP results no corrections due to
the inclusion of the form factors have been included since for LEP2 energies of around 200 GeV
they are of the order of a few percent and therefore negligible.

4.9 JFuture Prospects

By the end of the LEP2 program each of the four LEP experiments is expected to have collected
an integrated luminosity of around 500pb~'. The centre-of-mass energy is planned to reach
about 200 GeV in the last year of LEP running.

As discussed in section 4.2.3, the sensitivity of the W-pair production to anomalous couplings
becomes larger for higher centre-of-mass energies. The behaviour of the cross-section as a
function of energy can be derived from the explicit form of the helicity amplitudes for the
gauge coupling relevant transfer of angular momentum Jy = 1, c.f. table 4.1. Most of the triple
gauge coupling parameters enter with a linear or quadratic gamma-factor in the subamplitudes
(v = V/5/(2mw)), except for the subamplitudes C (c.f. equation 4.17), which originate from
the v-exchange diagrams and thus do not contribute in the TGC vertex. Therefore the high
energy behaviour of the cross-sections or the spin density matrices is either proportional to >
or 7", In this way the gain in sensitivity for higher centre-of-mass energies can be estimated.
The raise in energy from 183 to 200 GeV results in an enhanced sensitivity of 20-40%. Here
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it becornes clear why the longitudinally polarised W-bosons are more important for a TGC
analysis than the transversely polarised ones: it is this y-factor which enhances, via its extra
power ol energy, possible deviations of the gauge coupling parameters from the Standard Model
expectation. For dimension-four interactions, for example, the high-energy behaviour for the
tree level amplitudes is given by 7, where n denotes the number of longitudinally polarised
W bosons in the final state. Tor dimension-six interaction, there are two extra factors of +.
All i all, until the end of the LEP2 program the errors of the triple gauge coupling analysis
could be significantly reduced: LIEP2 is expected to deliver around ten times more statistics
than was collected in the year 1997 and together with the enhanced sensitivity because of the
higher energy a reduction by a factor of about four to five can be expected.

The experiments at. TEVATRON should be able to improve their limits on anomalous
couplings significantly with the data of run II, which is planned to start 1999 and is expected
to reach an integrated luminosity of 2fb™1, i.e. 20 times the luminosity employed in their present
results. A fulure high energy ete™ lincar collider would be the ideal instrument to investigate
the trilinear gauge couplings. With its clean environment, an energy of around 500 GeV or
more and a very high integrated luminosity of 300fb™ per year aimed for such a collider, the
couplings could be measured with very high precision.

In figure 4.31 the helicity amplitudes and the differential cross-section as a function of
the W production angle cosf are shown for a centre-of-mass energy of 183 and 500 GeV,
respectively. [t can be seen thal the forward peaking structure is clearly enhanced for the
higher energy. This is due to the stronger dominance of the ¢-channel v-exchange, because the
cancellations discussed in section 4.2.3 are nearly in full operation. For energies around the
W-pair production threshold the helicity amplitude (+—) drops for very forward peaking W
bosons for kinematic reasons. This is no longer the case for higher energies. This behaviour
is illustrated in figure 4.32, where the longitudinally and transversely polarised cross-section
ete™ = Wy, W is shown as a [unction of the W production angle. The relative contribution
of the longitudinally polarised W bosons is 3% at 500 GeV, whereas at 183 GeV it is 27% in
the Standard Model. The second W can have any helicity in either case. However, it is this
contribution of longitudinally polarised W bosons which exhibits a much higher sensitivity at
higher energies. From the analysis of the W-pair production alone, i.e. taking into account the
CCO03 diagrams only, an enhancement in the sensitivity to anomalous couplings of a factor of
ten or even more can be expected for a 500 GeV ete™ collider compared to LEP2.

In [78] a study of the trilinear gauge coupling parameters at a e*e™ linear collider taking into
account the complete set of 4-fermion processes has been performed. The total cross-section
and, with the optimal observable method, the angular distributions are considered in the final
states qqev, and qquz,. At future linear collider energies especially for the qgev, channel the
contribution of the single resonant W production is important, because this process is sensitive
Lo possible anomalous couplings and is dominant in certain phase space regions. A fit of the five
coupling parameters aws , s , @w , apw and Gy has been performed, taking into account
the correlation between the parameters. Assuming an centre-of-mass energy of /s = 500 GeV,
a luminosity of 20fb~" and unpolarised e*e~-beams the following sensitivity can be expected:

awe : £0.00098,  ape (=Ak, ): £0.0028, ow (=X, ): £0.00081
and for the CP-violating couplings

apw : £0.0084, ayw @ 0.00079,
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Figure 4.31: The helicity amplitudes as a function of the W production angle for a centre-of-mass
energy of 500 GeV (upper figure) and 183 GeV (lower figure).
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Figure 4.32: The contribution of the longitudinally and transversely polarised cross-section ete™ —
Wy, W , where the second W can have any helicity for a centre-of-mass energy of 500 GeV (left hand
side) and 183 GeV (right hand side).

where the one standard deviation errors are given. This study is restricted to generator level
Monte Carlo, neither detector effects nor the problem of incorporating initial state radiation
into the analysis is taken into account.

The resulls of this estimate are very encouraging. With a sensitivity as determined in [78]
and in view of the high luminosity versions of the future linear collider, where about a factor
of 25 more data are aimed for than assumed in [78], the sensitivily of the couplings parameters
reaches the interesting region, where effects in various models of new physics are expected.
In the minimal version of the supersymmetric Standard Model (MSSM), for example, the
anomalous coupling parameters Ak, and Ak for a centre-of-mass energy of 500 GeV are
expected to be in the order of 107 [79]. In general the expectation in the Standard Model and
in MSSM models are not too different, so that a very high precision is needed to distinguish
both scenarios. The predicted anomalous couplings in models involving new physics via heavy
neutrinos [80] or I'wo-Higgs-Doublet models [81] is similar to the MSSM case. For the CP-
violating coupling parameters the situation is different. Here in the Standard Model only
two-loop contributions are expected. In the supersymmetric scenarios, however, CP-violating
is predicted from one-loop contributions involving charginos and neutralinos, and are thus in
the order of 103 to 10~ for couplings of the y and 10~ to 107° for the Z boson [64,82]. Thus
any detectable CP-violating contribution to the triple gauge coupling vertex can be interpreted
as new physics.

Chapter 5

Summary

In this thesis the heavy flavour forward-backward asymmetries have been measured by tagging
charm and bottom events with D mesons, using the full LEP1 statistics of approximately 4.5
million multihadronic Z° decays. The D mesons were reconstructed in seven different channels.
To distinguish the charm and bottom contributions to this sample information from jet-shape
variables, secondary vertices and the scaled energy of the D mesons have been utilised to es-
timate a probability for each event to originate from a charm and bottom event. The method
used in a former publication was improved by using the lifetime information not only from
the hemisphere opposite to the D meson tag, but also from the I meson hemisphere. For that
purpose the fraction of events from non-prompt production and those having undergone mixing
in the neutral B meson sector had to be determined as a function of the decay length proba-
bility. This has been done by comparing the charge of the D meson with the jet-charge in the
opposite hemisphere. Subsequently the charm and bottom asymmetries have been determined
in a likelihood fit to be

¢o = 0.039 &+ 0.051 Ad, = —0.086 = 0.108 (Eem) = 89.45 GeV
ASp = 0.063 + 0012 4B, 0.094 + 0.027 (Bem) = 91.22 GeV
¢p = 0.158 4 0.041 Aby = —0.021 = 0.090 (Bem) = 93.00 GeV,

with a statistical correlation between the bottom and charm asymmetries of around -28%. The
results are in good agreement with the Standard Model expectations.

These measurements have been combined with other measurements of the heavy flavour
asymmetries performed at OPAL. Both the statistical as well as the systematic correlations
between the measurements have been taken into account. In order to interpret the results in
terms of the Standard Model the effects of the strong interaction in the final state have to be
separated from the pure electroweak process. The size of these QCD corrections depend on
the details of the analysis. Therefore the QCD effects have been evaluated for the different
OPAL analyses of the heavy flavour forward-backward asymmetries. The largest correction
was estimated for the bottom asymmetry measured with leptons from heavy quark decays to
be (1.97 £ 0.45)% of the asymmetry value.

The OPAL combined results for the bottom and charm forward-backward asymmelries,
after correcting for QCD and higher order electroweak effects, yield

ARS = 0.0968 = 0.0037 and Ay = 0.0673 % 0.0064
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where the systemalic and statical errors have been combined in quadrature. The values of the
bottom and charm asymmetrics are correlated to 1.5%. From these results a value for the weak
mixing angle has been determined to be

sin? Oy = 0.23270 + 0.00060.

In a second analysis the trilinear gauge couplings have been investigated with the spin den-
sity matrix method, using the 57pb~' OPAL data collected in 1997 with a centre-of-mass energy
of 183 GeV. For the first time the polarisation properties of the W bosons have been directly
observed via the measurement of the spin density matrix elements. [or this analysis 362 W-pair
evenls are reconstructed in the decay channel WHW= — ¢lw;. From the diagonal elements of
the single W spin density matrix the [raction of W bosons with longitudinal polarisation has
been derived to be

0.242 £ 0.091(stat.) £ 0.023(syst.).

The spin density malrix elements and the angular distribution of the W production angle are
compared to the theoretical predictions and a fit has been performed to determine parameters
for anomalous trilinear gauge couplings in various models. For the three parameters Ax,, Ag?
and A, the fits for a single parameter yields

Awy =t 87T D88 SR 019
Ag? = +0.151 320 4+ 0.08
A, = —0.067F 238 4007 .

A simple and model-independent test of CP invariance of the WWZ/WW+ vertex has been
performed by comparing the imaginary parts of the density matrices of the W~ and W~ bosons.
These investigations have been quantified by fit for the CP-violating triple gauge coupling
parameters agw and aw . The results of these fits are

aw = -40.09*218+003

dpw = +0.33 3T +£012 .

The measurements of the CP-conserving coupling parameters have been combined with
other OPAL measurements, where the W-pairs are reconstructed in the decay channels WHW— —
qqi and WHW- — 1"*117%; and the measurement of the total W-pair production cross-
section. The resulting values and the one sigma errors are

Ak, = —032%0%8
Agl = +0157% 33

Ry = =016 T2

Finally the future prospects for triple gauge coupling measurements at LEP2 and a high energy
ete” linear collider have been discussed.
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