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Chapter 1

Introduction

The physics of elementary particles has sdvanced from trying to understand
the properties of a large collection of particles, to dealing with only twelve
fermions (the quarks and leptons), one spin zero boson, and twelve spin one bosons
that mediate the possible interactions . These interactions are the strong force,
responsible for the nuclear binding; the weak interaction, responsible for nuclear
beta decay; und electromagnetism, responsible for atomic binding. There exists a
theory that predicts the behaviour of the weak and clectromagnetic interactions as
one ensemble, It is this theory that will be tested in this thesis.

Certain conditions must be saiisfied for the theory to make meaningful (i.e.
finite) predictions for all energies. There must be three times as many quarks
as leptons, ensuring that the sum of the charges of the fermions is zero. This is
achieved by the inclusion of a quantum number called “colour”. Each quark may
have one of three possible values of the colour quantum namber. The interaction
involving this quantum number is the strong force. The weak and electromagnetic
interactions are blind to colour. A scalar particle 's introduced to incorporate mass
into the theory. Finally, in addition to the weak interaction which transfers charge,
there must be a weak interaction that does not involve the transfer of charge.

The 7" boson was predicted to be the mediator of the weak interaction that
does not involve a transfer of charge. Such “neutral current” interactions were first
seen in neutrino scattering experiments in 1973 [2] and the Z" boson was observed
directly in proton-antiproton collisions in 1983 [3]. The LEP accelerator {4] at
CERN was designed to study in detail the properties of the 7" boson using the
clean environment ¢’ cte” collisions,

Figure 1.1 shows some cross sections for e*te~ collisions as a function of centre
of mass energy. In processes where a Z9 can be produced a large enhancement is

"Although the measurement of the mass of the Z” at LEP has become the first particle physics
measurement to he significantly affected by all the known forces of nature [ 1), the force of gravity
will be ignored here.




evident when the centre of mass energy is equal to the mass of the 72", Experimen-
tally this large. enhancement yields high rates, making possible the determination
of the couplings of the fermions to the Z°. In particular, final states with quark-
antiquark pairs provide a practical opportunity to study in detail the properties of
the quarks.

The LEP accelerator [4] is housed in a 27 km circumference ring at an average
depth of approximately 50m. Positrons and electrons circulate in opposite direc-
tions, colliding in eight possible peints around the ring. The design luminosity
of the machine is 1.6 x 10%" em™%s~" with a centre of mass energy of 100 GeV.
There are detectors in four of the eight collision points, ALEPH [6], DELPHI [7],
L3 [8] and OPAL [9]. The work in this thesis uses data collected with the OPAL
detector.

The first physics run of LEP was in September 1989 anc. approximately 20 ply !
of integrated luminosity was delivered to each experiment during the period of
1989 to 1991. Only the data collected during the 1990 and 1991 LEP running
periods are used here. During those runs, LEP was operated at approximately
seven different centre of mass energies. Table 1.1 shows the integrated luminosities
recorded at each energy point by the OPAL detector.

[ centre of mass energy (GeV) L(ln_l-»l‘ll l"f)())[(ub ‘) (199 ) ]

88 485 90

89 627 | 114
90 393 15y

9] 3432 | 5763

92 457 | 16l

93 T 563 277
94 562 o

Table 1.1: The integrated luminosity recorded, by OPAL, at the various beam
energies during the 1990 and 1991 running periods. The peak of the cross section
is at approximately 91.26 GeV, the energies given in the wable are rounded (o
the nearest integer. The luminosity values correspond to the detector conditions
demanded for the forward-backward asymmetry measurement,

Due to the pssibility of good statistical precision, it is possible to test the cur-
rent theory of the interactions of the 7°. This thesis reports on two measurements
of the coupling of the 7° to the b quark; the partial decay width of the 7" into b
quarks (the fraction of the total number of 7" decays that are bl pairs) and the
forward-backward charge asymmetry in the reaction ete™ -5 729 — bl Together
these measurements test the strength and form of the coupling of the 7" to b quarks.
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Figure 1.1: The cross section for e*e™ interactions shown as a function of the
centre of mass energy [5].




Such tests are important, as it is widely believed that the current theory is only
a low energy approximation of some deeper underlying truth. Deviations from
the predictions of the current theory may poin: the way to uacovering any hidden
aspects of the nature of elementary particle interactions.




Chapter 2

Theory

2.1 Electroweak Theory

The unified theory of the electromagnetic and weak interactions resvits from work
by Glashow, Weinberg and Salam (GSW) [10, 11, 12]. Along with Quantum
Chromodynamics (QCD), a gauge theory of the strong interaction, it forms the
basis of the Standard Model of the interactions of quarks and leptons. The gauge
structure of the Standard Model is SU(2) xU(1) xSU(3), and the interactions are
mediated by twelve vector gauge bosons; eight coloured gluons of the strong
interaction, W* and W~ of the charged current weak interaction, Z* of the neutral
current weak interaction, and the photon of the electromagnetic interaction. Only
the “electroweak” sector of SU(2) xU(1) will be discussed here.

The GSW theory has many free parameters; two coupling constants (g, and
«2) for the U(1) and SU(2) groups, the masses and mixings of the fermions, a
vacuum expectation value of a scalar field (the Higgs fiewd), and the mass of a
scalar particle (the Higgs boson). The theory reduces to the Fermi theory of
charged current weak interactions [13] and QED |[14] at low energies. Thus, by
construction, the theory explains all experimental data of charged current weak
interactions at energies much below 100 GeV and incorporates QED. This theory
also predicted the existence of neutral current weak interactions. which were first
observed in 1973 2]. It is these neutral current weak interactions that are the
subject of this thesis.

Due to the renormalisability of the GSW theory, only a finite number of ex-
perimental inputs are needed to fix the predictions of the theory at all orders of
perturbation theory. Since the couplings g, and gy, along with the vacuum expec-
tation value (v) of the scalar field are not measurable directly, a set of experimental
observables must be chosen to fix the theory. The choice is completely arbitrary,
and all choices are equivalent in the limit of infinite experimental precision and
infinite orders of perturbation theory. One set of input parameters, based on phys-




ically meaningful inputs, has become predominant in the Literature. These inputs
are o = ¢?/4r measured in Thompson scattering (¢° = 0)c is the charge of the
electron), the masses of the W and 7 gauge bosons (my and 11 ), the mass of
the Higgs scalar .4, and the masses of the fermions in the theory . Some of
these input parameters are not known or are known te a fairly low precision. There
are methods to overcome these uncertainiies and with our present knowledge the
theory is weli constrained. It is imiportant to measure as many independent ob-
servables as possible to expose any inconsistencizs in the predictions, as even one
measurement which is inconsistent with the predictions will demand modifications
to the theory.

In the Standard Model, the lowest order cross section {or the processete -7 T
(v and Z° exchange) is given by | 15]

f{% = ﬁNf\/T””Ufr [f,"(s)(l + cost ) ‘ an
F(5(8)2cos 0T ~App H el (8) sin? ()I . -

Where

Gi(s) = QF = 2Qm e[\ ()] +

(v + )+ ai = Apag) o(=)1*
("2(-‘*) = Qf - erI"v”fR(‘[\n(-"‘)] 4 (1’3 + ‘lf)”ﬂ\n(-"')V
(ig(s) = =20Q5acasRe[\ol$)] 4 Aveaerpag)yo(«)]

The factor N. is 1 for leptons and 3 for quark final states, f denotes the final state
fermion and pir = m} /s, where s is the centre of mass energy squared. ()r is the
charge of the fermion, and 1; and «r are the vector and axial vector couplings of
the fermion to the 7ZX. The factor yo(s) is given by

A

Yol#) = g e (2.2)

4 — ‘nf.j,, + oty

with mZ,, the mass, and 1o, the width, of the 7” boson. Figure 2.1 shows the cross
section for the process e*e™ — hadrons as a function of the centre of mass energy
as measured by OPAL [ 16]. The hadronic cross section is (30,86 1 0.62) nb [ 10]
at the Z° peak.
By introducing the notation
Cp = W (2.3)

Hiyo

sw =1 =ty (2.4)

and
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Figure 2.1: The cross section for the process e*e™ — hadrons measured by
CPAL [16]. The open points are for the data collected during the 1989 LEP
running period and the solid points are for the 1990 running period. The curve is
the prediction of the Standard Model.




the factors 14 and «r are given by

[r l)ﬁ,l ’(J
L LA
= ‘—-I—)-»»“‘A._.M.‘ - (24:)
a8 e
[I
3
dp == YR (2.0)
AN NNE

Table 2.1 shows the charge ((0) and isospin projection (/) assignments for the
known fermions, along with the postulated top quark.

fermion | @ (unitsof ) | 7, |

Ve 0 /2
o -1 172
v 0 172
J -1 12
1, 0 1/2
T T 1-12
u 2/3 1/2
d -1/3 -1/2
c 2/3 112
B -1/3 172
T B i
R N )

Table 2.1: The charge {()) and isospin projection (J4) for the fermions in the
electroweak theory.

The forward-backward asymmetry (Apg) is defined as

App = a(cosl > 0) — ﬂ(('f,rf _(}_._':,__(_)4) 2.7)

a(cosl > 0) + alcost < )

the difference between the number of events with the outgoing fermion scattered in

the forward (cos 0 > 0) direction (V) and the number in the backward direction

(Np) divided by the total number of events. 0 is the angle of the outgoing fermion

with respec. to the incoming electron direction (Figure .2). At centre of mass

energies near to the mass of the 7°, mass terme for the known fermions in the cross

section formula (Equation 2.1) may be neglected and Equation 2.7 becomes,
SWpttolpg

r i e b s
Ary = (W + a2)(f + af)’ (2.8)
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Figure 2.2: Definition of the angle 0. Note that 0 is the angle beiween the incoming
eiectron n:omentum vector and the outgoing fermion momentum vector.

for the process cte™ — 7% — [f. This also implies that, for \/s & mys, the cross
section for this process, neglecting the photon (Qf) term, may be written as

([0'”'
deosl

with /3 a normalisation consiant. The Standard Model prediction for Apy at /s =
91.2 GeV, is 0,085 [17]." This is consistent with the previous LEP measurements:
Apg = 0.097 +0.057 £0.014  OPAL [18]
Al = 0.126 £ 0.028 + 0.012 ALEPH [19]
Al = 0.161 £ 0.060 + 0.021 DELHI [20]
Aby = 01305551 L3 [21).

a8
=3 1+(-(>slo+§A{,.Bc,)so : (2.9)

Due to the s dependence o1 \g, the forward-backward 1symmetry varies with
the centre of mass energy, Figure 2 3 shows the predicted centre of mass energy
dependence of the forward-backward asymmetry for b and ¢ quarks.
At any value of | cos 0], the forward-backward asymmetry may be measured
as
N(+|cos0]) = N(~]|co: 0]) _ 8 Af;Bl cos 0|
N(+|cos 0]) + N(=|cosf) ~ 3 1 +cos20’

(2.10)

"Throughout this thesis, unless stated otherwise, all Standard Model values arc derived using
mgo = 91176 GeV/e?, my = 132 GeV/e? and myyy s = 300 GeV/e,
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and ¢ quarks (squares, dashed line) vs. the centre of mass energy. These curves
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with N(+]cos0]) (N(~]|cos0])) the number of fermions scattered at positive
(negative) cos 0. The experimen.. | sensitivity to the forward-backward acymmetry
thus varies as |cos0|/(1 + cos?0), and therefore it is important to extend the
acceptance to as large values of | cos 0] as possible.

The partial width of the Z° for each fermion is specified by the Standard Model.
In lowest order of perturbation theory the partial width into fermion pairs is given,
for energics s = 1y, by [15]

(

o = 3’ VMg (v + ). @.11)

I,
Jf"ﬂm has been measured to be
BT}

Iy
~—l’——'i'—’~ = (0,226 £ 0.008 £ 0.018  OPAL [22]
had

IJ/”'LL =0.193 +0.006 £ 0.011 £ 0.021 OPAL [13]
liaed
Ppoy,, =385 £ 7+ 11 MeV  L3[23]

_I_i’,ﬁl_'_ = 0.215+0.017 +0.024 ALEPH [24].
had

All these results are consistent with the Standard Model prediction of I'yo_,,,;, =
376 MeV [17]. 1'yaq has been mieasurad to be 1.740 4 0.012 GeV [25].

It is important to note at this point that the above equations will be modified
when higher orders of perturbation theory are considered. However no more
degrees of freedom enter the theory in higher orders. The GSW theory makes
only one prediction for any observable, any variation of these predictions arises
purcly from nncertainties in the calculations (finite orders, approximations) or in
the input parameters. For the forward-backward asymmetry and partial width to
b quarks, Figure 2.4 shows the allowed region of values at the 7° peak due to
these uncertainties. The remaining freedom of the values comes mainly from the
unknown mass of the top quark and the mass of the Higgs boson. A:%B is much
more sensitive to the top quark mass than is the quantity I'yo_;,;,. This arises from
the cancellation of some of the top quark mass dependence in diagrams that enter
the calculation of U'ye_,,,,. Figure 2.5 shows the variation of I'yo_,,,, and [zo_,ce
with the mass of the top quark. Zince I'yo_,,,, is much less sensitive to the mass
of the top quark (in¢), a measurement of ['yo_,,, may test the Standard Model
more precisely even when the mass of the top quark is unknown, In contrast A%,
is sensitive 1o the masses of the top quark and Higgs boson (Figurz 2.6). This
depeadence makes Al a less reliable test of the model when these masses are not
known, but a measurement of Ay could provide an indication of possible values
of the Higgs mass once the top mass in known.
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2.2 b-flavoured Hadron Decays
The average b hadron lifetime has been measured by OPAL to be [26]
1.37 £ 0.07(stat) £ 0.06(sys) ps. (2.12)

With this average lifetime b-flavoured hadrons produced at the Z° travel approx-
imately 2 mm before decaying, and therefore direct observation of b-flavoured
nadrons in the detector is practically impossible. Identification of hadronic events
that originate from hb quark pairs thus requires the identification of the b-flavoured
hadron from its decay products in the detector.

The decays of hadrons containing heavy (b and c) quarks are most easily
understood in the context of the so called “Spectator Model” [27]. This model
makes the assumption that the decay of a hadron containing a heavy quark is the
independent decay of the heavy quark via virtual W emission, with the other quarks
in the hadron having no influence. After the heavy quark decays, all the remaining
quarks form hadrons. Figure 2.7 shows the spectator decay 3% — eTwv.D™.
Decays or hadrons containing heavy quarks thus proceed via a chain of virtual
W emission. When leptons are present in the decay products of the hadron, the
decay is termed semileptonic (if the lepton is an electron the decay will be termed
semielectronic). Any lepton that originates directly from b cr ¢ quark decays
or frorn ary of the three cascade processes will be termed a “prompt” lepton.
Figure 2.8 shows that the decay chain of a b-flavoured hadron may resuit in two
prompt leptons, while ¢ hadrons may only produce one prompt lepton. The decay
chains h = ¢ = ¢*, b » ¢ > e”and b — 7 — ¢~ are known as “cascade
processes” and are shown in Figure 2.9, *

The branching ratio of a hadron (/) into electrons /3(/i; — ¢7;X) is given by

Bihy = 7N) = Tt (2.13)

| hy —anything

the ratio of the partial width into electrons divided by the total width. The lifetime
of a hadron is just the inverse of the total width and therefore

B(hy = 7 X)
Th,

= rhl —eTe N - (2 14)

The relations in Equations 2.13 and 2.14 make no assumption on the actual decay
mechanisms. Since spectator decays of the sort shown in Figure 2.7 are expected to
be the dominant process in semileptonic decays of heavy quarks, the semielectronic

*Throughout this thesis, the charge conjugate processes are implic ], e.g.: b — ¢ — et implics
also b = ¢ = o=, Wher no distinction is to be made between b = ¢ = et and b = ¢ = e~ the
symbol b — ¢ = ¢ will denote both processes.
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decay rates for two hadrons (1, and /i;) containing the same heavy quark should be
equal; I'y, semexy = Tiy—erzy. Using this expectation and Equations 2.13 and 2,14
the semielectronic branching ratios and lifetimes of two hadrons containing the
same heavy quark should be related by

Thy I)’(Il] - (‘)

— = e (2.15)

T,  DB(h, = e)
regardless of whether the total decay width of the hadrons are equal or not. For
the D system, the branching ratios and lifetimes are measured to be [ 28],

e = (421 £0.10) x 1071 5 (2.16)

e -+ (10,62 £ 0.28) x 1071 5 217

B(DY = etX) = (7.7 4+ L.2)% (2.18)
B(DE = eX) = (192411 %., (2.19)

The ratio of these numbers support the idea that spectator processes dominate the
semileptonic decays of these mesons.
The virtual W emitted in b quark decay may materialise as any of the pairs:

e~ T, 11t 7, sc, de, duor su. Quigg and Rosner [29] have calculated the rates for

these virtual W branchings, assuming that only b — ¢W ™ occurs and Iy -» uW
does not, to be:

P = ce™m) = A0 () Jln /i) (2.20)
F(h —= cpi7wy,) =§n&%ﬂ“1mem (2.21)
P(h = etm,) =21, (;’:—::L)' W )2 ) (2.22)
L(b = (e{du) + c(su))) =§m¢(ﬁﬁﬁﬂmeh) (2.23)
Fb = (c(de) +e(se))) = 230 (20) gldm2/md). (2.24)

The m; are masses of the fermions and 1", is a normalisation factor. The phase
space factors f(y) and ¢(y) are given by:

) ==y =8y +yh) - 12y Iy (2.25)

and
aly) = (1 =Ty/2=y*[8 = 3°/16)(1 — p)'* (2.26)
321 = 12/16 Ly/T-y <0
+3y4(1 —y /I())ln( NG )
If the mass of the b quark is taken to be 1y, = 5.0 GeV/c?, the ¢ quark mass
is taken to be m. = 1.5 GeV/c? and using the 7 mass of m, = 1.7841 GeV/c?
then

(b = e(se) + elde)) /(b — eX) = (2.27)

I8




This prediction kas not been tested directly, however it can be shown to be plau-
sible. The hadron formed by the charm quark from the decay b — ¢W~, will be
assumed to decay to electrons with the branching ratio (¢ — %) = 0.079 [28],
which is an average of low energy measurements with unknown mixes of charmed
hadrons. The virtual W™ is predicted to branch into a ¢ quark and a d-type quark
15% of the time. Due to the magnitudes of the quark mixing angles [28], cs is
expected to dominate, hence it will be assumed that 15% of the time the virtual
W~ “orms a D7, Hence B(lh — ¢ — ¢) may be written as

B(bh = ¢ = ¢) & Ble = o)+ 0.15B(D] = ).

Using B(D; — ¢7) = LO6B(DY — ¢7) (from Equation 2.15 using 7~ =
A.iH % 107" 5 128]), the prediction is (b — ¢ = e) = 0.09, which is in good
agreement with the measured value of (0.097 £ 0.010) [30].

An expectation for the lepton momentum spectrum is needed to predict the
efficiency for leptons from heavy quark decays to satisfy any kinematic require-
ments. Figure 2.10(a) shows the momentum of the electron in the decaying hadron
rest frame for the decay b — ¢~ e, This should be compared to the spectrum
in Figure 2.10(b) for the decay ¢ — e¢*w.s. The large b—c quark mass difference
results in a larger electron momentum endpoint. Angular momentum considera-
tions also suggest that the electron takes a larger fraction of the available energy
in b decay than in the corresponding charm decay (Figure 2.11). The electren in
b decay will have the highest energy when it recoils against the anti-neutrino and
the charmed quark. In the corresponding ¢ decay this topology is not allowed for
massless final state particles, due to the lefthanded nature of the charged current
weak interaction. In the case of massive final state particles helicity considerations
determine the electron momentum spectra shown in Figure 2.11.

The CLEO collaboration has reported measurements of the semileptonic branch-
ing ratios 3(b = ¢X), (b = ¢ = ¢X), at the T(4.5) resonance using various
decay models [30]. The CLEO collaboration considered the free quark model of
Altarelli et ol. (ACM) {31] (a spectator model) and two forms of the decay model
of Isgur et al. |33]. The original model of Isgur et al. (ISGW) has, in principle, no
free parameters and predicts that the decays B — Detv, X, B — D¢t X and
B — D*et X, oceur at the rates 27%, 62% and 11% respectively. CLEO also
considered a modified version of the ISGW model (ISGW*#) in which the relative
rates to D and 1)* were held constant, but the branching ratio to D** was increased
to 32% of the total. This change in the B — [J** branching ratio improved the
agreement with the CLEO data [30].

The CLEO collaboration’s measurements of the branching ratios B(b — (X')
and 3(b - ¢ — LX) were obtained by fitting the observed lepton spectrum [30].
Figure 2.12 shows the measured electron spectrum, with the fit to the ACM
model superimposed. The modelling of the semileptonic decay is important for
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Figure 2.10: (a) The electron momentum spectrum in the rest frame of the decaying
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The electron mementum spectrum in the rest frame of the decaying c-flavoured
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extrapolation to regions of low electron momentum, which are not experimentally
accessible and to separate direct b decays from cascade decays. Differences in
the extrapolations result in different branching ratios. Figure 2,13 compares the
momentum spectrum for semileptonic decays of B mesons in the B rest frame
from the ACM and the ISGW** model. Table 2.2 shows the branching ratios
obtained by CLEO in the context of these models | 30].

| ] ISGW model [ ACM model [ lS\W"‘* model I

B(b = lyq)%

9.94+0.1£0.

105+ 0.2 4 0.1

B(b —c—=1X)%

1134+ 0.74£06

0.7+08E0.6 |

L2 2 03 E 0
0.0 ¥ 0.8 1 0.6

B(b = L)%

0.06 £ 0.08 £0.03

0.28 £ 0.12 % 0.03

0.27 4 0.10 1 0.02

Table 2.2: The semileptonic branching ratios measured by the CLEQ collaboration
at the Y(4.5) resonance [30] in the context of three semileptonic vecay models.
The branching ratio B(b — liyq) includes the b -+ Liyn contribution.

At /s =& mqp, the efficiency for prompt clectrons from b decay to satisty
any kinematic requirements is dominated by the energy spectrum of the parent
b-flavoured hadrons (fragmentation), as shown in Figure 2.14. 'This is in con-
trast to measurements at the T (45) resonance where the 13 mesons are produced
nearly trest and thus the lepton momentum spectrum is dominated by the decay
spectrum. Since it is necessary 0 use semileptonic branching ratios determined at
the Y (4S) resonance and these branching ratios vary with the model of the lepton
momentum specirum used, it is necessary to take into account these correlations
when calculating prompt electron kinematic efficiencies.

2.3 b Fragmentation

The process by which a qq pair evolves into a system of colourless hadrons is
known as fragmentation, which is dominated by nonperturbative processes. A
stmplistic picture of the fragmentation process is that the colour lines of force
between the two quarks are stretched and produce (¢ pairs that also move apart.
This process can continue until no more energy is available to materialise «q pairs.
The quarks produced in this manner then group into colourless states, which are
the observed hadrons.

In this picture of fragmentation, quarks are most likely to group into hadrons if
their velocities are equal. A heavy quark mustlose very little energy to materialise a
light quark with the same velocity. Therefore itis expected that hadrons containing
a primordial heavy quark should carry more of the initial quark energy on average,

22




0140690-007
Ou4o 1 T + ‘ L ] 1 [ 1 { L1 l T ¥ L]
Electrons ]
= -
1 -4
o
S N
[}
(.D -]
L=
Q. ]
o
\ -
=
© =
[72]
L
[ ond -
>
g—b%’c-)s.ev i
F
b>ury 7
— e LY m}
20 3.0 4.0

Momentum (GeV/c)

Figure 2.12: The electron spectrum from B meson decays as measured by the
CLEO collaboration at the Y(4.5) resonance [30]. The direct and cascade compo-
nents, as predicted by the ACM model [31], are shown.

23




. ® ACM model
X 35 oCe
8 L v ISGW* mode! oy vr
o B Py v »
S I v v
; i b2
@ L o
T 30 C *
m ] 3 v
(Yo . - [}
(] . &
: 25 | v v
=) - »®
—Et I v9 ¢ l
[™ v .
20 » v
: ve
3 e
15 ve v
[ -9
) ve .
10 |- ve ¥
- yo
L ve
5 - "2 *
I :’
[ g %
o el ot Lo el bl Cisgbunvuedune
0 0.4 0.8 1.2 1.6 2 24 2.8

p (GeV/e)

Figure 2.13: Tlhe electron momentum in the decaying b-flavoured hadron rest
frame as predicted by the ACM and ISGW** model.




e

140 -

120

100 |- ¥

80

60

number of B — eX decays

Ty TV T T
H

40

Pyeininte i

T

20

T

o
o Ll llll l'l'lIl i I 1 VR | I b 1L I | I B | l

0 0.4 0.8 1.2 1.6 2 2.4 2.8
p (GeV/c)

1 H b d ) I Il

Figure 2.14: The electron energy in the rest frame of the decaying B meson (solid
line) separated into the electrons that satisfy the requirements; momenturm greater
than 2 GeV/c and and transverse momentum with respect to the jet axis greater
than 0.8 GeV/c as discussed in Section 4.4, in the lab frame (dashed line) and
those that do not (dotted line). The fluctuations ir the B meson momentum in
the lab frame dominate the probability that an electron will satisty any kinematic
requirement imposed in the lab frame.

25




26
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e (T (2.28;

Here, z = [5''/ 179, the energy of the wwdron divided by the invial energy of the
heavy quark. ¢ is the only free parameter (€' is an overall normeiisation). As ¢,
is decreased, e mean z increases.

As the e/ .rgy of the quark is not measurable (it depends on radiation at the
initial event vertex), what is determined exnerimentally is (), which is the
energy of the hadron divided by the beam cnergy:

(ei)g = b/ Vs )2 (2.29)
OPAL has measured ()1, and (), using prompt muons, to be | 18}):

(rih = 0.726 £ 0.007 +0.022 (2.36)
(ri)e = 056 0.02 F0.03, (2,30

These measured values of (ry), correspond approximately to ¢, values of

o = 0.00380 (2.32)
= .05 (2.33)

The L3 and ALEPH collaborations have mersured (rp):, to be [23, 24]

(rphy = 0686+ 0.006 + 0.016 (2.34)
(rp = 0.67+00 (2.35)

In addition, the ALEPH collaboration has measured (r ), to be [24]
(i) = Dm2Y L (2.30)

These measurements are consistent with those obtained by OPAL, and will be used
to assess the uncertainty in these parameters.

When studying semileptonic decays of heavy quarks, it is not usually possible
to reconstruct the parent hadron’s direction. This difficulty is overcome by using
the jet axis as an approximation to the parent hadron’s direction. Figare 2.15
shows the difference between t' e jet axis and the hadron direction in simulate |
events. These simulated events suggest that the jet axis approximates the parc-t
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Figure 2.15: The angle between the reconstructed jet axis and the parent hadron
direction for simulated events containing al — ¢ decay. (a) is the difference for the
angularrange | cos 0] less than 0.3, (b) corresponds to the range 0.3 < | cos 0] < 0.6
and (c) to the range 0.6 < |cos0 < 0.9. The distributions do not peak a zero
due to the missing neutrino in the b — e decay and the decreasing solid angle
available at zero angle.




hadrr . direction to approximately 60 mrad, for |cos0;.] < 0.9. The procedure for
finding jets experimentally will be addressed in Secticn 4.4,

The quark direction at the electroweak vertex is needed to measure the forward-
backward asymmetry. Since the quark is never observed directly, it is necessary
to approximate its initial direction. The quark direction could be upproximated by
the hadron (jet) direction, however a complication arises in events with more than
two jets. These events are due to gluon radiation at the electroweak vertex and
thus the thrust axis is used to approximate the initial quark direction,

The thrust axis is defined as the vector 7" that maximises :

> lpi- T, 2.37)

with the sum over / implying all particles in the event. Figure 2.16 shows that
fre simulated data, the thrust axis repres.nts the original quark direction with a
resolution rf less than 80 mrad for most polar angles.

An ambiguity exists in the choice for the sign of the = component of Ty and
therefore the sign of cos Oyus. To resolve this ambiguity for events containing a
prompt lepton, the thrust direction is chosen as follows. The dot product (p - ’i’)
is formed, with p the momentum of the lepton. If this product is positive then the
thrust direction is taken as

o8 Dbt = /'/|/'| (2.3¥)

it it is negative the opposite sign is chosen. The ambiguity in the quark direction is
resolved by using the sign of the observed iupton. b quarks iiazve charge - 1, thus
b quark semileptonic decay results in a negative signed lepton, hence the quark
direction is thus chosen as

cos Oy = —(ros 0w (2.39)

In this way the quark direction is signed correctly for b quarks that are tagged from
a direct semileptonic decay. For ¢ quarks this assignment results in the incorrect
sign for cos 0.,

2.4 Summary

In this thesis the predictions of the Standard Model for the forward-backward
asymmetry in the reaction e*¢™ — bl and the partial width of the 7" boson into
b quarks will be tested. It has been shown above that b quark production can
be tagged through the presence of prompt electrons, which form approximately
10% of all b decays. By determining the sign of the prompt lepton, the quark
direction at the electroweak vertex may be inferred. From the total number of
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observed prompt electrons and their angular distribution I'ze_,,,, and Al may
be determined. In the following sections a set of selection crite ia developed to
identify prompt electrons in multihadronic Z° decays is described. The resulting
sample of prompt electrons will be used to obtain 1';a_,,, and A{;,_,.




Chapter 3
The OPAL De’ector

The OPAL detector has been described in detail in [9] and full descriptions of the
subcomponents are given in the references contained in that publication. Only a
brief description is given here.

The OPAL detector (Figure 3.1) is based around a 4.36 m diameter solenoidal
magnet, providing a field of 0.435 T. The OPAL coordinate system is defined as
follows; the z axis is along the ¢~ beam direction, the x axis is into the centre of the
LEP ring and the y axis is perpendicular to both, forming a right handed coordinate
system. The azimuthal angle (¢) is measured from the x axis around the z axis,
while the polar angle (0) is measured from the z axis. The origin of the coordinate
system is the centre of the detector. The detector subcomponents are optimised to
provide energy and momentum measurements and particle identification.

3.1 Central Tracking System

The OPAL central tracking system is comprised of three tracking detectors inside a
solenoidal magnet (Figure 3.2). These detectors share the same gas mixture (88.2%
argon, 9.8% methane and 2.0% isobutane), which is maintained at a pressure of 4
bar.

The innermost tracking detector, between radii of 88 mm and 235 mm is a
I m long drift chamber (CV).! This chamber is optimised to provide a precise
measurement of the r — ¢ origin of a track. Beginning at a radius of 1.9 mis a
system of 4 m long chambers designed to measure precisely the z coordinate of a
track (CZ). These chambers provide a z coordinate resolution of 100-350 pum in
the range 14 < 0 < 136.

The main tracking is provided by a large (approximately 4 m long) drift

'For the 1991 running period a silicon vertex detector was installed between CV and the
beampipe. This detector was not used in this analysis.
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Figure 3.1: A vertical section view of the OPAL detector with the major systems
indicated.
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chamber (CJ). This chamber has an inner radius of 250 mm, an outer radius of
1850 mm and is divided into 24 sectors in ¢. Each sector in ¢ can provide up to
159 space points along a track. True space points of hits (r, ¢, =) are measured by
wire position, drift time and charge division. The intrinsic coordinate resolution
has been determined to be 135 um in » — ¢ and 6 cm in z |35]. The first anode
wire is at a radius of 255 mm and the last is at a radius of 1835 mm, resulting in
a 10 mm anode spacing. The wires are supported at each end of the chamber by
conical supports of opening angle 15°. At track polar angles of {cos 0] - 0.73 a
measurement of the z coordinate of a track upon exit of the chamber is possible.
The z coordinate of the track endpoint is determined from the last » ~ ¢ hit on a
track using the known z position of the hit wire at the conical support. Tracks that
have a z coordinate measured in this way will be termed to have a CJ endpoint.

CJ also measures the energy loss to ionisation per unit length (dE/dy) of a
particle as it traverses the chamber gas. The dE/dy measurement uses a truncated
mean to compensate the tails in the Landau distribution. The 70% of samples with
the smallest measured charges are used to calculate the dE/dy for a track. When
159 samples are used in the determination of dE/dx a resotution of approximately
3% is obtained. The 4 bar operating pressure was chosen partially to optimise the
resolution of the dE/dx measurement.

The combined vertex resolution of all 3 detectors is estimated to be 10 pm in
the r — ¢ piane and 6 cm in the = [35]. The CJ endpoint z measurement results ina
polar angle resolution of 2.7 mrad [35]. [n the region of active CZ acceptance, the
momentum resolution, neglecting the small contribution from multiple scattering,
is found to be {35]:

a .
L= 15,107 (GeVe)™.
12

In the range 0.815 < |cos(0)] < 0.91, where 159 samples in CJ are not possible,
the momentum resolution is well described by [36]

hh r s b A 2
oy 2 PGy 750
— = [(0.02 e e [
m ( )+ (().()3 Ll \/;/r,i/('.j 44

Here p,(GeV/c) is the momentum in the bending plane, B is the magnetic ficld
(4.35 kG), L(m) is the radial track length and n/iil e is the number of space points
measured in CJ for the track. The factor o, ., is the average single hit resolution
and is 120 yum in this angular range. The 0.02 is the momentum-independent
contribution from multiple scattering.
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3.2 Electromagnetic Calorimeter

Outside the pressure vessel of tracking system (and after the magnet coil and the
time of flight system (TOF), for |cos 0| < 0.82) is the electromagnetic calorime-
ter. Two distinct systems make up the electromagnetic calorimeter; a system of
preshower counters (presampler) and a lead glass calorimeter. The material in
front of the electromagnetic calorimeter is approximately 2 radiation lengths (Xo)
thick which ensures that most electromagnetic showers will have started before
entering the calorimeter.

The preshower counter system is divided into a barrel (PB), for | cos 0| < 0.81,
and endcap (PE), for 0.83 < |cos 0] < 0.95. The PB is constructed as a cylinder
of two layers of limited streamer tubes. Each layer is read out by a system of
strips, designed to give a precise position measurement of the electromagnetic
shower. The pulse height on the strips also provides some information about the
longitudinal energy deposit profile.

The lead glass calorimeter (ECAL) is divided into two separate detectors, the
barrel (EB) in the range |cos(f#)| < 0.82 and the endcap (EE) covering 0.81 <
| cos 0] < 0.95. Both detectors are Cerenkov shower counters made up of blocks
of lead glass. Since the EB and EE are very similar in operation and EE is used
to develop the prompt electron selection described in Chapter 5, only EE will be
described in detail here.

The endcap calorimeter (EE) (Figure 3.3) consists of 2264 lead glass blocks
(CEREN 25 [37)) of dimensions 9.2 x 9.2 x 52.0 cm. Ateach end of OPAL in 2,
1132 blocks are arranged in a disk surrounding the beampipe. The block medians
are parallel to the beam (z) axis and, for tracks originating from the centre of the
detector, the EE presents approximately 22X, of material. This “non-projecting”
geometry of the EE will be exploited in the work described here.

Identification of localiscd energy deposits in the calorimeter is necessary to
make associations between charged tracks and energy deposits. This clustering
is a two step process, the first step is to create “coarse” clusters. The algorithm
to create the “coarse” clusters is as follows. A block with energy greater than
60 MeV is identified (seed block)?. All of the blocks touching the seed block with
energy greater than 40 MeV are grouped with this seed block to form a cluster.
Each touching block that has energy above 60 MeV is then used in turn as the seed
block and the process is repeated. This process continues until no blocks can be
added to the cluster in this way. Once a “coarse” cluster is thus finished, the next
unassigned block with energy above 60 MeV is used to start a new cluster. This
procedure is continued until no more seed blocks are available.

Itis possible that these “‘coarse” clusters contain many separate energy deposits

*The RMS noisc in EE is approximately 14 MeV. Hence blocks with encrgy larger 60 MeV are
at least three o above the noisce level,
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Figure 3.3: The endcap calorimeter showing how the endcap preshower counter is
mounted on the lead glass array (from[38]). (b) shows the endcap electromagnetic
calorimeter mounted behind the pressure bell of the central tracking detectors,

and hence a further splitting into “fine” clusters is performed. The process of
creating the “fine” clusters tries to identify valleys in the energy deposit of the
coarse cluster.

To begin, the blocks within a “coarse” cluster are ordered by energy. In
decreasing order of energy, each block not already assigned to a “fine” cluster, is
considered in turn (present block). The block with the largest energy that touches
the present bloc!- is found. If this largest neighbour block is already in a “fine”
cluster and its energy is larger than the present block’s energy, the present block
and all the blocks touching the present block are assigned to the “fine” cluster
that already contains this neighbour. Otherwise a new *“fine” cluster is started
containing the present block and all its neighbours. This process is repeated until
all blocks in the “coarse” cluster are assigned to a “fine” cluster. Figure 3.4 shows
a coarse cluster and two fine clusters found within it. The term ‘cluster’ will
henceforth be used to refer to these “fine” clusters. The energy nssociated with
the cluster at this stage is termed the “raw cluster energy”.

The pressure vessel for the central detector adds approximately [.5.Xy in front
of the calorimeter. Therefore the measured energies need to be corrected to account
for the energy loss in this dead material. This correction is calculated for cach
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cluster of energy assuming that the cluster was created by an electron *, The
resulting energy resolution of the EE has been measured to be

with E(GeV) the measured energy. The raw cluster energy corrected for the
material in front of the calorimeter is termed the *“‘cluster energy”.

3.3 Muon System

Outside the electromagnetic calorimeter is the iron of the magnet return yolk. The
magnet iron serves as an absorber (8- 14 interaction lengths), which acts as a filter
for muons, allowing them to be identified by their ability to penetrate this material.
In the region 0.67 < | cos 0] < 0.98 there is a system of limited streamer tubes that
measures the positions of tracks penetrating the magnet iron. (A similar system
exists at larger angles). These muon detectors provide up to 4 space points on
each muon with resolutions of ~ I mm in x-y and 5 mrad in polar angle.

3.4 The OPAL Trigger System

The OPAL trigger system [39] provides a redundant and efficient trigger for all 7"
decays. It is based on a matrix of ¢ — ¢ bins covering the entire detector, and has
been measured to be 100% efficient for selecting hadronic decays of the 7" [16].
The basic trigger elements are described below.

CV and CIJ provide a fast measurement of the » — = coordinates of hits in bins
of 0 and ¢. Tracks are identified as straight lines in r — =z, thus enabling a track
based trigger decision.

The time of flight counters, outside the magnet coil, provide trigger signals in
21 bins of ¢. These signals are used in coincidence with other signals to form
trigger decisions.

The electromagnetic calorimeter (both EB and EE) is divided into 6 0 bins and
24 overlapping ¢ bins. Trigger signals are formed from analogue energy sums in
these bins.

Some trigger conditions relevant for multihadronic events (any of which alone
will cause a trigger) are:

o > 3 tracks

3For | cos 0| a2 0.85 this correction increases the raw cluster energy by a factor of approximately
1.33, for encrgics between 4 and 10 GeV.




~ 2 tracks in the barrel region

track trigger-TOF coincidence in ¢

track trigger-ECAL coincidence in 0 ~ ¢
TOF-ECAL coincidence in ¢

2T TOF ¢ hits

=~ 7 GeV total energy in EB

> 6 GeV total energy in EE
~»26GeVinad - ¢bininEB
»>3GeVinald - ¢binin EE

3.5 Event Reconstruction System

The final stage of the OPAL data acquisition system [40] 1s a second level
trigger and classification system (filter) [41]. The filter writes the triggered
events to disk in files (partitions) of approximately 20 Mbyte. These par-
titions are copied from the filter to an optical disk for permanent storage
and distributed to a system of APOLLO DN10000 computers that form the
online reconstruction system {40]. An individual DN10000 processes the
events in a partition through four parallel running copies of the OPAL event
reconstruction program. The events are reordered onto a local disk of the
DN10000 and moved to external computer systems.

The online reconstruction system takes full advantage of the capabilities
available in modern low cost workstations. The services of the operating
system, such as the file system, event scheduling and external communica-
tions were exploited to make a system that is easily expandable and easily
maintained. Reconstructed events are typically available for analysis and
detector monitoring less than one hour after the event is triggered.
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Chapter 4

Event Selection

4.1 Hadronic Event Selection

‘t’he OPAL selection of hadronic events uses a combination of tracking and calori-
metric requirements. Reconstructed tracks and encrgy clusters must pass certain
quality requirements to be considered in the event selection.  For tracks to be
considered they must have greater than 19 measured space points in CJ and a
distance of closest approach to the event vertex of less than 2 emin the
plane and less than 40 cm in =, Tracks must also have a momentum component
in the bending plane of at least 50 MeV/e. Energy clusters are required to have at
least 100 MeV in EB and at least 200 MeV in EE. For an event to be classified as
a hadronic decay of the 7° the following critria must be satisfied:

e > 6 energy clusters
e > 5 tracks

o The sum of all electromagnetic cluster energies mrst be greater than 10%
of the centre of mass energy ( /s )

o Ll s
I'lzlu.q
where 0 is the polar angle of the electromagnetic cluster. The last requirement
rejects events with a large energy imbalance in z, thus discriminating against events
that are not due to ote™ collisions. Figure 4.1 shows a se! " multihadronic
event.

This hadronic selection has an acceptance of 98.4% for hadronic dezays of

the Z° [16]. The fraction of events accepted by e selection that is not due to
hadronic 7Z° decays is estimated to be (0.2%, arising equally from the reaction
ete™ = 7Y = rr77 and 2 photonevents (ete” o eten X)),

40




Run:evan) 2268: 78042 Date 310504 Time 115108 Clrk(N= 26 Sump:' 69.5) Ecol(N= 32 SumE= 61.3) Heal(N=15 SumE= 11.5)
tbeam 45.631 Evis 102.4 Emisy ~11.2 Vix { -0.02, 0.18, -0.72) Muon{N= D) Sec Vix(N=10) Fdsl{N= D SumE= 0.0)
254,350 Thrust=0.9713 Aplan=0.0032 Oblet=0.0466 Spher=0.0130

CAEEI T omTEo

IRSTRIASDEIN0? o
Ot ot Lt b i E b ok Lk Lt Cnb NS AT k. B8
OOttt e A A D AT et T

[%2]

200. em. | ‘248 %0 Cev

by T
Cenlte of scieen is ( 0.0000, 0.00 .. (.0000) i

Figure 4.1: Anevent selected as a multihadronic 7° decay as described in the text.
The complicated nature of such events is evidern.
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4.2 Single Electron Selection

For efficiency calculations it is desirable to have a set of events that contain only
one particle in the detector, with that particle being an electron or a positron, This
class of events mav arise from the reactions c¢te™ = ctfe ™y orete™ = ote™ X,
where only the electron or positron is detected. To select events of this type
the following requirements were imposed. The event was required to contain
only one track that had a distance of closest approach to the vertex in the r — ¢
plane of less than 6 mm and no more than 30 cm in z. Requiring that the track
did not match any reconstructed segment found iri the muon chamber suppressed
muon background. An electromagnetic energy deposit of greater than 200 MeV
was required within a cone of opening angle of 200 mrad around the track. The
energy deposit of a minimum ionising particle in EE is approximately 200 MeV.
Events with electromagnetic clusters of energy greater than 500 MeV at angles
greater than 200 mrad from the track were rejected. This requirement served to
eliminate events with many particles but only one track satisfying the track quality
requirements. With these cuts a fairly pure sample of electrons was olutained, with
only a slight non-electron contaminatton below momenta of 4 GeV/e. Figure 4.2
shows an event selected in this manner.

4.3 Inclusive Muon Selection

Since the sources of prompt muons and prompt electrons are identical, prompt
muons are useful in assessing effects that depend on activity surrounding the
prompt lepton. A sample of muons in multihadronic events (inclusive muons)
was obtained to study these effects. The ability of muons (o penetrate the magnet
iron and register in the muon chambers was the basis of the muon selection. The
goodness of a match in positivn of a track segment found in the muon chambers
and the extrapolated track impact point, obtained from the central tracking system,
was used as the discriminating variable. Specifically a requirement was imposed
on the variable \,.,,, defined as |42]:
2 (A, (A0,,,)*

) ! ’ 4.1
X pos 0,( A(/)]ms )1 A* ()'( A()]um )'2 ( )

where Ao, (AD,,,) was the difference between 'he extrapolated impact point and
the reconstructed muon segment in ¢ (#). The resolutions a(Ady,,. ) and a(AG,,,,)
include the various sources of errors possible in the positional match (multiple
scattering, momentum mis-measurement, Survey errors, etc.).

A purer muon sample results when the upper limit of accepted x,.,, values is
decreased. It has been estimated [42] that a requirement of y,., < 3 results in
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Figure 4.2: Anevent selected to be a single electron using the procedure described
in the text. The event has one track of momentum 8.2 GeV/c, matched to an
EE cluster of 7.8 GeV. On the opposite side of the detectcr to this track in z, the
forward luminosity calorimeter (which is not considered in the selection) registered
an energy of 54.3 GeV. Noise of 192 MeV’ is seen in the hadron calorimeter.
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a selection of prompt muons with 48% purity and a more stringent criterion of
\pos < 2 results in a purity of 55%.

4.4 Jet Definition

Jets were derived using “good™ tracks (defined in Section 5.1) and electromagnetic
calorimeter clusters (ECAL clusters) not associated to “good” tracks. Unassociated
ECAL clusters were required to satisfy the following quality requirements:

o The raw cluster energy must have been greater than 50 MeV. This removed
clusters that were due to electronic noise.

e The clusterenergy was required to exceed 100 MeV in the barrel electromag-
netic calorimeter and 200 MeV in the endcap electromagneric calorimeter,

e The reconstructed cluster must not have contained a region oi the detector
that was known to have a large amount of electronic noise.

The different energy thresholds for the EE and the EB clusters reflect the different
noise levels in these detectors. The main source of unassociated ECAL clusters
was assumed to be photons, from the decay of short lived neutral particles (",
7,..), with an energy equal to the cluster energy and originating from the event
vertex.

To proceed with the jetfinding, an event was required to contain at least five
good tracks. This is a stricter requirement than that used in the hadronic event
selection, since the definition of “good” tracks is more demanding than the track
selection used for the hadronic event selection. This requirement of at least five

“good” tracks was estimated, using simulated data, to have an efficiency greater
than 99.7% efficient for hb events.

The jet definition was based on the jetfinding algorithm developed by the
JADE experiment (43] which uses a “scaled mass variable”. This method of
combining particles into jets employs the “E( recombination scheme” developed
by OPAL {44]. This algorithm considers all particles in turn and forms an invariant
mass squared

!/l”l. - (l’[ + 7)1“) - (4'2)
If the invariant mass squared (y;,,) of a pair is smaller than some value r,,;, the
two particles are combined into a pseudo-particle (1) using the presicription
I’J‘n = 1'1‘1 + h‘m

o Iy , ,
Pu = Gt (oot pu).

(4.3)

The p,, is scaled by ——LJL— so that the pseudo-particle » has zero invariant mass
(the origin of the nc\me é The recombination process is repeated until no
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pseudo-particles may be formed in this manner. The jet momenta are then equal
to the momenta of the remaining pseudo-particles. The value of .r,,i, used in this
analysis was 49 (GeV/c?)%
The momentum component transverse to the jet axis, of any track associated

to that jet, was given by:
P x )"'j:-t

|
Here p is the track momentum and pj. is the jet momentum. The p; of prompt
electrons was thus determined with the electron candidate included in the jet. This
underlines the importance of only including unassociated ECAL clusters in the
jetfinding. Including ECAL clusters associated to tracks would have resulted in a
large bias towards the electron direction.

pr = | 4.4)
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Chapter 5

Prompt Electron Selection

5.1 Track Selection

Electron candidates were required to be associated to the “good™ tracks used in
jetfinding where tracks were considered “goed” in this context if"

e the track had at least 20 space points measured in CJ (nhitey - 20)

o the track had a distance of closest approach to the event vertex in the »
plane of less than 5 cm

e the track had a distance of closest approach to the event vertex in = of less
than 200 cm

¢ the track momentum in the bending plane measured more than 150 MeV/c¢
e the measured track momentum was less than €5 GeV/c.

These “good” tracks were constrained to originate from the event vertex in = to
provide a more reliable polar angle measurement.

Electron candidates were also required to have either a CJ endpoint measure-
ment (0.8'5 < |cos #} < 0.91) or at least 3 CZ samples used in the track fit. These
requirements greatly reduced the systematics present in the determination of polar
angle of the tracks.

5.2 Electron Identification

Identifying electrons in the mi... of a multihadronic event requires an optimised
set of selection criteria. Two properties of electrons make it possible for a pure
sample of high momentum electrons to be obtained in hadronic events, The first
is the constant d&/dx of electrons in the CJ gas for momenta greater than 2 GeV/e,
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The second property of electrons utilised is the distinctive energy loss distribution
of electrons in the lead glass calorimeter. A selection for prompt electrons with
momentum greater than 2 GeV/c, has already been developed in OPAL for the
region | cos 0] < 0.7 (barrel selection) {22]. Here a set of selectivn criteria for
prompt electrons in the region 0.815 < |cos0] < 0.91 (endcap selection) is
presented. The barrel selection, which will be used with the endcap selection in
the measurement of the forward-backward asymmetry for b quarks, is summarised
in section 5.4.

5.3 Endcap Electron Identification
53.1 dE/dx

As a charged particle traverses any material it loses energy to ionisation of the
surrounding material according to the Bethe-Bloch formula

. (!

2P s -2,

) =2 .zZ
(5.1)

ity

dr

2, ,7').(.2/3‘2 "‘Vmux
/2

-
~

. Z:*
= ZnN,,v'frlz,('z,')—i = X In(

>

with
o r,: classical eiectron radius = 2.817 x 10~"% ¢m
e 1, : electron mass
o NV, : Avagadro’s number
o [ : mean ionisation potential of the medium
o Z: Atomic number of the medium
¢ A Atomic weight of the medium
o p: density of the medium
o = charge of the incident particle (units of e)
e llmax : The maximum possible kinetic energy transfer

e J: /e magnitude of the particle velocity in units of the speed of light

1
1“1’2

o 7.

1

o C:*“shell correction’
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Figure 5.1: The measured dE/dx in multihadronic events in OPAL (from [45]).

The expected bands corresponding to various particles are shown. Note that for
momenta greater than 2 GeV/c all particles have a mean dE/dx below that of

electrons.

e 4 : “density correction ™,

It is important to note that the energy loss to ionisation for a given medium is only
a function of the charge and magnitude of the velocity of the incident particle.
Figure 5.1 shows the measured dE/dx in the OPAL jet chamber for many tracks
in multihadronic events. The bands corresponding to different mass particles are
evident.

The value of dE/dx in a medium exhibits a plateau at large particle velocities.
This Fermi plateau {46, 47] is due to dielectric effects and therefore depends on
the density of the medium. Electrons with p > 2 GeV/c are highly relativistic and
thus are already at the Fermi plateau. Figure 5.2 shows the measured dFf/dx for
single electron events with p> 2 GeV/c in the range 0.815 < |cos 0] < 0.91. The
mean dE/dx for these electrons is 10.1 keV/em.
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Figure 5.2: The measured dE/dx distribution for single electrons in the region
0.815 < |cos0] < 0.91. The mean dE/dx is 10.1 keV/em.




Fluctuations, due to experimental resolution, may cause particles other than
electrons to be measured with the electron dE/dv value: conversely electrons may
be measured to have a low dE/dx value. Also, at higher momenta, other particles
approach the plateau dE/dy value. It is thus important to have a measure of how
consistent a dE/dx measurement is with that of an electron. For this measure it is
necessary to know the experimental resolution of the d£/dy measurement,

The resolution for d£/dx measurements depends on many parameters, such
as the gas pressure, the sample length, the number of samples and the electronic
noise {48, 49]. The OPAL jet chamber has 159 signal wires and thus it is convenient
to parameterise the dE/dx resolution as

0.43
(T(H-I/(lx - lr)s) (i 7)
T 1Hho ~r bt
(”‘;/(IX AT

with @59 the resolution obtained when 159 dE/dx samples ((V.,,,,) are used in the
dE/dx determination. 'The 0.43 power is due to the work of Walenta [50]. For
single electrons in the range 0.815 < |cos @] < 0.91, oy is found to be 2.7%
(Figure 5.3). It should be noted that in the angular range O.815 < |cos 0] <« (.91
159 samples cannot be obtained. The resolution is stated in this manner so all
regions of the detector can be described by the same expression, with only o,
changing.

The number of standard deviations a measurement lies away from the expected
electron dE/dx is used as the discriminating variable,

(A1 /dR Y imensured — (‘}ﬁ[‘g_)"’fl""""

Naagjax = (5.3)
“T(“';/(l\

with
159

Nnnmp

The expected dE/dx for electrons was taken to be the 10.1 keV/em measured from
single electron events.

Figure 5.1 shows that, for momenta greater than 2 GeV/e, all particles have a
mean dE/dx value less than or equal to that of electrons. Thus electrons candidates
were required to satisfy:

R g .43
Ur“v)/(lx = ((}l'l/‘]x)mr'nulll'ml * 2. /% ( .

AV(T(”:‘/,“ AR (54)

Figure 5.3 shows that, for single electrons, the N ey q, distribution is a gaussian
with mean of approximately zero and unit width, suggesting an cfficiency of
approximately 97.7%. The actual efficiency of this requirement wil! be discussed
in section 6.1.

A requirement on the number of dE/dx samplzs was imposed in order to avoid
tracks that had a poorly measured dE/dx value due to a small number of samples
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used in the dE/dy determination. Electron candidates were required to satisfy:
Noamp > 20, (5.5

Besides the above requirement, the number of d£/dy samples was also required to
satisfy :

,
i
A\’smnp

.
Number of space points used in the CJ track r - ¢ fit U5 1800
Only space points that are used to determine the track in » -- ¢ in CJ may be used
for the dE/dx determination. dE/dx samples may be discarded due to nearby tracks
or because the candidate track passes too closed to a signal wire. A requirement
on the fraction of CJ » — o samples used imposes a form of tsolation criterion and
serves to make the efficiency for the N, requirement less dependent on | cos 0]

5.3.2 Calorimetric Criteria

Electrons that enter the lead glass calorimeter lose energy through repeated pro-
cesses of bremsstrahlung and pair production from the resulting photons (electro-
magr.etic shower). This electromagnetic process creates a localised energy deposit
with a distinctive longitudinal and transverse distribution.

The EE represents approximately 22X, of absorber and therefore, for a very
large fraction of electrons with /< < 50 GeV/c, all of the energy will be deposited
in the electromagnetic calorimeter. Muons do not initiate electromagnetic showers
due to the lower bremsstrahlung cross section and therefore leave very little energy
deposit in the calorimeter (= 301) MeV). Hadrons interact in the calorimeter mainly
through nuclear interactions. These interactions tend to produce many low energy
particles that escape detection by the lead glass. Hadronic showers also tend to
have much larger longitudinal and transverse dimensions than electromagneltic
showers [51]. The scale of hadronic shewers is the nuclear interaction length and
EE is approximately 2 interaction lengths thick.

The above factors make it possible to identify electrons with the electromag-
netic calorimeter through the distinctive shower shape and the ratio of the energy
measured in the calorimeter to the momentum measured in the central detector.
Figure 5.4 shows the ratio of measured cluster energies to central track momenta
(Faus/p) distributions tor electrons from single electron events, pions (sclected
opposite signed pairs of tracks that have a mass consistent with that of a K" [52])
and muons from cte™ — 7% — 4F ;0 events. Three calorimetric variables were
considered in selecting prompt electrons: ///p , 0-mawh and V..
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Figure 5.4: The measured Iv.../p distributions for (a) single electrons, (b) pions
and (¢) muons from cte™ — pt e events, in the region 0.815 < |cos 0] < 0.91,
(d) shows the three distributions overlaid on a logarithmic scale. The very small
I"/p (~ 0.006) for muons is evident in (d).
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532.1 L/p

In a multibadronic event, electromagnetic clusters are rarely created in isolation,
Accompanying particles may increase the measured cluster energy. Conversely, an
energy deposit may be split into more than one cluster due to neighbouring energy
deposits. A corrected energy was calculated, which exploits the expected shape
of electromagnetic showers, to reduce these effects on the energy measurement.

The corrected energy associated to a track was calculated by first finding the
block in EE within which the track traversed its first four radiation lengths (~
10 cm). This avoided problems arising from tracks extrapolated to the edge of
a block. This block is termed the “centre block™, and two rings of blocks were
formed around the centre block. One contained the eight “touching” bi.cks and
one the sixteen “next-to-touching” blocks (Figure 5.5).

As an attempt to remove any overlapping energy in the inner ring of blocks,
a subtraction was performed as follows. The average of the eleven blocks in
the outer ring, that were not in the direction of the extrapolated track (in the -y
plane), was calculated. Not all sixteen “next-to-touching”™ blocks were used in
calculating this average to reduce the effects of track mis-extrapolations. Although
no electron energy was expected in any of the “next-to-touching™ blocks, the five
blocks in the direction of the track were the most likely to be affected by any track
misextrapolations. Since there is a small amount of noise in the EE electronics,
a block had to have registered an energy deposit of more than 200 MeV (o be
considered in the average. This avetage energy was then subtracted from the
centre and eight touching blocks If this subtraction made the energy in a block
negative, the block energy was set to zero. The resulting energy in these nine
inner blocks was then summed and scaled by the ratio of the cluster energy to the
raw cluster energy. This scaling took into account the average energy lost by an
electron before entering the EE. It is this corrected energy that was associated to
the track to form the ratio /</p . Hereafter, /v will denote this corrected energy.

The subtraction of the outer ring energy accomplished two things. First, since
there is no electron energy expected in this ring, it was an attempt to remaove any
overlapping activity affecting the energy measurement. Secondly, and perhaps
more importantly, this subtraction tended to reduce the energy measured for pi-
ons. This reduction of the measured pion energy had the effect of reducing the
background to the electron signal in the region of interest. Figure 5.0 compares
the corrected energy to momentum ratio with the ciaster energy and p for pions
identified as originating from K" decays.

Electron candidates were required to satisfy:

0.8 « IN/p < 1.2 (5.7)

Figure 5.7 shows the measured £2'/p vs. |cos 0 for single electron events in four

bins of momentum. The angular range (0.815 < |cos 9] < (191 was chosen for the
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Figure 5.5: The geometry used for the corrected energy. The track impact point
is denoted by e, with a momentum vector in the r-y plane as shown. C denote
the centre block. Blocks denoted T are the “touching” blocks and NT denotes the
“next-to-touching’ blocks used in the background calculation.

selection since empirically it was found to be free of large systematic effects in
the /7/p resolution.

5.3.2.2 (-Match

The blocks of the EE are aligned parallel to the = axis. Electrons from the
centre of the detector that enter the EE, on average, have three blocks in their
direct path in r — . This non-projecting geometry can be used to provide a
crude longitudinal shower sampling. Figure 5.8 shows that longitudinal shower
sampling is a potential selector of electrons over pions.

Any energy deposit in the EE will have a reconstructed centre of gravity in
# moved away from the track impact point, due to the non-projecting geometry
(Figure 5.9). This deviation is corrected on a cluster by cluster basis assuming
that the deposition is due to an electron. '. This correction yields a difference
|0t1ack — Octuster] very close to zero for electrons, while hadrons have a much broader

PAt | cos @ = 0.85 the magnitude of this correction is approximately 20 mra.
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Figure 6.7: The Noagay distributions for all prompt electron candidates with
pr > 1.0 GeV/c in the endcap acceptance with all the electron selection criteria
applied except the Nogi;jax and 0-match requirements. (a) iv the distribution
for the momentum bin of 2-4 GeV/e, while (b), (¢) and (d) correspond to the
momentum bins of 4-6 GeV/e, 610 GeV/e and above 10 GeV/e respectively.
The shaded histograms are the predicted background shapes obtained with the
requirement 0.1 < IY/p < 0.6, the normalisation was determined by the fit. The
signal region is Nogg a, > ~2.0.
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(pCevir | v 1 2 [ 3 1 4 ]

24 (882 + ;x}“}”‘f (RR.2+ 3.8)% | (RRHEA1.0)4 | (RT.T£3.9)%
45 0N AT B0T L 4N | (R0 47)% | (7 NET 6)%
610 T RCAES07 | (R61E3.0)% | (RT.13.3)% | (5.7 £ 3.2)%

above 10 || (917 2 28)% | (90.7 £ 2.71)% [ (96,2 4.7)% | (90.7£3.9)%

Table 6.8: The efficiency for a p.ompr electron with py > 1.0 GeV/e to sat-
isfy the requirement |0k — Octusier] ~ N mmrad. The results of many fits are
shown to illustrate the agreement among the various fitting methods. Columa |
is the efficiency calculated with background shape determined by the selection
Nagipax + 2.5, but with the g in Equation 6.1 fixed at 2. Column 2 was calcu-
lated with q in Equation 6.1 fixed at 2 and the background shape determined by
the selection Neogpae << —3.5. Columa 3 is the efficiency obtained from fitting
the Nog, ax distribution with a background shape determined by the selection
0.1 < I¢/p < 0.6, Finally column 4 is again a fit to the Nag;a., but with the
background shape determinerl by the selection ¢.1 < IV'/p < 0.4, These values
should be compared to column | of Table 6.7.

6.1.4 Ny Efficiency

The efficiency for a prompt electron to satis’y the requirement on the number of
blocks in the reconstructed cluster,

/Vhlks < | 6»

was determined simiturly to the efficiency for the 0-match requirement. The
F/p and Naygay distributions were fit as in section 6.1.3. The Ny, efficieicy
was determined with all of the other electron selection requirements applied.
Figures 6.8 wnd 6.9 show the /</p distributions, without the Ny, requirement
'"plicd and the vesulting backgrou.d normalisations for transverse momentum
cuts of pp > 1.0 GeV/e and pp > 0.8 GeV/e respectively. Table 6.9 shows the
efficiencies for the Ny, requirement determined as the ratio of the number of
prompt electrons above the predicted background with and without the N, re-
quirement applied. As expected from the single electrons, (Figures 5.11 and 5.12),
the efficiency for low energy electrons is very high, while there is some loss of
efficiency at higher momenta.

As for the d-match cfficiency, Table 6.10 compares the ', efficiency ob-
tatned using virious N oy gy requirements to determine the background shape
and the efficiency obtained from fitting the Noyy/q, distribution. These various
determinations of the efficiency are in good agreement.
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Figure 6.8: The IV/p distributions for all candidates with p, - 1.0 GeV/e in the
endcap acceptance with all the electron selection criteria applied except the 15/
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while (b), (¢) and {d) correspond to the momesitum binsof 4- 6 GeV/e, 6 10 CGeV/e
and above 10 GeV/c respectively. The shaded areas are the predicted background
shapes obtained with the selection N0 < 2.5, the normalisations were
determined by the fit. The signal regionis 0.8 « I//p < 1.2,
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Figure 6.9: The I /p distributions for all candidates with p, > 0.8 GeY/c in the
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[P (GeVie) [ p > 10 GeV/e ﬂp > 0.8 GeV/e |

2-4 [ (100 £ 1. (nf/({ unu L)%

4-6 1 (00 £ 1.8)% (100 £ 1.1)% l
6-10 (O35 £ 1.3)% || (96.7 £ 1L.7)% |
above 10 1 o301 3.0)% {

Table 6.9: The efficiency for a prompt electron in the region 0.815 < |cos ) -
0.91 to satisfy the requirement Ny, < 16 after all other electron selection criteria
have been applied. This efficiency is determined from the i£/p  distribution a5
described in the text.

It might be possible that the N, and 0-match requirements are correlated.
For example, clusters wih many blocks may be systematically displaced from
candidate tracks in . The combined efficiency of the two requirements was
obtained using the same method as for the two individual efficiencies o test for
such correfations. Table 6.11 compares the efficiency determined for the combined
Niiks and 0-matchi requirements, to the product of the individual efficiencies. No
significant systematic trend is suggested. The efficiencies for the combined Ny,

and ¢-match requirements obtai ~  this manner are not used, as the number of

hadrons misidentified as electrons is very farge when both of these requirements
are removed. It is possible that such a targe amount of hadronic background could
affect the efficiency determination.

6.1.5 FE/p Efficiency
The efficiency for a prompt electron to satisfy the requireinent
ON< Ip < 1.2

was determined using a combination of the single electron and inciusive muon
data. It was not possible to determine the efficiency of the [£/p requirement
from the single electrons, as these electrons are isolated and thus any effect due
to the multihadronic environment could not be assessed. Prompt muens originate
from the same sources as prompt electrons and therefore should have the same
surrounding activity, however muons interact very differently to electrons in the
electromagt :tic calorimeter. A combination of the single clectrons and inclusive
muons provided a sample ihat had the same surrounding activity and the same
electromagnetic shower properties as prompt electrons. The surrounding activity
can cause [/~/p to be mismeasured due to additional enzrgy deposited near the
electron in the calorimeter.

87




P (GeViey ||

2

2

4

24
46

60
_above 10 [}

(100 £ 2.0) %

(100 £ 1.9)%
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(T00+ T.8)%

(100 £ 1.8)4

(100 £ 1.9)%

)
(100 £ 1.9)%

(85 £ 13)%
(073 £ 25)%

)

)
(986 £ 1.)%

)

(93.9 £ 2.0% | (93.0 £ 3.6)%

)

)
(9R.6 £ 1.O)%

)

(98.9£ 1.9)% |
(91.3£ 3.9)%

Table 6.10: The efficiency for a prompt electron with p > 1.0 GeV/c to satisfy
the Ny < 16 requirement.  The results of many fitz are shown to illustrate
the agreement among the various fitting methods. Column | is the efficiency
calculated with a background shape determined by the requirement No gy ax <

h, but with ¢ in Equaticn 6.1 fixed at 2. Column 2 was calculated with the ¢
fixed at 2 and « background shape determined with the selection N o3/, < —3.5.
Column 3 is the efficiency obtained from Ftting the Na:jax distribution with a
background shape obtained with the selection 0.1 < IY/p < 0.6. Finally column
4 is again a it 0 the Noypa but with the background shape determined by
01 < I/p < 04, Good agreement is seen between the efficiency calculated in
column [ of Table 6.9.

The I/p efficiency was determined by combining the EE block energies
from inclusive muon and single electron events to determine an [~/p value for
1 “pseudo-candidate”. The muon and electron were required to be in the same
momentum bin and at the same end of the detector in =. In forming /</p , the
momentum of the single electron was used, while the p, of the muon was used in
forming the pscudo-candidate. The energy of the pseudo-candidate was formed
by adding the block energies associated with the inclusive muon to those of the
single electron. In determining the energy to be used in /</p the energy deposited
in the inner ring of nine blocks used to form /v (Section 5.3.2.1, Figure 3.5), by
the muon, was subtracted.

p (GeV/e) product combined fit
2-4 (88.7 £ 3.1)% (hhhi‘ﬂ))%
4-6 (81L.9£3.0M% | (80.7 £ 3.9}%
610 (LA E£3.0)% ) (T1.3 £3.2)%
above 10 || (86.7 £ 1.1)% | (8.1 £ 1.2)%

Tabie 6.11: A comparison of the product of the Ny and 0-match efficiencies and
a determination of the combined efficiency for py > 0.8 GeV/e. No significant
correlation is suggested.
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The expected muon energy deposit in the inner ring of nine blocks was de-
termined using et p events. The events were selected as in [16] with further
requirements imposed on the tracks. To be accepted © muon track had to have a
momenturi less than 30 GeV/e and the two tracks in the event were required to be
more than 2° from collinear. The requiremeat on the acollinearity ensured that the
radiated photon in the event was well removed from the muon track. Figure 6,10
shows the raw energy deposited in the nine inner blocks for muons selected o
this manner. The mean energy deposit is approximately 300 MeV, therefore in
the single electron—muon sum, 300 MeV was subtracted to account for the muon
energy.

Table 6.12 shows the efficiency obtained from this method fora promptelectron
to satisfy the I'/p requirement for p, > 1.0 GeV/e and pp ~ 0.8 GeV/e. The
efficiency in the 2-4 GeV/c momentum bin wix determined by averaging the
efficiencies of the three other momentum bins.  The efficiency for e lowssi
momentum bin was evaluated in this manner since, in this momentum region, the
inclusive muon sample and single electron samples have larger contamination than
for larger momenta. The average appears justified 0s the efticiency of the //p
requireraent appears constant over the three higher momentum bins, Figure 6.11
shows the /7/p distributions for the pscudo-candidates for e case of p,.
0.8 GeV/e. Good general agreement with the shape of the I/p  distribution in
Figure 6.3 is scen.

[P (GeV'0) [ py > 1.0GeVie [ py 0.8 GeVie |
2-4 (T4 = L% [[ (757 £ 3.6)% |
6 [T LT% | (778 4 3%
61! (T82£3.9)% || (718 L 3.0)%
| above 10 || (7124 4.0)% | (75.0 £ 3.7)%

Table 6.12: The efficiency for a prompt electron in the region 0.815% < | cos l] -
0.91 to satisfy the requirement 0.8 < IV/p < 1.2, determined as described in the
text.

As a clieck on ile consistency of the efficiency evaluated in this manner,
Table 6.13 shows the efficiency determined using inclusive muor sainples selected
with more stringent requirements on \ ... There is ne suggesice . of a significant
variation of the efficizncy.
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Figure 6.10: The raw energy deposit, in the inner nine blocks used for the I5/p
determination, for isolated muons in the range 0.815 < |cos 0] < 0.91 selected as
described in the text. The average raw energy deposit is approximately 300 MeV,




ﬁrn% — R g . - -
20 3 2 | i
g 17.5 E b
5 SO F
g Q 6k |
S 125 g I ;}
= =]
2 Y2
=y a.
(" 7.5 { W g '
S 5 t H7 E W ‘}
(V] 42 '
S 0 F .+ L I+ +*1 st lorg il ﬁ’ +++ { § [ ;‘*M,J.L.t. 4.? vl 5+. .+u+u*.ﬁ
0 0.5 2 0 0.5 1 1.5 2
ls’//) I
@ 10 —— 928 [ e
8 ..k = ‘
T ol e 20w
g % L 520 i
1 25 vl t "I) “
o) A O 16
T 2 [ M =R
2 i ‘ 12
@, 15 k— a 1
5 : | 5 o b ‘ ’{
B i 5 1 ! Hl
2 osb oy My pEep b
= 0 MUY LA NI X WO T3 B~ LA, TP LT XS I
] 0 0.5 1 1.5 2 = (] 0.5 1 1.5 2
I/p I

Figure 6.11: The IY/p distributions for nseudo-candidates obtained from combin-

ing the single electron and muon d+ta for the case of pp - 0.8 GeV/e. (a) is for
the momentum bin 2-4 GeV/c and is not used to calculate the cfliciency, (b) is for

the momentum bin 4-6 GeV/c. {¢) is for the momentun bin 610 GeV/4 and (d)
is for momenta greater than 10 GeV/c.
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[P @eVIe) [ g 720 [ v <15
‘“ 46 (795 £47)% [ (0.9 E5.7)%
610 7 (833 £3.9)% || (79.7 £5.0)%
| (720 £1.7)% || (709 £5.3)%

7
above 10 7!

lable 6.13: The efiiciency for a pseudo-candidate to satisty the requirement
0.8 < I/p < 1.2, forp, > 1.0 GeV/c determined using purer inclusive muon
samples. Good agreement is seen with Column | of vable 6.12. Note that the
efficiency for the 24 GeV/c momentum bin is not given in tlus table as it i not
determined directly from the data.

6.1.6 Ny, Efficiency

The single electron sample was used to establish the efficiency of the Ny ax
requirement. The fraction of all sing'e electrons that satisfied the requirement

Nogpax > =2.0

was determined. The efficiency determined in this wa was (97.67 £+ 0.16)%,
taken to be valid for all transverse momenta.

The prompi electron dat: themselves were used as a check on this efficiency
determination. Using the fit to the back ground fraction, the amount of signal above
the predicted background was determined for the range —=5.0 < Neogzjax < 5.0,
The fraction of this signal that fell above Nogijae > —2.0 was calculated for
the four momentum ranges. Table 6.14 shows the efficiency determined with
this method for p, > 1.0 GeV/e. The efficiency determined in this way is
systematically lower than the (97.7 £ (1.2)% determined from the single electrons.
The efficiency determined this way could suffer from systematic problems. It
relies oa the signal actually being described by a gaussian and that the Nyg,
O-match ~ad I¥/p efficiencies are independent of the Ny, efficiency. Since it
is not clear if this is a real less in efficiency, an additional systematic error of 5%
was added to the overall error o.. the efficiency of the N gy a4 requirement. This
error covers the maximum difference between the two determinations indicated in
any momentum bin. Therefore the efficiency for a prompt electron to satisfy the
Moy requirement is (97.7 £ 5.2)%.

6.1.7 Total Selection Efficiency

The selection efficiency for prompt electrons in the range 0.815 < |cos 0] < 0.91 is
the product of the efficiencies determined apove. Table 6.15 presents the efficiency
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[p GL\'/( H \rr(” /(,‘ cfhucmy ]

2-4 (96.6 + 2.2)%
46 | (e + sm'/n l
6-10 (908712 1)%
’”'56«;¥\7&‘"1“(i'*""(T Al ())% '

Table 6.14: The efficiency of the N s requirement, forp, - 1.0 GeV/e, as
determined from the N o1 . distribution as described in the text. This efficiency
is systematically lower than the (97.7 + 0.2)% expected irom the single electron
sample.

for a prompt electron to satisfy the combined requirements

CJ endpoint used in track fit
Nuanp > 20

[\Vallll y .
Number of hits used in the T » - 4 it

Wirack = Octunter] < 8 mrad
Nijks < 16
Nevgpsax 2.0
O8 < I/p < 1.2

The efficiency for a prompt electron to satisfv the track quality, kinematic and
geometry requirements will be discussed in Seciion 6.3.

[pGeVic [ py )U«\(J(,V/('[ﬂn 1.0 (u,w(-]

2-4 (50.8 + 1. 4)% (529 5%
4-6 (17T2L4.0)% || (174 L02)%
6-10 (0.7 £3.5)% || (45.2 + 1.0)%
above 10 || (4442 4.0)% | (440 £ 4.0)%

Tabhle 6.15: The efficiency for a prompt electron to satisfy the selection criteria in
the angular range 0.815 < |ecos 0] < 0.91 for two transverse momentum regions,




6.2 Misidentification Fraction Determination

The & /p fit, wirh all the electron selection requirements applied, used to establish
the efficiencies, also determined the number of hadronic tracks expected in the
sample for each momentum bin, Tab'e 6.16 shows the number of prompt electron
candidates expected to be hadrons misidentified as electrons for the angular region
0.815 < Jeos 0] < 0.91 and Table 6.17 shows the number of prompt electron
candidates found in each momentum bin, Thus, for the endcap selection, with
Py - 0.8GeV/ie, (2.6£0.9)% of the sample is expected to be hadrons misidentified
as clectrons, while for p > 1.0 (2.4 4 0.3)% hadron contamination is expected.

[pGeVie [ py = 0.8 SeVie ] py > 10GeVe

|
|

24 (018 £ 0277 [ (0004 £0.14)
46 ISR (0.58 £ 0.21)

6-10 (6.81 + 0.15) (3.60 £ 0.59)
above 107] (797 £ 0.66) (6.53 £ 0.50) |

Table 6.16: The number of the prompt electron candidates expected to be hadrons
misidentilicd as electrens for the endcap selection.

| pGeV/e || py > 0.8GeV/e || pyp > 1.0 GeV/c |

2-4 115 65
6 [ 98 I " 68
610 187 146

above 10 229 182

Table 6.17: The number of the prompt eleciron candidates found for each momen-
tum bin for the endcap selection.

The same fitting technique was used to establish the misidentification rate
for the barre! selection. The f2.,../p distribution, with all the other electron
selection criteria applied, was fit as for the endrap selection. Figure 6.12 :hows
the background normalisations obtained for p, > 0.8 GeV/c and Tuble 6.18 gives
the expected misidentification percentages for the barre!l sefection in the four
momentum bins.

Three different fits were used to assess possible systematic effects in the
determinations of the misidentification fracticas from the [£/p and F.,,../p fits;
the standard /o fit with ¢ in Equation 6.1 altowed to float free, the /£/p fit with
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Figure 6.12: The background normalisations used to establish the fraction of the
prompt electron signal that is hadrons misidentified as electrons for the bareel
selection, forp, > 0.8 GeV/e. (a) 2-4 GeV/e (b} 4-6 GeV/e (c) 6 10 GeVie (d)
above 10 GeV/e.




[pGeVic [ py >08GeVic [ pr > 1.0GeV/c |

2-4 (0.5 £ 0.1)% (0.3£0.1)%
46 (21 £0.1)% (12£001)%
6-10 (11 £0.1)% (2.8£0.1)%
above 10 || (7.3 £ 0.3)% (6.4 £0.2)%

Table 6.18: The percentage of the prompt electron signal that is expected to be
hadrons misidentified as electrons for the barrel selection.

g fixed at 2 and the N ay fit. The Noggqy fitis almost independent of the other
two. Table 6.19 shows the 1otal misidentification fractions determined from these
three fits for the endcap selection. The three background fractions agree within
the fit errors for the endcap « 'ection.

| [ E/p gfree [ Efp gtixedat2 | Noagjae |
Endcap selection || (2.6 + 0.3)% (3.1 £0.3)% 13+ 1.4)%
Barrel selection | (3.8 £0.1)% (1.24+0.1)% (3.6 £0.3)%

Table 6.19: The global hadron misiden: fication rates for the endcap and barrel
electron selections, forp, > 0.8 GeV/c, determined in three different ways. here
is evidence for a systematic in the barrel determination,

Table 6.19 shows the misidentification fractions determined from the ihree
fits for the barrel selection. There is a possibility of a disagreement between the
Iseone/p determinations using different descriptions of the <iznal functional form.
The misidentification fraction from the Vo, determination agrees well with
the I*/p fit with g allowed to be determined by the fit, however when the signal is
described as a gaussian a slight disagreement is suggested. The F..,./p signal is
not expected to be gaussian, however the errors from all the fits were increased by
50% to account fcr the possible bias. The result of the F,.,,./p fit with ¢ allowed
to float in the fit, is used to determine the background fraction.

The total fraction of hadrons misidentified as electrons in the samiple for
pp > 0.8GeV/eis (3.8 £ 0.2)% for the barrel selection and (2.6 & 0.3)% for the
endcap selection.

[t will be essential to know the variation of the background fraction with
[cos Ouprast | for the A:?B determination. The .../ pdistribution was fitin three bins
of |cos O | 10 determine this variation for the barrel selection. Table 6.20 shows
the background fraction for the barrel selection in the three bins of |cos uypustl.
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The = was only enough data in the last [cos Oyppue] bin (0.7 < Jeos O]~
0.9) to fit the misidentification fraction for the endcap selection reliably. The
decreasing misidentification fraction with increasing |cos 0y, 18 mainly due to
the improving dE/dx separation with | ecs 0},

[ [cos O] || Barrel selection [ Endcap selection ]
0-0.25 | (.35 £ 0.28)% -
0.25-07 || (3.63 £ 0.19)% .

07-09 [ (214£0.32)% | (2.1 £0.55)%

Table 6.20: The variation of the hadronic contamination of the prompt clectron
signal with [cos Oyyruse ], for pp > 0.8 GeV/e. The endcap selection provides only
enough data in the last [cos Oyyeas| bin to determine reliably the misidentification
fraction.

6.3 Kinematic and Geometric Efficiencies

In calculating absolute or rc.ative prompt electron rates it is necessary (o know
the efficiency for an electron from a prompt source to satisfy certain kinematic
and geometric requirements. These efficiencies were calculated using simulated
data (Monte Carlo). The data were simulated using the JETSET 7.3 [32] event
generator and a program to simulate the response of the OPAL detector {55].
Specifically, JETSET was used to generate simulated 7" decays and to fragment
the quarks into hadrons.

The Peterson fragmentation scheme; 34| was used for the fragmentation pro-
cess. The parameter ¢;, was 0.0035, correspmding to (), = 0.72and ¢, == 0.024
corresponding to (). = 0.53. These fragmentation parameters are the OPAL
measured values [18] given in Section 2.3, The sensitivity of the efficiencies
calcufated with thz above fragmentation param=~ters was assessed by recalcu-
lating all efficiencies using a range of choices of «,. The range used for ¢,
was 0.009 < ¢, < 0.0005, which corresponds to a variation of (), between
0.68 and 0.76. For charm quark fragmentation the corresponding range was
0.09 < ¢ €0.004, or 048 < (rp)e < 0.59. This range of fragmentation pa-
rameters covers the range of the LEP measurements of (), and (). given in
Section 2.3.

The efficiency for a prompt electron to satisfy the combined kinematic and
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geometric requirements:

> 19 space points measured in CJ

P > Pow

p'l' > p'/'lnw 6 5
(') < |cosl| < 6.5)
[cos Ouppase] < 0.9

lcos O] < 0.9

was evaluated using the simulated data. Tables 6.21 and 6.22 show the kinematic
and geometric efficiencies, obtained from JETSET, for each source of prompt
clectrons for the requirements that were used for the measurement of o 1,6/ Mad
and A}, respectively.

[ prompt source | kinematic and geometric efficiency |

h— ¢~ 0.0506 = 0.0027
h— ¢ — of 0.0052 £ 0.0010
T ho e — e 0.0058 + 0.0027
h =7 = e " 6.0118 £ 0.0042

¢ - ot 0.0054 + 0.0008

Table 6.21: The kinematic and geometric efficiencies for (number of CJ space
points greater than 19, p> 2 GeV/e, py > 0.8 GeV/e, |cos | < 0.9, and
(0.815 < |cos | < 0.91), as predicted by the JETSET Monte Carlo[32]. The
errors are the statistical errors due to the limited Monte Carlo statistics. These
kinematic and geometric requirements were imposed for the measurement of

Al Al
l Z“—)l»l)/l had -

The JETSET 7.3 Monte Carlo produces the following b-flavoured hadrons;
BY, BE, BY, and A, in the abundances; 40.5%, 40.5%, 11%, 8%. In the
semileptonic decays of the 3% and B* mesons, only D or D* charmed mesons are
produced. Recent measurements by CLEO [30] suggest that approximately 30%
of all BY and B* meson semileptonic decays at the T(45) have a D** meson in
the final state This deficiency in the JETSET modelling of semileptonic B decays
was overconse by forcing the electron momentum spectra from JETSET B%; and
B* meson semielectronic decays to reproduce the CLEO measured spectra. As it
is not possible to separate the CLEO data into direct and cascade components, the
three models fit by CLEO (ACM, ISGW and ISGW**) were used as the reference
spectra. The ACM model was used as the central value for all efficiencies. The
differences between the ACM and the other two models were used to indicate the
sensitivity of the b — ¢ efficiencies to the semileptonic decay modelling.
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| prompt source | kinematic and geometric ¢

b = e 0,170 £ 0.006
h—c et 0063 % 0003
h— = e” 0.0 E0008
h— 1= A ET N
c et 0056 £ 0002

cos Oje] < 0.9, and ((|cos 0] < 0.7) or (0.815 < |cosd] < 0.91)), usrrcdictcd

Table vizz: 1ne Kinematic ana geomerric ernciencies 10r (numoer of CJ space
points greater than 19, p> 2 GeV/e, pp > 0.8 GeV/e, Jeos O] < 0,
lcos O] < 0.9, and ((|cos 0] < 0.7) or (0.815 < |cos 8| < 0.91)), as predicted
by the JETSET Monte Carlo[32]. The errors arc the statustical errors due to the
limited Monte Carlo statistics. These kinematic and geometric requirements were
imposed for the measurement of Al}y,.

The procedure used to force the JETSET momentum spectrum to reproduce
the CLEO data was as follows. The kinematic and geometric efficiency for BY,
and B* semielectronic decays was calcuiated with the original JETSET spectrum,
A weight was then assigned to each 13%; or B semielectronic decay such that the
distribution of the electron momentum in the parent meson rest frame reproduced
the spectrum predicted by the model. The weight for each event (1) was

M)

U 22 et (6.6)

J(n)’
where M (n) is the model and J(n) the JETSET prediction for the fraction of
the total electron momentum spectrum, in the rest frame of the decaying meson,
that is in the momentum region 1. The momentum region was determined by the
electron momentum from the JETSET simulated B decay. This procedure will
be termed “reweighting” the electron momentum spectrum. Only BY) and B 1o

electron events were reweighted in this manner.
The ratio of the efficiencies, for I3 — ¢~ obtained by reweighting (o a model

and that predicted by JETSFT, yielded a correction factor. This correction factor

was applied to the kinematic and geometric efficiency, for b —» ¢ . X, calculated
with JETSET including the 13, and Ay, decays. The factors to correct the JETSET
efficien~y for b — e”7; X were, 1.00 for the ISGW maodel, 0.983 for the ACM
model and 0.955 for the ISGW#* model, for the requirements; nhilej > 19, p.»
2.0 GeV/c, py > 0.8 GeV/e, [cos Ol < 0.9, [cos Oju] < 0.9, and ((Jcos 0 <
0.7) or (0.815 < |cosf| < 0.91)). The correction factors vary with changing
momentum and transverse momentum reguirements.

Since JETSET does not properly reproduce the semileptonic decay spectrum
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of 13 mesons, it is likely that the hadronic decay spectra are not correctly modeled
eitiier. Deficiencies in reproducing these decays would affect the kinematic anr
geometric efficiencies calculated for the charm cascade processes. As a simple
assessment of the magnitude of any possible effect, the charmed meson momentum
in the 3 mrson semileptonic decay was compared before and after reweighting the
electron spectrum to the ACM model. The average charmed meson momentum
in the parent 3 meson rest frame changed from 1.65 GeV/e to 1.66 GeV/e. A
hardenine of the charmed meson momentum spectrum of this magnitude would
have a negligible effect on the charm cascade kinematic and geometric efficiency.
Therefore no correction to the JETSET predicted efficiencies for the charm cascade
process was puriormel.

Another sanrtcoming of the JETSET 7.3 Monte Carlo is the omission of
b —» u transitions. The CLEO collaboration has reported the branching ratio
13(h = uliy) to be (028 4 1.12)% in the context of the ACM model [30]. The
larger b-u mass difference yields higher eleciron momenta in the rest frame of
the decaying hadror.. Figure 6.13 shoes the prediction of the ACM model for
the electron spectrum for h — ce™7 N and b — ue™7 X decays The higher
possible ciectron momentum implies a higher efficiency to satisfy any kinematic
requirements for b to u transitions compared to b to ¢. The effect of the b to u
transitions on the h — ¢ kinematic and geometric efficiency was assessed using the
ACM b = uliy spectrum. The efficiency for an electron from b — ce” 7, decays
to satisfy the momentum and transverse momentum requirements in the lab frame
in the ACM model was found. The requirement on the electron momentum in
the decaying 13 meson rest frame that reproduced this efiiciency was then applied
to the ACM b — ue™ 7 spectrum. This procedure impliest that the kinematic
efficiency for b — ue™7; decays should be 40% larger than the corresponding
b — ce™ T efficiency. This assessment of the effect of h — u transitions assigns
the full effect to the electron momentum spectrum, while the kinematic efficiency is
dominated by the b hadron momentum spectrum. This should be an overestimate
of any possible effect of b — «u transitions. It was not possible to determine
the correction factor from momentum spectra in the lab frame as b — ue™7;
events were not simulated. The CLEO measured b — ue™7; branching ratio of
(0.28 4 0.12)% implies that the JETSET predicted b — ¢~ 7.\ kinematic and
geometric efficiency should be increased by 1.1% to account for this effect, As
this is a small change, it will be used to determine the sensitivity to b — ue~7;
transitions.

JETSET 7.3 does not include radiative corrections in the decay of b-flavoured
hadrons. The effect of these radiative corrections, for the semileptonic decays has
been calculated by Atwood and Marciano [S6]. To account for these radiative
corrections, a correction factor for the JETSET predicted kinematic and geometric
efficiency for b — ¢ transitions was calculated by reweighting each B% or B*
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Figure 6.13: The momentum spectrum of the decay electron in the rest frame
of the decaying 13 meson, as predicted by the ACM model [31], forh - cem i,
(squares) b — ue~ T, (triangles). Both curves are normalised to the same area.
The larger electron momentum available in'h —» we™ U/ transitions is apparent.

r e
whiy
- x °
L [}
| " i
] ‘-V"v'.v,
i " o v
" v
r V- v
o ™ ¥
L v “
- v v
3 v
- v
v -
v v
b . <v.
L v "
f .
| v
i "
N v
- v
b v
]
| ]

b L ) .

. _V.
L - v
[ wy™ » v
._-! L L Lo b v bon o mtvgda ' b o o e
0 0.4 0.8 1.2 1.6 2 2.4 2.8

electron momentum (GeV/e)

1ot




semileptonic decay, using the weight

I‘jnmx - I, (2 m)[In( 28 e f1e) = 1)
el
I4ax Was takento be (mfy - wf))/2mf and ¢ = (I — I2.)/ 2o, E. is the electron
energy in the decaying B3 meson rest frame. Taking these radiative corrections
into account decreases the JETSET predicted kinematic and geometric efficiency
by 1%.
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Chapter 7
C p

FFZO—;_bE/ Ijhf(ufl
70 _shh/ L had

The fraction of all hadronic Z° decays that produce a bl quark pair (10 0/ ad)
can be obtained from the prompt electron rate. The number of promy.c electrons
present in a sample is, by definition, the sum of the number of electrons from b
quark decays (direct or cascade} (/V,,) and the number of electrons irom ¢ quark
decays (N.).

The number of prompt electrons produced from ¢ quark decays in a collection
of hadronic decays of the 7" is given by:

N(' = :-)'Nlmul_'—_;';lf(" - “+)' (7‘”

The factor I'jo_.o/iad gives the fraction of the hadronic 7" decays that are
cé events, Nyua is tbe number of hadronic events. (¢ -y ot) is the average

branching ratio of charmed hadrons to electrons. The factor of 2 is due to their

being two primary quarks in the event and hence twice the probability of observing
a prompt electron.

The rumber of prompt electrons produced from b quark decays is the sum
of four possibilities; direct decays, the two charm cascade processes and the tau
cascade process (b — 7 — ¢7). The number of prompt electrons in cach of these
channels is given by

Ny = z/v,."l:llL I3 > ) (7.2)
Nippoot = ZN.,,\,,E;/‘:'z'T»': Bl ¢ ot (1.3
Nipyogom = z,v,,,,,.fifé’li'li‘f B(h 5 ¢ e ) (7.4)

Nipoyr oy = z/v..,.,.t’-"i’ii'z B(h =1 -5e ). (1.5)

l‘lmrl
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Bh — ¢ = et)yand B(h — ¢ -» ¢7) are related through Equation 2.27,
which implies that the reaction b = ¢ — ¢~ forms 13% of the total . arm
cascade branching ratio. Since these two processes have potentially different
clectron momentum spectra (and therefore different efficiencies for any kinematic
requirement) they have been left separate.

The number of prompt clectrons is just a sum of the fiv. prompt sources.
It is convenient to define the number of ¢bservable prompt electrons in 2 sam-
ple (Npromy) s the number of prompt electrons that would sati=fy the imposed
kinematic and geometric requirements. Thus

. Iy -
Nprump(, = ZNImd [—‘?ﬁh ( B(l) e )‘(b-m-)
+B(h = ¢ = o) memet)
+ [’(') - (‘—)((b——)w-)a“) (7.6)
+H(l) - T — (‘_)((‘,_.”_,,.-)
r, . 1
+...ﬁ°_—z.u. I}(('_)(.F)(("‘*"')J ,
had
The ¢; are the kinematic and gecmetric efficiencies for each channel. This expres-
sion may be solved for 'y /i as:

]"//’—)I;I, Nprmnpt - /\".-‘ (c=ret)

e 1L 7.5
i‘hurl 2thlEN|; ( )

Enn = Bb = 7 ) qemy
+B(h = ¢ = o) hmenet) (7.8)

- H(l) e )((|,_,(._m—‘,
-+ /)’(}) - T = (‘—)f“,_,,.r._,(.—)].

With a measure of the number ot observible prompt electrons in a sample of
hadronic 7° decays, U0 1,/ 'aa can be determined.

7.1 Data Sample

The OPAL multihadronic data (selected as in Section 4.1) for the 1920 and 1991
LEP runs have been analysed for this measurement of I'yo_,,1,/Thad. After requir-
ing that the relevant portions of the detector were functioning properly when the
data was recorded 484 367 multihadronic events were available and 482 101 of
these events had five “good” track. to be used in the jetfinding. In these events,
629 prompt electron candidates with transverse moimentum greater than 0.8 GeV/c
were found using the endcap selection. Three events had two prompt electron can-
didates. This number is consistent with the number expected, taking into account
B{b — ¢7), the kinematic and geometric efficiency, and the electron selection
efficiency. Table 7.1 shows the number of candidates found in the four bins of
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momentum and the number of potential candidates that were removed from the
sample by the photon conversion finder.

Lp (GeV/c) [ number of candidates [ number of removed conversien electrons |

24 15 i 5%
6-10 T e
above 10 229 : — TR e

Table 7.1: The number of prompt electron candidates with transverse momentu,.i
greater than 0.8 GeV/c, observed in the sample of 484 367 multihadronic events.
The second column gives the number of potential candidates that were recioved
from the sample as being consistent with originating from photon conversions.

By correcting the observed number of prompt electron candidates for the
number cf hadrons misidentified as electrons (from Section 6.2), the namber of
electrons from photon conversions (from Section 5.5), the number of clectrons
from Dalitz decuays and the selection efficiency, the number of observable prompt
electrons may be obtained. The correction procedure is described below.

For each bin of momentum, the expected number of misidentified hadrons
present was subtracted from the total number of prompt electron candidates. In
Section 6.2 the number of all identified electrons that are expected to be misiden-
tified hadrons was determined and are shown again in Table 7.2.

In Section 5.5 tie efficiency tor identifying an electron originating from a
photon conversion, when the electron had p, > 0.8 GeV/c, was given as (0.84 +
0.04) and the purity of the conversion electron sumple is expected to be (0.65 1
0.10). Table 7.2 shows the estimated number of electrons originating from photon
conversions expected to be present in the prompt electron candidate sample. An
estimated additional 0.5% of the selected prompt electron sample is clectrons
originating from Dalitz decays and (3 £ )% ot all ohservable prompt electrons are
expected to have been wrongly removed from the sample as conversion electrons,

Table 7.3 shows the number of observed prompt electrons after subtracting
the misidentification and conversion backgrounds. Alse shown is the number of
observable prompt electrons, obtained by correcting each bin by the electron iden-
tification efficiency. 1385 £ 112.5 observable (with the endcap selection) prompt
electrons were expected to be preseat in the sample of 484 367 multihadronic
events. The error in this number is only the statistical error resulting from the
number of observed eiectron candidates.
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[ p (GeVie) ] number of misidentified haarons [ number of conversion electrons |

-4 | (0.2+0.3) (3.46 &+ 1.38)
4-6 (1.5£0.1) (1.48 £ 0.67)
610 (6.8 £0.2) (2.10 £ 0.90)
“above (0 (8.0 4+ 0.7) (1.85 £ 0.81)

Table 7.2: The num*erof hadrons expected to have been misidentified as electrons
and the number of remaining electrons from photon conversion.

[ p (GeV/ey ][ observed prompt electrons || observable prompt electrons |

24 [11.3 (219.2 £ 21.1)
4-6 95.0 (201.3 & 21.0)
6-10 178.1 (437.6  33.6)
above 10 219.2 (193.6 £ 34.1)

Table 7.3: The number of observed prompt eiectrons (first column). The seconid
colum= shows the expected number of observabiz prompt electruns present in che
totai sample of multibadronic events. The error is the statistical error from the
number of observed prompt electron candidates.

7.2 The 'y, /Thad Measurement

In determining 'y ),/ Uihaa frors Equation 7.7, the various semileptonic branch-
ing ratios must be known, The relevant kinematic and scometric efficiencies were
determined in Section 6.3.

The charra semileptonic branching ratio (3(c — ¢*)) is taken to be an average
of B(¢ = pt) measurements [28)

B(c = et) = (0.079 4+ 0.011). (7.9)
This average is for an unknown mix of charmed hadrons, measured at lower
centre or mass energies. The factor I'zoye./haa 18 taken to be the Standard Model
prediction ot 0.171 [17].

The branching ratios I3(b — ¢~ ) and 3(b = ¢ -+ ¢) must be chesen to corre-
spond to the appropriate B semileptonic decay model prediction. For the central
value of Uyo ./ Uhads the ACM model will be used. The CLEO collaboration has
measured

B(b = ™) = (0.105 £ 0.005) (7.10)

O
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and
B(b = ¢ = e)=(0.07 £+ 0.010) 7.1n

using the ACM decay model [30]. Reweighting the JETSET 7.3 b -» ¢~ spectrum,
as described in Section 6.3, to the ACM model changes the JETSET predicted
kinematic and geometric efiiciency by a factor of 0.979,

Atthe T(45) resonance only enough energy is available to produce BY, and B*
mesons. Evidence for the production of the strange b-flavoured meson BY, and the
lightest b-flavoured baryon A}, has been reported [57, 58, 59, 60, 61]. It is possible
that these heavier b-flavoured hadrons have different semileptonic branchings
than the light B mesons. The Spectator Model predicts that all hadrons containing
b quarks (and not the postulated t quark) should have the same semileptonic
branchings. This expectation will be assumed, however an error of 25% on the
semileptonic branching fractions of these two heavy b-flavoured hadrons will be
assigned. The JETSET 7.3 Monte Carlo estimates that approx:mately 11% of all
primary b quarks will fragnent into a B meson and approximately 8% to the
paryon Aj,. Thus an additional 25% error on I3(h — ¢ ) is assigned to 19% of the
total b = e~ sample, giving B(b — ¢7) = (10.5 £ 0.6)% for the ACM model.

The presence of BY and A;, may also modify the cascade branching ratio
[3(n = ¢ = et). To assess the magmtude of the effect of these heavy b hadrons
on the charm cascade rate it will be assumed that BY, decays to D¥ 100% of
the time and that A, decays to A. 100% of the time. Equation 2.15 can be used
to relate the uncertain DF and A, semileptonic branching ratios to the known D
meson semileptonic branching ratios. The litetimes of the D¥ and A, have been
measured to be [28]

e = (AA5TIR) < 1071 s (7.12)
Tae = (LY < 1071 s, (7.13)

Using Equation 2,15 and taking the DY meson as the reference the various semilep-
tonic branching ratios may be written as :

BDE ooty X) = 25280 - otp.X) (7.14)
B(DF = et X) = LO6B(DY = oty X) (7.15)
B(Ae = T, X) = 0454 8(D° = ot X)), (7.16)

The CLEO collaboration has measured the inclusive B decay rates at the T(45) to
be [62]

BB - DX) =055 40,00 (7.17)
BB - DYX)  =0.2540.05 (7.18)
BB = DFX) =0.10+004 (7.19)
B(B = AX) =0.064 £0.011. (7.20)
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Using these inclusive rates, the charm cascade branching fraction at the T (45!
resonance may be written in terms of the branching ratio B(D? — ¢~ v, X)) as
Bh = ¢ = et) = L35BDY - etv.X). In the above calculation the
(1.12 £ 0.18)% of B — J /4 decays, measured by CLEO have been ignored.

Using the above assumption on the BY and A, decays, the expected branching
ratio at centre of mass energies near the 7 resonance may be written as B(b —
¢ = et) = 1.218B(DY = ety X). In deriving this, it has been assumed that
81% of all decays are those measurable by CLEO, 11% are from B°, and 8% arise
from Ay,. Thus B(b = ¢ — et) at centre of mass energies near myo can be related
to 3(h = ¢ = ¢*) measured at the T(4S) resonance by

[))(l) - ¢ = ("")ugp _ 1.218

= = 0.926. .
B(h = ¢ = et)ypsy 1315 0.926 (7.21)

In all calculations using this factor, an error equal to 100% of the induced change
is quoted (i.e. 0.926 £ 0.073). This errcr should cover all the possible extremes
in the correction.

The r cascade branching ratio 3(h — 7 — ¢~) was derived as the product of
B(r= =) =077 £0.004 [28) and B(b — 77)/B(b —= ¢7) = 0.25 4 0.10,
The last factor was derived using the phase space formulas given in [29]. The error
is derived by varying the b quark mass from 5.0 GeV/c? inthe range 4.7 < my, <
H.3 GeV/ce? and the charm quark mass in the range 1.3 < m,. < 1.7 GeV/c?
from a central value of 1.5 GeV/c%

The individual terms in Equation 7.7 are then:

Norompt = 1385 & 112 (7.22)
Ne€eoet) = 109.9 (7.23)
2Npa B(b = 07 )e(hasem) = H042.3 (7.24)
2Npa B(bh = ¢ = (‘+)((1,_,,‘_.)(,+) = 391.3 (7.25)
ANpd B(b = € = 0 Y (myompeny = T0.5 (7.26)
2Npd B(h -2 7 = 07 )y rapem) = H2.8 (7.27)
and thus )
Yaom _ 930 4 0.0u0, (7.28)

l-‘lmd
where the error is statistical only.
7.3  Systematic Errors

The sensitivity of the measurement of ['y0_, 1,/ 'had to possible systematic effects
is discussed below.
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In determining the number of prompt electrons expected {rom each source,
the branching ratios B{b <= ¢7), B(b > ¢ > ¢), B(h > r » ¢ ) and
B(c = e*) vere needed. The most precise measurements of the first two
come from measurements at the Y(-15) resonance'. These measurements of the
b semileptonic branching ratios use theoretical models to extrapolate the lepton
spectra to low momenta and to attribute parts of the lepton spectra to direct and
cascade components. Such an extrap-lation is shown in Figure 2.12. The theoret-
ical curves, fitted to the data, are then used to obtain the semileptonic branching
ratios B(b — ), F(b = ¢ = [)and B(h — ul). Different theorics may it
the data equally well in the measured region, but predict different low monmen-
tum behaviour and therefore different branching ratos. The constraint on the
models is that the observed total rate of prompt leptons must be reproduced; ic.:
B(b = 07 )eqqum) + B(h = ¢ = )e a1y is fixed. This constraint may be
used to reduce the sensitivity of the measurement of Fyo ./ Vi to b semilep-
tonic decay modelling if the branching ratios measured with a particular model
are used together with the momentum spectrum predicted by that model. The
CLEO collaboration has reported a measurement of /3(h - 1), B(L » ¢ > 1)
and 5(b — ul) that separates the modelling uncertainties from the other sources
of error. These other sources of error inc'ude the statistical error on the fit, contin-
uum subtraction, 2fficiencies etc. and will be termed “intrinsic™ 1o CLEQO) errors
hereafter.

The sensitivity of the determination of I'yo_,14 /g to the semileptonic decay
modelling was determined by recalculating ¢;y,,.-) after reweighting the JETSET
electron momentum spectrum to agree with the ISGW and ISGW** models, us
described in Section 6.3. The semileptonic branching ratios appropriate to cach
model were then used to determine the number of observable efectrons from each
source. Using the ISGW model, I"so_,,;,/ina wats 0.234 while 0.224 was found
with ISGW#** model. A systematic error of £0.006 is thus added to the error on
Pyo_ip/ Thad to account for the b semileptonic decay modelling error.

The intrinsic error in B(h — e~) = (10.5 & 0.6)% contributes an error of
0.012 on I“za_,,,,,/l‘;,,,(,.

The CLEO measurement of 13{h ~ ¢ - 1), in the context of the ACM model,
was B(bh = ¢ = ) = (9.7 £ 1.0)%. The error in tnis parameter contributes 1).002
to the systematic error on 'yo_,1,, /-

To account for the different branching ratio [3(h = ¢ — e¥) at /s 22 1y,
due to the different mix of b hadrons from that present in T(45) decays, the
CLEO measured branching ratio of 3(b — ¢ - [) was multiplied by the factor
0.926 £ 0.074 to obtain (b — ¢ — ct) at LEP. The uncertainty in this factor
contributes 0.001 to the systematic error in I'yo 1,/

“There is a measurement of this quantity at LEP B(h — 1) = 0,113 4 0.010 1 0.006 [23),
however i is not clear how this measurement is affected by b semileptonic decay maodelling.
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The process b — ¢ -+ ¢~ has been assumed to contribute 13% of the total
charm cascade rate. Varving this rate between 9% and 17% (corresponding to
varying B(b — ¢)/B(h — <X) between 10% and 20%) induces a negligible
change on ['yo_y,/Thad. IF 1y, is varied between 4.7 and 5.3 GeV/c? and m.
is varied between 1.3 and 1.7 GeV/c? in the phase space formulae leading to
Equation 2.27, ['(b — ¢{s¢) + ¢(dc))/T'(1h = ¢X) varies between 9% and 17%.

The branching ratio 3(b — 7 — ¢~ ) hasbeen taken tobe (0.0444+0.018) B(bh —
¢~). The error in this branching ratio contributes 0.001 to the systematic error on
Pyo_in/ Piad.

The presence of b — ue™ transitions will affect the kinematic and geometric
efficiency for b — ¢~ as discussed in Section 6.3. Increasing the kinematic
and geometric efficiency for b — e~ to account for the possibility of b — ue™
transitions changes the derived I'yo 1, /haa valuz by 0.003, which is added to the
systematic error.

Radiative corrections in b — ¢~ transitions soften the electron momentum
spectrum and therefore lower ¢q,.-). In principle, radiative corrections of this
kind should also affect the casca‘ie (and charm) processes as well, however the
exact nature of thest corrections has not been determined for these channels here.
Incorporating the radiative corrections to the process b — ¢~, as described in
Section 6.3, changes the resulting I'o i, /haa value by 0.002 and is added to the
systernatic error.

B3(c — 1) was taken to be (7.9 £ 1.1;%. The error in this branching ratio
contributes 0.003 to the systematic error on 'y 1,/ Thad-

In calculating the expected number of prompt electrons from direct charm
decays, the Standard Model value for 'jo_,./Thag of 0.171 was used. Varying
the top quark mass between 82 and 177 GeV/c? produces a negligible change in
this value. There are measurements of this quantity [18, 24, 63, 64] which are
all consistent with the Standard Model prediction. Since it is not the aim here,
nor is it entirely possible, to determine ['yo_, .1,/ 'haa independent of input from
the Standard Model, no error on the assumed value of I'zo_,../haa is assessed.
The dependence of the obtained ['jo_,,;,/'haa value on the assumed value of
"0 e/ haa Can be expressed as

I, o,
;\(—l’aiﬂ) = —0.02A( [’;"*‘“). (7.29)
had had

where A(—A":M) is the difference from the assumed value of *.171 for I'zo e/ Thaa-
The uncer mmty in the ¢, arising from the limited Monte Carlo statistics con-
tributes 0.016 to the systematic error on I'yo 11,/ Mhad.
The sensitivity of the derived value of [';o_, 1,/ haa to b quark fragmentation
was assessed by varying (), from the central value of 0.72 to the extremes of
0.68 and 0.76. Within this range of ()1, values, the derived value of I';o ),/ Thad
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changed by 0.010, which is added to the systematic ervor to account for b quark
fragmentation,
(rE)c was varied between 0.43 and 0.59 from the central value of 0.53 to assess
the sensitivity of the "o _,1,;,/'iaa determination to charm quark fragmentation, A
change ot U.007 was observed and is added to the systematic ercoron 'yo 14/ had.
The uncertainty in the number of hadrons misidentitied as prompt electrons
amounts to (£3.2) in Nprompe. This results in an uncertainty of 0.001in 0,10,/ Uhad
which is added to the systematic error. ‘
The uncertainties in the efficiency and purity of the photon conversion finder
algorithm results in a systematic error of 0.001 in I'40_,,1,/ihaa. The uncertainty
in the number of prompt electrons wrongly flagged as electrons from photon
conversiong (3 £ 1)% contributes 0.002 to the systematic crroron 'y /P
The error on the prompt electron selection efficiency results in an uncertainty of
(£119.9) in Nprampe. This corresponds to an uncertainty of 0.002 on U'yo 0/ e
which is added to the systematic error. This erro- is domnated by the uncertainty
on the efficiency of the Na i/ requirement.
The 0. 1% eachof ete™ — vFr~and ete™ = 45 events estimated to contamii-
nate the multihadron selection produce a negligible uncervvinty inthe 'y 0,/ P
determination. The inefficiency of the jetfinding requirement of five “good™ tracks
also contributes negligibiy to the error on 'yo_, 1,/ Uhade
Table 7.4 shows the various contributions to the systematic erroron Uyo 1, /.

As a check on the stability of this result with increasing p,. requirements,
I'zo 416/ Miad was calculated using the electron identification efficiencies the misiden-
tification rates and the numbers of observed prompt electron candidates for
pr > 1.0 GeV/c, given in Chapter 6. A value of

l—l”—i‘-‘— = (.220 + 0.022,
hael

where the error is statistical only, was obtained®. This is in good agreement with
the value obtained for p, > 0.8 GeV/c (Equation 7.30).

74 Summary

From the number of prompt electrons observed in 484 367 multihadronic events,
the ratic of the partial width of the 7" boson to b quarks to the hadronic width is

“The number of prompt electron candidates removed as consistent wilh arising from pho.
ton conversions was 12(2-4) GeV/e, 6(4-6) GeV/e, Y6-10) GeVie and W above 10) GeV/e
The kinematic and geomelric cfficicncies, calculated as in Scclion 6.3, for py > 1.0 GeV/r
A E(me-) = 0.038, ¢iymyemyty = 00019, (e = 00058, g,y 4um, = 00088 and
€(cmet+) = 0.0049. The value of ¢,,.- has been corrected to agree wilh the ACHW model. ‘



Error Source | Contribution |
b decay modelling 0.006
B(b = ¢~ ) error 0.012
B(h — ¢ = e)error 0.002
B(h -+ ¢ = e*) correction 0.001
B(l = 7 = ¢7) uncertainty 0.001
h — ue "y, o 0.003
radiative corrections 0.002
B(c — %) error 0.003
Monte Carlo statistics 0.616
b fragmentation 0.010
¢ fragmentation 0.007
misidentified hadrons 0.001
conversion efficiency 0.001
conversion purity 0.002
selection efficiency 0.022

| Towl | 0033 |

Table 7.4: The sources of systematic error in the determination of I'jo 1,1,/ Thad
and their contributions to the total error.

determined to be .
-lﬂ:_’_'& = (0.230 £ 0.020 £ 0.033). (7.30)
had

Using g = (1.740 £ 0.012) GeV [25], then
Iy, = (400 £35 £ 57 £ 3) MeV (7.31)

where the errors are statistical, systematic and due w0 the error in I'y,,q respec-
tively, This value is in good agreement with the Standard Model prediction of
376 MeV [17] and with the previous determinations cited in Section 2.1,

It should be stressed that in obtaining this value of ['so_,y,,/Chag from the
observed number of prompt electrons it has been assumed that the semileptonic
branching ratios for 3% and A,, are the same as for 3% and B*. This assumption
has, in part, been made to be able to take advantage of the reported CLEO lepton
spectra to reduce the uncertainty due to b hadron decay modelling. When fully
reconstructed events are used to determine the lepton spectrum from direct B
decays, relinice on theoretical models should be reduced.
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Chapter 8

The b Quark Forward-Backward
Asymmetry

Only data collected between centre of mass energies of 90.7 and 91.6 GeV were
used for the forward-backward asymmetry measurement This corresponds roughly
to the peak in the cross section for ete™ — %Y — X (see Section 2.1). The choice
of the centre of mass energy was made to avoid complications associated with
the energy dependence of ARy and Al (see Figure 2.3). After requiring that the
detector was functioning properly, 320 706 multihadronic events were avaitable.

This number of hadronic Z° decays corresponds to an integrated luminosity of

approximately 11 pb~'. In these events, 5167 prompt electron candidates were
selected, of which 4697 were within the barrel selection and 470 within the endcap
selection. The method used to measure the b quark forward-backward asymmetry
using this sample is described below.

8.1 The Asymmetry Measurement

The angular distribution of prompt electrons, before any detector effects is:

domantt = (( fiymam)) + 0%+ EA ]
+f(h—w——wﬂ“ + -t AIH ]
o)+ A (8.1)
‘5‘/('»—”—%“)[1 *’ + SAL]
F Simenl + ot = BAGyr])
T = —)cos Oy, With cos 0“,,..% defined as in Section 2.3 and () is the charge

of the observed electron. Al is the b quark forward-backward asymmetry and
Afp is the corresponding chdrm asymmetry. The sign of the linear term reflects
the product of the observed lepton charge and the quark charge. The [; are the




fractions of the prompt electron signal from each source that satisfy the kinematic
requirements.

The angular distribution in Equation 8.1 is modified by detector acceptance
and the presence of non prompt background. The angular distribution of prompt
clectrons candidates ((/(r)) can be written as:

({r) = " (((I;—N‘)( [l + r? .l]
+Chmemset)(0)[1 + 27 J]
+((|,_,(._H,—) .I)[l -+ I' + SA ]
HC(hararem) (2)[1 + x? H-l’] 8.2)

F(emety ()1 4+ 2%~ —A,. .z]
|"((m|s|l)) [] + ’2]
+ ((mnv)(' [l + "'2]) .

The () are the acceptances for each source of prompt electron candidates.
“misID” refers to hadrons misidentified as electrons and *“‘conv” to electrons from
photon conversions. Figure 8.1 shows the observed —()cos Oy, distribution
for all prompt electron candidates with momentum greater than 2 GeV/c and
transverse momentum greater than 0.8 GeV/c.

Equation 8.2 assumes that the conversion and misidentification backgrounds
have no asymmetry. This a safe assumption barring any detector induced asym-
metries. The main source of photons is the decay of short lived neutral particles
(7" and therefore do not have a charge asymmetry. There is the possibility of
an asymmetry of the misidentification background. Leading particles in jets may
carry the flavour (charge), and hence the asymmetry of the primary quark. The
inherent asymmetry of leading tracks in multihadronic events (selected to have
high momentum and low transverse momentum) has been measured in OPAL to
be (0.040£0.007) [65]. Since the electron selection criteria select tracks with high
transverse momenta, it is unlikely that leading particles are selected preferentially.

The observed asymmetry (N(+ > 0) — N(r < 0))/(N(x > 0)+ N(x < 0)))
of electrons from photon conversions, selected to satisfy the momentum and
transverse momentum requirements, was measured to be (—0.006 £ 0.013). This
asymmetry is consistent with the zero expected. Since no electron selection
criteria, besides the p and p requirements, were applied to this conversion sample,
this is an indication of the actual parent distribution asymmetry.

The asymmetry of the misidentified hadron background was measured with
the same techniques used to measure the number of hadrons in the final sample.
The forward-backward asymmetry of particles that satistied all of the electron
selection criteria, except the /</p (or Fee/p) requirement, which was placed
at 0.2 < I/p < 0.6, was (=0.014 £ 0.034). This is again consistent with the
zero asymmetry expected. No a0, Wits not used to select this test sample, as a
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Figure 8.1: The distribution of —(Jcos Oy for all prompt electron candidates

with pp > 0.8 GeV/e aud p > 2 GeV/e. The effect of the complicated detector

acceptance and the asymmetry of the distribution is evident,
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selection that biases against electrons using the Nagpax distribution would bias
against high momentum particles (high momentum particles have dE/dx values
approaching that of electrons). It is these high momentum particles that are
expected to carry any possible asymmetry. The /2/p selection does not have a
significant momentum bias. The lower f7/p requirement was not zero, so as to
avoid selecting prompt muons that would have a measurable asymmetry. These
muons definitely do not satisfy the /£/p criteria and are not present in the prompt
electron sample.

Equation 8.2 assumes that electrons from photon conversions are produced as
(1 -+ «%). While photons are produced as (1 + x?), the probability that a photon
will convert into an ¢*e™ pair is not constant in |z|, due to the variation in the
material in the detector with ~os (. The distribution of conversion electrons as
a function of || was measured using the sample of tagged conversions used to
measure the conversion asymmeiiry. Figure 8.2 shows the distribution and the best
fitline (1 4 1.72%). The sensitivity of the asymmetry measurement to the assumed
conversion angular distribution is discussed in Section 8.2.

If the acceptances, (), for each source of prompt electron candidate have
the same »r dependence, i.e.

(i(.IT) ['1|
= 8.3
ey i) e (8.5)
then Equation 8.2 may be rewritten as
, 8
Gl = Cle(@)[1 + o2 + §.»'1"'"*.,-], (8.4)

with «((r) = om0y (). A" is the observed asymmetry in the prompt electron
sample. In deriving this expression use was made of the condition

S R=1, (8.5)

which states that ali sources of prompt electron candidates have been considered.
The I are the fraction of promptelectron candidates from each source that satisfies
the kinematic and geometric and electron identification criteria. Ay is then related
to A°™ through

“‘ul)s + It‘(l'-—)(‘."‘)A(I."B

A=:‘l‘; = Al hl a Al
['(I)—w‘) - I’(l)—)('-—)("*) + l‘(l)—-}(‘-—-)(e") + ['(l)—-)'r-)u")

(8.6)

In Equation 8.4 it has been assumed that the variations with » of the accep-
tances for all sources of prompt electrons are the same, for electrons from photon
conversions and misidentified hadrons this assumption may be tested directly. The
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fraction of the prompt electron sample that was expected to be electrons from pho-
ton conversion was determined in three regions of |.r|. Table 8.1 shows that the
fraction of the prompt electron sample that is expected to be conversion electrons
is constant in ||, after correcting for the (1 + 1.7.%) angular distribution of the
conversion electrons. This shows directly that the acceptance for conversions has
the same |.r| dependence as the prompt electrons.

[ Jeos Ounru| || uncorrected fraction || corrected fraction |

0-0.25 (0.019 £ 0.005) || (0.019 £ 0.005)
0.25-0.7 (0.022 £ 0.U06) || (0.019 £ 0.005)
0.7-0.0 (0.024 £0.006) || (0.019 £ 0.005)

Table 8.1: The fraction of the prompt electron sample that is expected to be
electrons from photon conversions in three regions of |cos Oywg|. The uncorrected
fraction is the fraction ca.culated from the number of prompt electron candidates
rejected as photon conversions. The corrected fraction is the uncorrected fraction
multiplied by (1 + cos? Qs ) /(1 + 1.7 cos? Oyyeuse) to account for the original
angular distribution of the conversion electrons.

In Section 6.2 the variation with |.r| of the fraction of hadrons misidentified as
electrons was determined. This fraction varies from 5.4% at |»| = 0.0 to 2.
at |o] & 0.9. The sensitivity of the asymmetry measurement to this variation is
assessed in Section 8.2,

Since it is not possible to separate the tagged promptelectrons into the different
sources, there is no direct means to establish the relative acceptance variations. A
first indication that the || variation of the acceptances for prompt sources is the
same, comes from the conversion sarsple. Of all the sources of prompt electron
candidates, conversion electrons are expected to be the least isolated, since the
parent particle is created in the fragmentation process and has a high probability
to be in the jet core and there is only a small chance that the resulting electron will
be separated from the other particles in the jet. The acceptance for the conversion
electrons was measured to be the same function of |.r| as the other prompt sources.
This provides an indication that the acceptance for all prompt sources should have
the same || variation.

Simulated data may also be used to determine the relative acceptance variations
of the prompt sources. Figure 8.3 shows the ratio of the number of electrons
from the differenc sources to the number from b — e selected with the electron
identification criteria in the simulated data. These ratios are consistent with being
constant.

It should be noted that it has not been assumed that the absolute selection
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efficiency for each source of prompt electron candidates is the same. What has
been assumed is that the variation of the relative efficiencies with . is the same for
all sources of promp.t electrons. Any differences in the overall selection efficiency
between the different physics channels may be absorbed in the /5.

In obtaining the asymmetry (A°") of the distribution of the prompt electron
candidates, it will be assumed that «(z) = ¢(—x). This is equivalent to stating that
the acceptance is the same for positive and negative charges at the saine cos 0. This
is the case for large enough track momenta. Atlow (< | GeV/c) momenta, there
is a tendency tor negative charges to satisfy criteria on the number of CJ measured
space points more often than positive charges. This arises primarily becau~e of the
Lorentz angle in CJ. Tracks which cross anode planes parallel to the drift direction
(positive charges) will have a smaller maximum number of CJ track samples
than oppositely charged tracks at the same momentum. Figure 8.4(a) shows the
distribution of CJ measured space points for negative and positive charged tracks,
with no momentum requirement. Figure 8.4(b) shows the same distrivutions with
a minimum momentum criteria of 2 GeV/c applied to the tracks. The differcncesin
the number of CJ samples in the region of 20 disappears »t these higher momenta.
(The sagitta for a 2 GeV/c track at |cos 0] = 0 is approximately 2 cm.) Of the
5167 condidate electrons, 2563 had positive charge and 2604 had negative charge.
No overall charge asymmetty in the selection is thus expected.

If the acceptance, «(.r), is even in ., then the normalisation (" in Equation 8.4
is independent of A" and the A°™»r term contains all of the asymmetry of the
distribution. The right hand side of Equation *..4 can then be used as a likelihood
function and A°™ can be obtained by maximising

[T ()l + 02+
J

3 .

:_;./,‘nlm",‘,]. (8.7)
The product over j implies a product over all electron candidates. Since ¢(+) and
(" are unknown, the maximum of the log of Equation 8.7

Y

. by ,
o[ )]+ D Infl 4+ 0t + ';;A“"“.:-J] (8.8)
J J

may be obtained instead. For a given set of events the sum 3=, In[("e(r;)] is a
constant and therefore the maximum of Equation 8.8 occurs when

S B
Yol +a? + q,»'\“""m.,] (8.9)
J '

is maximum, In Equation 8.9, 1°" is the only free parameter,
For the prompt electron data, taken at centre of mass energies between
90.7 GeV/c and 91.6 GeV/c the maximum of Equation 8.9 occurred at

AP = 0.0473 £0.0147. (8.10)
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Figure 8.4: (a)The distribution of the number of CJ samples used in the track fit,
for all momenta, for negative (solid line) and positive {dashed line) charges. The
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the same distribution, except with a minimum momentum requirement of 2 Ge V/e
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The error is the statistical error on the maximum. Figure 8.5 shows the distribution

N(lz]) = N(=[|«]) _ 8 Aobsy

N(lz)+ N(=[+]) ~ 31+ @.11)

with the curve corresponding to A°"* = 0.0473 and the lo contours from the
likelihood fit. Clearly the data are inconsistent with zero asymmetry (the x*/dof =
1.9 for no asymmetry, excluding zero asymmetry at the 95% confidence level),
which would imply a line at 0. The x?/dof of the central line in Figure 8.5 is
0.7. This shows that the data are not inconsistent with the [1 + 2 + 8/3A4°™z]
description.

Itis necessary to know the fraction of each source of prompt eiectron candidate
in the sample to obtain the b asymmetry from A“". In Section 6.2 the fraction
of hadrons misidentified as electrons was calculated to be (3.78 4 0.21)% for the
barrel selection and (2.62 4+ 0.26)% for the endcap selection. There were 4697
prompt electron candidates tagged at |cos 0] < 0.7 and 470 tagged at 0.815 <
| cos 6] < 0.91, resulting in a track weighted [, 0f (3.7 £ 0.2)%. The errors
in the misidentification rates were taken as correlated in ‘leriving the error in
In(llliﬁ“))~

581 tracks that would have otherwise been accepted as prompt electron candi-
dates were identified as originating from photon conversions. Using the (84 +4)%
conversion tagging efficiency from Section 5.5 and the (654 10)% estimated purity
of the conversion electron sample, (72.8 £ 21.4) prompt electron candidates were
estimated to be electrons originating from photon conversions. Another 0.5% of
the prompt electron sample was estimated to be electrons originating from Dalitz
decays. Thus

Fleonvy = 0.019 £ 0.005. (8.12)

The fraction of the sample that is prompt electrons is then
Forompt = 1= Flistny = Feonyy = 0.944£0.005(conv) £ 0.002(misiD). (8.13)

The [ are given by

[ aset) .

el - {horemet)  B{b—e—peT) 8.14

I"(1)~)('") f(hore—) B(h=se=) ( . )

I"(I TN ,-—) _

e ) — ‘e m) | Blh=ese™) 8.15
I"(l)-—)(-”) Ylhase=) B(h=re=) ( . )

/'1(l —7=pe=) ‘ _

_.._....)_.__.__...(.__, e (beToye—) H(l)-—)r—~)4' ) 8 1 .
B - ' - .10
l'(h-—w—) “(bore—) Bh—e—) ( )
_[_i‘_..“’.f.ﬂ = D (LA_O_:mh)_‘ Uomet) | Bleet) (8.17)
Ip("“*"“) Phaa Priaa Coae-y  Blh=e=)? .
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(50~ is fixed by the constraint
/"prunlpt - I"(')—-H',‘) + ["(l)—)r'-—n-+) + I‘(l)-—)('_.’(.—) + ll'w(l,._n-._m—) + [’1((-_.9_-”. (818)

The kinematic and geometric efﬁcifi_ncies (¢;) were calculated as in Section 6.3.
As used in the measurement of —{%ﬁfh (b — 7 — ¢7) is taken to be

Bl =7 —=¢7)=(0.011£0.018)B(b = e7). (8.19)
Following Equation 2.27,

Bl s c—=et) =08TB(h = c—e) (8.20)
B ¢ —=e7) =01380 = ¢ —e). (8.21)
10

In calculating /"(,4‘ + ,//",,_)(-), was taken to be the Standard Model

value of 0.171 [17]. JTlfm was taken *0 be the OPAL measured value of 0.226 +
0.020 [22]. This value is used as opposev. to the value determined in Chapter 7
since it is more precise. This value of ~f—-h contains the assumption that the
semileptonic branching ratios of A, and B, are the same as the light B mesons.

Table 8.2 shows the prompt fractions normalised to /'(,.,»-). The sources of
error in these fractions are often correlated and therefore each error source will be
considered separately.

ﬁf‘ompl source | Fi/ /"(,H,.-)J

h— ¢ =t 0.12
h—=ec—=e” 0.013
bh— 7" 0.014
¢ — et 0.080

Tabie 8.2: The ratio I7/14,5.~y for each prompt source. These fractions were
determined in the context of the ACM model [31]. There are many sources of
uncertainty i these numbers (branching ratios, modelling, fragmentation, etc.),
many of which are correlated between the sources and are assessed in Section 8.2.

The Standard Model value of [17]
b = 0.0542, (8.22)

was used in calculating A}}H. This value corresponds to a centre of mass energy
of ¥1.2 GeV, a top quark mass of 132 GeV/c? and 300 GeV/c? for the mass of the
Higgs boson.
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Using Equation 8.6 then gives the b quark forward-backward asymmetry as

b 0.0473 4 0.062 - 0.0512
FB T 0.769 — 0.092 -+ 0.010 4+ 0.011

= 0.0721 £ 0.0210. (8.23)

The error is the statistical error from the fit to .1""™. It should be noted that this
value of the asymmetry contains no correction for BYBY mixing,

8.2 Systematic Errors

The sensitivity of the above A}y value to various systematic effects will now be
discussed. Each independent source of error is considered separately and the error
will be added in quadrature to obtain the final systematic error.

The parent distribution of electrons from photon conversions has been assumed
to ve described by a (1 +.0#) distribution, while Figure 8.2 shows that the observed
distribution varies as {1 + 1.7.0%). This variation was determined from a sample
of tagged conversion electrons with none of the prompt electron selection criteria
applied, except the momentum and transverse momentum requirements.  Since
the tagging efficiency for conversion electrons is independent of | cos ] in the
angular range considered [54], this distribution reflects the parent distribution,
This parent angular distribution for the conversion electrons can be incorporated
in Equation 8.2, thus modifying Equation 8.4 to

g

. N
()= "o + gt + 5 :l""".l']. (8.24)

Abg is still related to A°™ through Equation 8.6. « and /4 are 0.997 and 1.009
respectively for Fi.ony = 0.019 and a (1 4 1.7.?) distribution.

In obtaining Equation 8.24 it has been assumed that the acceptance (c(, ,uv)(r))
is a constant in .r. Since [y is fixed we must then have a normalisation factor

k such that N

r
/ (0 +at)de =k [ (14 170, (8.25)
-1

S

The normalisation factor & is to keep the constant (" in Equation 8.4 the same as
that in Equation 8.24. From Figure 8.1 itis seen that approximating the acceptance
as a constant overestimates the effect the (1 + 1.7.04) distribution will have on the
result.

Using the right hand side of Equation 8.24 as the likelihood to obtain A“M
resulted in a negligible difference from that obtained using Equation 8.4.

The uncertainty of (£0.005) in /(... induces an uncertainty of ( +0.0004) in
Aby which is assigned to the systematic error.




In contrast to electrons from photon conversions, the angular distribution of
hadrons misidentifiad as electrons cannot be separatec from the detector accep-
tancc. The sensitivity of the measured A',%B to the variation of /(,,;iipy With |z],
given in Table 6.20, was assessed by performing the likelihood fit in the three bins
of || used in that table. Within these three bins the ratio ¢(misin)()/¢(hae=) (%)
was taken to be constant. Table 8.3 shows the fitted A°>® for each of the three |z
ranges. The weighted average of these values reproduces the 0.0473 from the fit
to the entire distribution when [F,,;isip) is taken to be 0.037 for all |x|. Trble 8.4
shows the resulting values of Al in each of the three || bins when Apg was
calculated using the values of [,y given in Table 6.20 for that range of lz|.
The weighted average of these three Aby values is 0.0003 lower than the value
obtained assuming that ¢(,isip)(7)/¢(,—e-)(z) was constant. Taus 0.0003 is as-
signed to the systematic error on A}y, due to the variation of the acceptance for

hadrons misidentified as electrons.

[ Jcos Ouus] | fitted asymmetry |
0-025 | (=005 % 0.071)
0.25-0.7 (0.055 £ 0.018)
0.7-0.9 (0.045 £ 0.026)

Table 8.3: The asymmetry obtained by performing the likelihood fit in three bins
of |cos Qs |-

| [c0s Oyt | A'[?B |
0-0.25 (—0.075 £ 0.103)
0.25-0.7 (0.083 £ 0.n26)
0.7-09 (0.069 + 0.037)

Table 8.4: A}}B obtained from the observed asymmetry in three bins of |cos Oypustl,
when I,is10) is taken from Table 6.20.

Besides the variation of /,,.py with |r], the average value of [isny is
uncertain. In Section 6.2 the fraction of the prompt electron sample estimated
to be hadrons was determined to be (3.8 & 0.2)% for the barrel selection and
(2.6 £ 0.3)% for the endcap selection. Of the 5167 candidate prompt electrons,
4697 were tagged with the barrel selection and 470 with the endcap selection.
Weighting the two misidentification errors by the number of candidates selected
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gives an uncertainty of £0.002 in F,;an). In obtaining this uncertainty the
uncertainties in the barrel and endcap selections were take n to be 100% correlated.
This uncertainty in [7,ap) induces an uncertainty of 0.0001 in A',f‘“, which is
assigned to the systematic error.

The kinematic und geometric efficiencies for the various sources of prompt
electrons vary with the average fraction of the beam energy carried by the hadron
containing the primary quark (first rank hadron). For bb events, this average was
chosen to be (), = 0.72 (Section 6.3). The value of the average fractional energy
carried by the first rank b-flavoured hadron was varied between .68 and 0.76 and
the kinematic and geometric efficiencies for b = ¢, h = ¢ s et b = ¢ = ¢”
and b — 7 — e~ were recalculated. Changing the b quark fragmentation in this
range resulted in a change of 0.0012 in A‘,‘.‘H which is assigned to the systematic
error.

Similarly, the average energy of the first rank charmed hadron ((r).) was
varied between 0.48 and 0.59 from the central value of 0.53. The kinematic and
geometric efficiency for the process ¢ — ¢t was recalculated at these values and a
variation of 0.0024 in A}y, was observed. Thus 0.0024 is added to the systematic
error on A'EB to account for the uncertainty in ¢ quark fragmentation.

The statistical error on the kinematic and geometric efficiencies, due to the
limited Monte Carlo statistics, make the /4 uncertain, The «; were varied to the
extremes of the lo statistical errors in such a manner to induce the largest possible
change in A}%B (e.g. loWer ¢(l,e-)s (timeaety AN (1, yr o=y AN THISE (1,0 H0t),
etc.). A maximum change of 0.0013 in A}y could be induced in this manner and
is added to the systematic error.

The fractions [{,5e-)s [{haeaety and [, _..-) are uncertain due to the
measurement errors in the branching ratios obtained at the T(4.5). As for the
measurement of ['zo_,,5/Miad, the branching ratio errors are considered in two
parts, intrinsic and modelling. The intrinsic error of £0.0045 in 3(h - ¢)
contributes an error of 0.0010 to Ajg. The intrinsic error of £0.0010 in 3(h -
¢ — e) contributes and error of £0.0016 to Aly,. It should be noted that these
errors are assessed in the context of the ACM model [31].

The uncertainty in the [ due to the electron momentum modelling must
be assessed using the branching ratios obtained by the CLEO collaboration in
the context of a particular decay model. The procedure used to establish the
uncertainty in APy due to the electron momentum modelling was identical with
that used for the measurement of 'yo_,,,,/Piag. Unlike the case of Fyo /s
the constraint on the sum (/{,e-) + I{1,meaet)) from the total observed rate at
the T(45) does not help to lessen the sensitivity to the decay modelling. Al i
obtained from A" using Equation 8.6, which has as a denominator

In(b--)e") - I'1(|,_,,._),.+) + I"(h-)r——w“) ¥ /"(l;-n...w-')- (8.2())
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The fact that the CLEO branching ratio measurements coupled with the model
dependence constrain the sum (/{,o0-) + [(Lbaseset)) to be almost constant, does
not prcclude large variations in the difference. When the ISGW model was used
to obtain APy, from A" the result was 0.0763, while 0.0705 was obtained when
the ISGW** model was used. The largest difference of these two with the central
value of 0.0724 using the ACM model is 0.0039, which is added to the systematic
error to account for the semileptonic decay modelling.

As for I'yo_y,1,/ Piad, the possibility of h — ue™7¢ transitions change ¢(j,—.¢-).
Taking these corrections into account, as described for 'yo_, 1,5/ haa (Section 7.3),
changed A}y, by 0.00U3 and this amount is assigned to the systematic error.

Radiative correctionsin b semileptonic decay also modify ¢(j,—.-). Accounting
for these, as was done for I'yo_,),;,/ Thaa, contributes 0.0003 to the systematic error
in Ay,

The uncertainty in the correction to 3(h — ¢ — ¢*)to account for the different
mix of b-flavoured hadrons at LEP (0.92640.073) induces an uncertainty of 0.0013
in Ay, which is assigned to the systematic error.

In calculating /,oeaery and Flyee-) it was assumed that b quark decays
to a ¢ quark and a virtual W= 100% of the time. The resulting virtual W~ was
estimated to produce an anti-c quark 15% of the time (Equation 2.27). Since this
value relies on phase space calculations involving quark masses, it is uncertain,
The branching ratio for the virtual W~ to ¢ was varied from 10% to 20%. A
change of 0.0008 in A}y, was observed and is added to the systematic error,

Asin Section7 B(b — 7 — ¢7) was taken to be (0.044 £ 0.018) 3(b — e7).
The uncertainty in this branching ratio contributes 0.000! to the systematic error
in Apy.

Feaery was determined from Equation 8.17. Three quantities contribute to the

oo I, I, I Bleoet) + .
apfe I . dﬂ 28 20 (C ¢ . (c e ) I J Pi o)
UNCErtainty in &e_yot)s 9570 ( Fiad )  Blimye) and ey L1E SYStEMAic

errors arising from /3(h — ¢7) and the kinematic and geometric efficiencies have
been discussed above. [3(c — et) was taken to be (7.9 & 1.1)% [28]. The error
on this branching ratio contnbuteq 0.0013 to the systematic error on Apg.

In the Standard Model, I»’*—““L varies slightly with ., and my;g,.. The Standard

Model value of —4—|=L|=f~ = (.17 and the OPAL measured value Eﬁ%iﬁl (0.226 £

a

0.020) [22] were taken to determine the ratio l—-"——‘t& Since the error in l-ér%ﬁj*ﬁ

FAS N 2

induces a larger error, in the ratio than any allowed top mass variation would in
the Standard Model (J——‘ﬂ-ﬁ varies by 0.1% when m, is varied between 82 GeV/c?

and 177 GeV/c?), it was used to assess the systematic error on A "B dnsmg from
r

ngffﬁ, The error in 01,1,/ Diad induces an uncertainty of 0.0009 in A% . Which
is added to the systematic error.

A was taken to be the Standard Model value of 0.0542 [17]. Two mea-
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surements of this quantity have been reported at LEP Ajyy = (0.061 & 0.039 &
0.030) [19] and A}g = (0.064 £ 0.049 £ 0.024) [66]. These measurements are
consistent with the Standard Model prediction, although within the errors they do
not exclude a zero asymmetry either. Since the aim of this measurement of Al
is to test the Standard Model, the Standard Model prediction for Ajy; and its un-
certainty is used. If m, is varied between 82 and 177 GeV/c¢?, which corresponds
to the 1o errors obtained by combining the Z° lineshape results of the four LEP
experiments [25], the Standard Mode! prediction for Afy varies between 0.0494
and 0.0602 [17]. This variation in Af,; induces a change of 0.0005 in A}y, which
is added to the systematic error on A:LH. Equation 8.23 can be used to assess the
effect a larger variation of Af,;; would have on A}y,

A mismeasurement of the sign of the charge of the prompt electron candi-
date would change the sign of —(Qcos 0y, and therefore affect the asymmetry
measurement. Radiative muon pair events (ete™ = ptpmq) were studied to
determine how often the incorrect sign was attributed to a track. For cvents in
which one muon had a momentum of less than 30 CeV/c, the sum of the charges of
the two muons in the event was taken. 0.2% of events selected in this manner had
a total charge that was not zero. Since it is more likely that the higher momentum
muon track had a mismeasured charge, due to the smaller sagitta, 0.2% could
be considered an upper limit on the charge confusion rate, In the dense track
environment of a multihadronic event, the charge of a track may be confused dus
to effects not present in muon pair events. A study of simulated multihadronic
events suggested that 0.1% of all tracks with momentum greater than 2 GeV/e and
pp > 0.8 GeV/c are charged confused. This agrees with the expectation that the
0.2% might be an overestimate. Since the 0,2% is determined from the Jdata, it
was used to assess the systematic error due to charge confusion.

The effect of a charge confusion rate of 0.2% per track on the observed
asymmetry was assessed by randomly changing the sign of the charge of 0.2% of
the prompt electron candidates and fitting the resulting —(}eos Oy pm distribution
to obtain A°™, After many trials a gaussian distribution of A“"™ values, centred at
zero with a sigma of 0.0013, was obtained. This corresponds to a sigma of 0.0019
in A{%B, which is added to the systematic error to account for charge confusion.

The resolution in cos 0y al$0 contributes to the error on Al The effect
of the resolution on the thrust direction was assessed using simulated events. The
quark directions in simulated events were smeared by a gaussian resolution of
0.05 rad. This resolution was observed to contribute an error of 0.0012 in A}y,
and is added to the systematic error.

In obtaining the 7, for the prompt sources, it was assumed that the absolute
electron selection efficiency for each source was the same. Because of different
isolation properties of electrons from direct b, cascade and direct charm decays,
one might expect the efficiencies to differ. Differences in surrounding activity
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would lead to different efficiencies for an isolation requirement (Eeone/ Eeonezs
0-match). At present the only way to assess such an effect is with simulated data.
For the barrel selection the Monte Carlo predicts that

EDbese 064 0.]

KDy, e~

E”)b—w—w'
— = |0 £ 0.1
Mo~ 0E0
BID ot
—--—-——l‘;”.)b_m_ =0.74+0.1.

Where IID; is the efficiency for an electron, with p > 2 GeV/c and p,; >
0.8 GeV/e, from source i to L identified as a prompt electrou. For the endcap
selection the corresponding predictions are:

EIDy e
——= = 0.7+ 0.1
21D

Dy rmyem

LLkﬁ1—=0ﬂiul
1D e-
DH Y.
1o l)lj-)n'

The errors in the ratios are due to the limited Monte Carlo statistics.

The requirement which leads to the largest difference in efficiency between the
prompt sources is predicted to be that of [Seone/ Leonez for the barrel selection. For
the endcap selection, the differences are predicted to arise mostly in the #-match
and I4/p requirements. Nearby particles are predicted to be the cause of the
differences in efficiency for selecting prompt electrons from different sources, for
both the barrel and endcap selections. For the Monte Carlo to be trusted to predict
the source dependence of the prompt electron selection correctly, the simulation
of energy depositian in the electromagnetic calorimeter and the particle flow near
prompt leptons must be correct.

The efficiency for prompt electrons to satisfy the [eone/ [Cconez requirement
(Ol yue/ Feones) Maty be written as

= (.54 0.1.

(‘”.1,"0"0/[;(0“2 = ("”.,5'5 : (l - l(‘fr()v), (827)

where ellyy is the efficiency that arises from the clectromagnetic shower spread
and leflyy is the inefficiency induced by overlapping activity'. Since effgs will

"The same arguments hold for the efficiency for a prompt electron (o satisfy the 0-match or

£/p requirements, Foone/ Feoner i8 used as an illustrative example,




be the same for all electrons with the same incident momentum, only differences
in leffoy between sources can change ofly, /i and affect the ratio m')w'—‘lw

Energy that is deposited in F .2 (or the outer ring of “ncxt-to-wugl_{iﬂng"
blocks) by a nearby pion will contribute to leffy . In the simulated data, the energy
deposited by a pion as it traverses the electromagnetic calorimeter is overestimated.
Figure 8.6 shows a comparison of the raw cluster energy associated to a track with
momentum between 2 and 5 GeV/c and dE/dy less than 9 keV/cm in the data and
Monte Carlo. The clusters were required to have only one track associated to
them. Too much energy is predicted to be deposited by low energy pions in the
Monte Carlo. Since it is expected that there are more hadrons close to prompt
electrons from sources other than direct b decay, this will lead to an overestimate
of the effect of this overlapping activity on leffgy.

Figure 8.7 [67] compares the data and the JETSET Monte Carlo prediction
for the particle flow in three jet events, where one jet had an identified prompt
lepton (muon or electron) %, There is an indication that JETSET does not model
the particle flow correctly for jets with a prompt lepton.

Thus, it is not clear that the Monte Carlo prediction for the differences in the
electron identification efficiencies for the different sources of prompt clectrons
is valid. Nonetheless, some differences in efficiency might be expected. Since

N
“coneld

the predicted energy deposit for pions is too large, it leads to an overestimate of

the differences, and the particle flow is not modelied too poorly, the Monte Carlo
may be thought of as providing an upper bound on the possible effect. [f the

Iy are calculated using the Monte Carlo predictions for 42 the calculated
BT

value of APy changes by 0.0052. The entire amount of this change is added to the
systematic error on Apg to account for any possible source bias in the efficiency.

Twa photon events (cte™ — cTe™ X) with hadrons in the final state are
potentially a serious source of bias in the asymmetry meacurement. In these
events the e~ is almost always scattered forward, and therefore a hadronic (wo
photon event, in which the initial state electron was scattered into the acceptance,
could bias the asymmetry measurement. 20 pb~' of Monte Carlo two photon
events, produced with the Vermaseren generator [69], were studied and only one
event satisfied the event selection criteria and had an electron in the geometric
acceptance of the electron selection. The electron in this event did not satisfy the
pr > 0.8 GeV/e requirement. Thus for the approximately 11 pb™" of data used in
the determination of A‘,?H, this is not a serious source of background

Table 8.5 shows the various contributions to the systematic error on A},
Before correcting for B"BY mixing

Aby = 0.072 £ 0.021 4 0.008, (8.28)

2Version 7.2 of the JETSET Monte Carlo [32] was used for this comparison, however the
results are expectea to hold for version 7.3 as well.
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Figure 8.6: The raw cluster energy for isolated particles in multihadronic events.
The points are from the data and the histogram is the Monte Carlo prediction.
The particles were selected to have a dE/dx value less than 9 ke V/cm, momentum
between 2 and 5 GeV/c and the cluster was required to be matched to only one
track. (a) is for | cos 0] < 0.7 and (b) is for 0.815 < |cos 0] < 0.91. The Monte
Cuarlo histograms are normalised to the same number of tracks. The Monte Carlo

predicts too much energy to be deposited in the electromagnetic calorimeter for

low energy hadrons.
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Error Source | Contribution |
Photon conversion fraction 0.0004
Misidentification acceptance variation 0.0003
Misidentification fraction 0.0001
b fragmentation 0.0012
¢ fragmentation 0.0024
Monte Carlo statistics 0.0013
B(bh—e™) 0.0010
Bbh -+ c—=e) 0.0016
b decay modelling 0.0039
h = ue~w 0.0003
Radiative corrections 0.0003
B(h = ¢ = ¢ot) correction 0.0013
b= ceX/h— X 0.0008
Bb—=T1-—>¢7) 0.0001
Pt/ i .0009

| B(c = oT) 0.0013 |
VB 0.0005
Charge confusion 0.0019
Thrust axis resolution 0.0012
Electron identification flavour denendence 0.0052

| total | 0.0081 |

Table 8.5: The contributions to the systematic error on A}y, before correcting for
BYBY mixing.

The first error is statistical and the second systematic.

8.3 B’B! mixing correction

BY mesons (RYy and BY) may transform to B® mesons through processes similar
to that shown in Figure 8.8. The presence of these transitions can cause b quarks
to decay as b quarks and potentially produce a lepton of the opposite sign. This
affects the asymmetry measurement by creating a misassignment of forward and
backward events.

The parameter \ is used to characterise BYBY mixing. \ is the probability that
a produced b quark will decay as a b quark. An average of \ measurements from
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Figure 8.8: A process that gives B"BY mixing. The virtual t quark may also be an
u or ¢ quark,

prompt leptons at LEP i5 {70}
v = 0144 £ 0.020, (8.2%)

Since the amount of mixing in the BY, system is potentially much different from
the BY%; system?®, it is important that this \ is for the (unknown) mix of B", and
BY produced at LEP.

The forward-backward asymmetry is

Al = L8 (8.30)

with Np (N) the number of b quarks produced in the for ard (backward) di-
rection. In the presence of BYB® mixing, a fraction \ of the forward (backward)
produced b quarks will decay as b quarks and appear to be backward (forward)
produced. This modifies Ny and Ny to

Np™ = Np(1 = ) + Ny (8.31)
N""“ Np(l = \) + Np, (8.32)

where N8P and Ny are the observed number of forward and backward quark
decays. Thus the true A}y, is related to the observed APy ((AYy )ons) by

|

A*H—[_

\ (Al H)nlm (8.33)

3x has been measured at the T(48) to be 0. 16 4 0.04 (28] for BY,; mesons only.




Only (A',f-,,),,x,,; is to be corrected and not the observed asymmetry (A°P%), since
there is no observed mixing in the charm system [28].

Using the value of v given in Equation 8.29 and the A}}B value given in
Equation 8.28, Aby, corrected for B"BP mixing, is then

Al = 0101 £ 0.029 £ 0.011 £ 0.006. (8.34)

The errors are statistical and systematic on the determination of the observed Al
and in addition an error due to the error in \. No error is assessed to account for
the fluctuations in the actual number of b quarks that decayed as b quarks in the
sample used.

This value of Ay is in agreement with the Standard Model prediction of 0.085,
for a top mass of 132 GeV/e? and a Higgs mass of 300 GeV/c? [17].
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Chapter 9

Conclusion

Measurements of A}y, the forward-backward asymmetry in hh production, at
Ve & 912 GeV and 'y, the partinl width of the 7 boson into b quarks
have been reported. Figure 9.1 shows these two values along with the Standard
Model [17} predicted allowed region. Within the measurement errors, there is
agreement with the Standard Model prediction. The dominant error on Ay, is
statistical, while the dominant error on 1',0_,,,, is systematic, arising mainly from
the prompt electron selection efficiency.

Py uh/Uhaa has been determined to be (0.230 4 0.020 1 0.033), the errors
are statistical and systematic. This measurement is consistent with the Standard
Model prediction of 'y, = 376 MeV [17], when [',, is taken to be the LEP
value of 1.740 & 0.012 GeV [25]. This value is also consistent with previous
measurements of U'yo 1,/ had

I,
—i’—i'—' = 0.226 4+ 0.008 £ 0.018  OPAL [22]
haned .

I,
-{—“—’l = 0.193 £ 0.006 £0.011 £0.021  OPAL|18]
had
Do, =385 £ 7+ 11 MeV L3125

'_l/_":t'..'_ = 0.2:5 £ 0.017 £ 0.021  ALEPH |24].

had

This measurement uses, as in {22}, CLEO measurements of the prompt electron
spectrum from [3 decays to reduce the sensitivity to b-flavoured hadron decay
modelling. The CLEO semileptonic branching rar" v 2re used in conjunction
with the predicted momentum spectra to take advanta,  of the correlation between
the direct b and cascade branching ratios and the kinematic efficiency. Therefore
it has been assumed that the semileptonic branching ratios of the Ay, and B", are
the same as the B%; and B mesons. The measurement of the L3 collaboration of
B(b—=1)=0.113£0.010 £ 0.006 {23}, supports this assumption,
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b has been determined to be Al = 0.101 £ 0.029 £ 0.011 £ 0.006. The
errors are statistical, systematic and the error on BYBY mixing parameter \. This
is again consistent with the Standard Model prediction of 0.085 [17] and with
the previous measurements given in Chapter 2.1. Since different experiments
use dificrent values of \, it is less ambiguous to compare the values of Ajy,
obtained before correcting for BYBY mixing. Before correcting for B"B® mixing

the measurements are:

Abg =0.072 £ 0.021 + 0.008
Adp  =0.07240.042 £ 0.010
Abs =0.093 £ 0.021 £ 0.005
Abg = 0.115 £ 0.043 £0.013
APy = 0.081 + 0.025

This measurement
OPAL | 18]
ALEPH [19]
DELHI {20]
L3{21].

This measurement of A}y, includes an assessment of the b hadron decay modelling
uncertainties that are absent in the previous measurements [ 18, 19, 20, 21]. These
uncertainties are significant in this measurement and cannot be ignored.
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