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Abstract

This thesis describes a measurement of the forward-backward hemisphere charge
asymmetry in heavy flavour decays of the Z( boson using the ALEPH detector at LEP.

Z° —> bh decays are tagged by identifying the decay products of long-lived b hadrons
via their large track impact parameters relative to the Z( decay point. The background
event tagging efficiencies are estimated using Monte Carlo simulation, whereas the bb
event tagging efficiency is evaluated by measuring the relative rates of single and double
tagged events.

In a sample of 70,259 hadronic Z° decays, with a b purity of 88%, the charge
asymmetry, (QrFB), expressed as the mean difference between the momentum weighted

forward and backward hemisphere charges, is measured to be

(0rB) = —0.0112 £ 0.0012{slat.) £ 0.00018(syst.) .

Using a precision measurement of lhe mean b quark hemisphere charge, and accurate
fits to the angular dependence of the event tagging efficiencies, (Qr5) is WS to

determine a value for the electroweak asymmetry, 4 BB :

A% = 0.1183 + 0.0131 (stat.) = 0.00057 (sy.s/.) .

Interpreting A BB in the framework of the minimal Standard Model of electrowcak

interactions, the effective weak mixing angle, sin26\yf, is determined :

$in29%f = 0.2281 = 0.0024(sf«f.) £ 0.0011 (syst.) .

This places the following Standard Model limits on the mass of the top quark, m¢ :

m, = 259750 GeV/c2,

or

mt < 338 GeY/c2 (95% confidence level) .



Preface

This thesis describes a measurement of the forward-backward charge asymmetry in
heavy flavour decays of the Z° boson using the ALEPH detector at LEP. The data were
collected in the year 199*2. The measurement is interpreted in terms of the Standard
Model of electroweak interactions and is used to determine a value for the effective
weak mixing angle, sin29& f.

The work of the ALEPH collaboration depends directly and indirectly on the
participation of many people over a long period of time. My contribution to the
working of the experiment included monitoring of the detector performance and the
data, acquisition. The material presented in this thesis reflects my own individual
analysis of the ALEPH data as part of a working group. The final results depend on a
previous measurement made within tlie collaboration (Section 4.2).

No portion of the work referred to in this thesis has been submitted in support of
an application for another degree or qualification in this, or any other, institution of

learning.
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Chapter 1

The Standard Model

1.1 An overview of particle physics

Particle physics concerns itself with the question : What are the fundamental con-
stituents of the universe ? The current answer to this question is displayed in table 1.1
and is the result of many decades of dialogue between experimental and theoretical
particle physicists.

All matter in the universe appears to be made of fundamental particles, called
fermions, possessing intrinsic angular momentum, or spin, of magnitude »4 where & is
Planck’s constant divided by 2tt. These particles are believed to be structureless and
pointlike on the scale of 10“ 14m. There are a total of 12 such elementary particles each
having a unique set of characteristics, or quantum numbers, owing to their different
response to the three ‘fundamental* forces of nature, the strong, electromagnetic and
weak forces. The effect of gravity on the elementary particles is so weak, compared
to the other three forces, that it can be safely ignored. Six of these particles, called
quarks, feel the effects of all three forces. Of the remaining particles, called leptons,
three couple to the the electromagnetic and weak forces (the charged leptons) while the

remaining three feel the effect of the weak force only (the neut ral leptons or neutrinos).



Name charge spin

Quarks
a (up), c (charmed), t (top) +§ é
d (down), s (strange), b (bottom) é é
Leptons
e (electron), p (muon), r (tau) -1 2]
vt (electron neutrino). nf.. uT 0 i
Gauge bosons
7 (photon) 0 1
11* . 2° (Weak bosons) +1,0 1
g (i=1....5, gluons) 0 1
G (graviton) 0 2

Table 1.1: The fundamental constituents of the universe.For end) ehurged particle there

is an associated anti-particle of the sunn mass hut of opposite electromagnetic charge.

The strong force acts only over very small distances and binds quarks together
within protons and neutrons (nucleons) [1]. Its residual effects are believed to be
responsible for the attraction between nucleons inside nuclei. The electromagnetic
force is responsible for the attraction between electrons and nuclei which binds atoms
and molecules, controlling chemistry and Ilie physics of materials. The strength of
the electromagnetic force, relative to the strong force, is ~ 10-2. The weak force
governs processes such as nuclear 5-decay causing protons to transmute into neutrons
and vice-versa ; it is vital for the synthesis of light elements in the early universe.
Its strength relative to the strong force is ~ 10-13. (The corresponding strength of
gravity is ~ 10-38). These forces are all transmitted by specific fields or particles which

are equivalent concepts in the quantum field theory used to explain their properties.



The mediating particles are called gauge bosons : for the electromagnetic, weak and
strong forces they have spin /4. (See table 1.1). The electromagnetic and strong
forces are mediated by a massless photon. 7, and eight massless gluons, ¢ (i = 1,...,8),
respectively, whereas the weak force is mediated bv 3 massive particles, the W £ and
Z° bosons.

A major problem with our understanding of these fundamental forces is in their
number and disparate strengths and properties. The Standard Model of electroweak
interactions of Glashow, Weinberg and Salam [2] [3] [4] attempts to unify two of these
forces, the weak force and the electromagnetic force, inside a consistent mathematical
framework. The Standard Model is an SIT2)xU(l) gauge field theory reflecting
the SIJ(2) and U(l) gauge structures of the weak and electromagnetic interactions
respectively.

Section 1.2 gives a short introduction to gauge field theories and in section 1.3
a summary of the structure of the Standard Model theory is given, including an
explanation of the Higgs mechanism by which the gauge bosons and the fermions are

given mass.

1.2 Gauge theory

1.2.1 Introduction

Symmetry principles play an important role in the physics of elementary particles. The
presence ofa symmetry in a physical system, for example invariance of the system under
spatial rotations, implies the existence of a conserved quantity, in this case rotational
angular momentum. It is present belief llial all particle interactions are governed by
internal symmetries called gauge symmetries that are independent of the space-time
coordinates.

The Lagrangian formalism [5] provides a convenient way of identifying the conserved



quantities ; starting from a scalar Lagrangian. C. there is a conserved quantity corre-
sponding to each continuous symmetry transformation which leaves the Lagrangian
and the resulting equations of motion invariant in form. Such a theorem, known
as Noether’s theorem, permits observed selection rules to be described in terms of
symmetry requirements in C and is very useful as a guide for the introduction of
interaction terms in developing new theories.

Quantum electrodynamics (QED), the theory of the interaction between charged
fermions and photons, has the vital property that the various unphysical infinite
contributions that routinely arise in quantum field theories can all be consistently
eliminated ; the theory is said to be renorrnaUsable. This can be traced to the fact
that the QED Lagrangian is invariant under local gauge transformations of the fermion

field, x”), and the photon field,

4,2 > ArxA +dJixV)

where d(x”) depends arbitrarily on the space time coordinates xJI. r is the fermion-
photon coupling. In other words, the complex phase of the fermion field, ip, can be
altered in an arbitrary way as long as a massless spin 1 gauge field, .4;i, is introduced
and adjusted simultaneously in a suitable way. The conserved quantity corresponding
to this internal symmetry can be shown to be the electromagnetic charge of the system.

The phase factor, e'¢g*x| belongs to the symmetry group U(l) of unitary transfor-
mations. By ‘designingl the Lagrangian to be invariant under the transformations of
more general symmetry groups, the properties of other forces can be described in a
similar way.

Some of the properties of the weak force can be understood if the electron field, e,



and its neutrino field. ve, are regarded as two components of a ‘doublet’ fermion field :

[\

e

By requiring that the corresponding free fermion Lagrangian be invariant under

transformations of the form

t>-> U(0(x)) ~ , (i.i)

where U(9) is a 2x 2 unitary matrix, requires the introduction of three massless spin 1
gauge fields, W+, W~ and IFO0, with which the fermion doublet can interact. In this
case the transformations are more complex than the 1(1) phase changes of QED since
the off diagonal terms in U(0) can change one member of the doublet into the other :
e <* ue. Weak interactions involving other fermions can be described in a similar way

by constructing the doublets

L dl \s V)
The above transformations (1.1) belong to the symmetry group SU(2) of special unitary
transformations of which a complex doublet is the simplest representation.

The physical predictions corresponding to a chosen symmetry can be systematically
derived using quantum field theory[Cj. 1lie fields, such as i» and .4/(, are elevated to
operators which act in the vector space of all possible physical states creating and
annihilating their corresponding particles. Interaction probabilities are then computed
by evaluating a perturbation series in C,,,- the interaction terms in the Lagrangian. It
is then possible to identify a correspondence bet ween certain factors in the probability
amplitudes and the various terms in the Lagrangian. Once this connection is identified,
predictions of physical quantities can be made simply by following a set of rules called

Feynman rules [7].



In the following section the structure of a Yang-Mills gauge theory is formally
introduced. A Yang-Mills gauge theory is the most general gauge theory describing the
interaction of fermions with gauge fields. The results presented will be applied to the

electroweak theory in section 1.3.

1.2.2 Yang-Mills gauge theory

The Lagrangian, describing the free propagation of a fermion field, ip, is

given by

£ = <L(nndft - 71)lp .

ip is in general a column vector including the fields of all fermions in the theory. A

Yang-Mills gauge transformation of r is a /~dimensional continuous transformation,

ip U{0A)' {A=12 D),

where T A are the generators of a symmetry group of transformations which act on
the fermion field, ip. The structure of the group is summarised by the commutation

relations

[Ta, Tb] = \Cc ABCTC ,

where the structure constants, CA4U . depend on the group. If the parameters 94
depend arbitrarily on the space-time coordinates. 94 = 0A(x/4). then the Lagrangian,
£(\p,d”), is in general not invariant under the transformations U{0A4(x")). Such gauge
transformations are described as being local gauge transformations.

However, by introducing a set of gauge fields, V4, (in one-to-one correspondence
with the generators of the group) with the transformation law

£r'v’ wymJ2'rAv?)t-" - (iligm u )u -1
4 4



and by modifying the space-time dependence of the fermion field,

d, i -> = (6, +

gauge invariance of the Lagrangian can be achieved. This procedure introduces
a mechanism whereby certain components of ip can mix. That mechanism is the
interaction of the fermions with massless spin 1 gauge particles with coupling g.

The complete Yang-Mills Lagrangian can be written in the form

where F*y is the gauge invariant antisymmetric tensor describing the kinetic energy

and self-interaction of the gauge fields 1’4 :

In a 11(1) gauge theory, such as QED. there is just one generator and the structure
constants are trivially zero. Consequently, the antisymmetric tensor dot's not possess
terms quadratic in the gauge fields. As a result, the gauge field Af of QED does not
interact with itself ; there is no photon-photon coupling. In more general non-Abelian
theories, the generators of the symmetry group do not commute and quadratic terms
are present, allowing the gauge fields to interact with each other. This is the case in
the Standard Model of electroweak interactions discussed in section 1.3.

Many of the properties of the strong force can be explained using an SU(3) Yang-
Mills gauge theory called Quantum Chromodynamics, or QCD in analogy to QED.

Section 1.2.3 below gives a brief description of QCD.

1.2.3 Quantum chromodynamics

Many of the high energy phenomena involving quarks and gluons can be described

using an SU(3) local gauge theory called Quantum Chromodvnamics. In this theory a



quark is represented by a 3-component field where each component is labelled with
one of three ‘colour’ charges, red, blue or green. The symmetry group SU(3) of
unitary transformations of these fields is generated by eight hermitian 3x3 matrices
14 (A4 = 1,...,8). Consequently, when local gauge invariance is imposed on the free
quark Lagrangian, eight massless gauge bosons are introduced. These gauge bosons are
precisely the gluons mentioned above.

Due to the non-abelian nature of SU(3), the QCD Lagrangian contains gluon self-
interaction terms whose presence has dramatic implications for the nature of the strong
force. Because the gluons themselves carry colour, they contribute to the polarisation
of the vacuum causing the quark-gluon coupling, n,, to decrease as the energy of the
process under study increases. As a result, at very high energies, or equivalently very
short distances, the quarks within hadrons behave as free particles. This phenomenon
is referred to as ‘asymptotic freedom' and is crucial for the perturbative calculation
of high energy QCD processes. The large coupling involved in lower energy processes,
such as quark hadronisation, excludes the use of perturbation theory, and at present

semi-empirical models have to be used [8] [9].

1.3 The Standard Model of electroweak interactions

1.3.1 The symmetry group of the Standard Model : SU(2)*xU (1)

The basic Standard Model Lagrangian of Glashow, Weinberg and Salam can be written

asl
1 3
Csu=— £ FAFA + + (1.2)
A4=1
10nly the symmetric part of the S.M. Lagrangian. which involves massless gauge bosons and
fermions, is shown here. In the next section the Higgs mechanism is described, whereby the symmetry

is spontaneously broken giving mass to the bosons and fermions.



This is the Yang-Mills Lagrangian for the symmetry group SU(2)xU(1). That is, CS\i
is invariant in form under SU(2) and U(l) transformations simultaneously. Bfil/ and
F*y are the antisymmetric tensors constructed from the gauge fields Bp of U(l) and
w* (4 = 1,2,3) of SU(2) respectively.

The L and R subscripts on the fermion field, t/b indicate its left and right-handed
projections respectively. It is observed in nature that the gauge fields, W *, associated
with the SU(2) symmetry of the Standard Model couple only to a particular projection,

of the fermion spinor fields'- :

4L = A1 - Ts)A»

This component is called the left-handed component. Consequently, the left-handed
fermions are grouped intoSU(2) doublets but the orthogonal right-handed components
remain as singlet fields. The gauge field ,B¢l. of U(l) couples equally to left and right-
handed fermions.

The modified fermion derivatives. are given by

D N"NLR — + 7 X] + ig'-\LFtB" *pr,r 1 (1.3)
A=1

where T£r (A = 1,2,3) and 7TYLR are the SU(2) and L(l) generators and g and g’ are
their respective fermion-gauge couplings. 7 = (T1,T2,T3) and Y are called the weak
isospin and weak hypercharge respectively and are related to the charge operator, Q,

which generates the U(l) transformations of QED, by

Q=rT%*+ + -YR. (14)

The physical fields, A Z fl and 11”. art' linear combinations of the gauge fields, Bf

and W*, in terms of which the SE(2)x1:(l) symmetry is apparent :

— cosOw - sinOyy ,
AN Ow B inOyy Wh 1*5

!7s is one of the five Dirac 7-matrices. See for example [5]



sinOw 4 cos9\\r IF] (1.6)

(1.7)

6W is the weak mixing angle, or Weinberg angle. Using expression (1.4) for the charge

operator Q, 9W can be expressed in terms of the SU(2) and U(l) couplings g and g’ :

gsin9w = g'cosbw = e,

giving

138)

The theory, as it stands, describes the interaction of massless gauge bosons with
massless fermions. However, experiment excludes this scenario. For example, the mass
of the Z° boson has been measured at LEP to be 91.187 = 0.007 GeV/cJ [10]. If mass
terms, such as , are introduced into the Lagrangian on their own, the local
gauge symmetry is broken, the theory becomes unrenormalisable and loses its predictive
power. A mechanism is required whereby gauge boson mass terms can be introduced
into the Lagrangian without violating gauge invariance. One such mechanism, called

the Higgs mechanism, is described in the next section.

1.3.2 The Higgs mechanism

In the minimal Standard Model the Higgs mechanism involves the introduction of four

scalar (spin 0) fields, 0,(.x"), arranged as a complex SU(2) doublet :

( o+ {x») | 0+ = (01+ *02)/v/2
HT”) — .

NP QD —(03+iMy/2
with weak hypercharge Y = 1. The free propagation of this field () is described by the

Lagrangian

10



with A> 0 and /r < 0.
Just as for a fermion doublet the imposition of SU(2) xU (1) local gauge invariance

requires the introduction of four gauge fields and the modification of the Lagrangian

CHigg, = \(d,+ ill''Y.TL.RK +

By a suitable SU(2) gauge transformation Q can be written in terms of just one

scalar field, & :

V2 vr+ Hom'

with ground state, or vacuum expectation value.

(1.9)

By choosing a particular ground state the Lagrangian takes a form in which the
symmetry is ‘hiddenl and terms identifiable as gauge boson mass terms appear.
Inserting (1.9) into the above Lagrangian and interpreting the resulting expression
in terms of the physical fields, H *. 4,, and Z/(, the following gauge boson masses are

obtained :

1
Mw o %
Ma = 0
M=z -Vy/iFTgZ

The quantum numbers of the Higgs field (V = I, T = 4) were constructed with the
requirement that the photon be massless. so the result M4 = 0 is just a consistency

check. However the result

- cosOii/ ,
Mz Vir + </-

J't/A



where equation (1.8) has been used in the last step, is a prediction of the Standard
Model. The generation of the gauge boson masses in this wav is called ‘spontaneous
symmetry breaking’.

The same Higgs doublet has exactly the required quantum numbers to give mass to
the fermion matter fields also. For example, to generate the electron mass the following

SU(2)xU(l) gauge invariant term is introduced

-a <R + CR{P> .<f>°)

By spontaneously breaking the gauge symmetry and substituting (1.9) for 0, the

electron mass is revealed :

Gtv

in, =

Note however that. Ge is arbitrary, so the actual mass of the electron is not predicted.
The masses of the quarks are generated in a similar way.

To summarise, the complete Standard electroweak Lagrangian can be written as

1.3 I
C= - _V'lydw A"u -1 111
A=1
A 1
+ + iy~ IL/H,! + iy '~ L,RBH)*>L,R
4=1
3 |
T \dn-fif~ I3/7H3+ L,B ~ 14”8 ~ A(0"0)'
4=1
— ("MpL0"7? + Goti 0, t%; + hc) (1.10)

The Standard Model Lagrangian involves a certain number of free parameters which
are not fixed by the theory, such as the fermion masses, the gauge couplings and the
Higgs field vacuum expectation value. These parameters, or appropriate combinations,
can be measured using Standard Model calculations of physical observables such as
interaction cross-section and lifetimes. Once the physical input is defined the values of

other observables can be predicted allowing The internal gauge structure of the theory to



be tested. In the following section the prediction for the forward-backward asymmetry
in the process ete“ —» ff is presented and its use as a test of the Standard Model is

discussed.

1.3.3 The forward-backward asymmetry, 4!/

The fermion couplings to the physical gauge fields can be derived directly from the
Lagrangian (1.10) using the relations (1.5)-(1.7). For example, the and Z” couplings

are given by [11]

'V, = e{h,Q<t}4",

[f(X- ) +r%(1- 75) - Qsin29w] £>z» .

Alternatively the Z° coupling can be written as

J2° — (1.1 [Vf — Of)5] 4-ZJ1,

where Vj and nj are the vector and axial-vector Z°-fermion couplings :

A Il —2sin-9wQj A I

r 'IsinOw cos6\y r  '2sin9\ycosO\y

Together with the photon propagator.

-u fu

k2 1
and the Z° boson propagator,

Cigfi/ + kH"/Mz
k2- M\ ’

these form a set of Feynman rules allowing the calculation of interaction cross-sections

and lifetimes involving neutral current processes.

Id



Figure 1.1: Schematic diagram of tlx process <+ c¢ —» ff and the two lowest order

contrihuting diagrams.

In lowest order the prediction for the differential cross-section for the process

ete~ -> // is given by {/if = m'j/s) :

/ Jo— Y
3 1—4p/ [Gl(s) +(1 + cos'll) + Gs(s) *yj1—4pfe2cos6

da(jf Ct~

+ G2{s) wi.f wiir0] . (1.11)

where

G\fs) = Q:0~f+ 20t0fVeVfRc\0(s) + (r“+ a~)(vj + af - 4/ija.j)\ \ 0EHP ?

Aa(s) Q10) + 20f0fVtVfli(\'o(s) + ('"TH )vVols)~ 1

Gs{s) — 2QtQjaeajRe\o(s)4-4r(atCfaf\\lo(s)\' ,

and Xo(s) is the Z° propagator. 0 is the polar angle between the incoming electron, e_,

and the outgoing fermion, /, as shown in figure 1.1. The two lowest order diagrams



which contribute to the differential cross section, d(rf/dQ, are also shown in figure 1.1.
On the Z° resonance (s = MT{) the contribution to daf/dQ from 7 exchange and 7 —Z°
interference is small compared to that from Z° exchange.

Due to the chiral nature of the Standard Model 3 and the correspondence between
handedness and helicity at relativistic energies, the differential cross-section is not

forward-backward symmetric. The asymmetry, AJB, is defined as

74 =4 f 4 . 1.12
ot 0% (1-12)
where
fldof Jr° derf
°F - 2ttj — d{cosO). aB = 2ttJ "— d{cos0) . (1.13)

For light fermions (m f/4Jz <C 1). and neglecting 7 exchange terms4, the lowest order

on-resonance asymmetry can be written as

AJB(MI) = -4'4, (1.14)

where

A 2000f = 2(1 -
v af 1+ (1—"{\Qjlsin29\v)~

The quantity 4; is shown in figure 1.2 as a function of $in29\y for up and down type

quarks and for the electron. Due simply to the magnitude of its charge Ad {d = d, s, b)

is large and relatively insensitive to siirttw, whereas A ¢ is very sensitive to sinrdw.
Therefore, in lowest order, the on-resonance asymmetry is determined completely by

sin20w as given by equations (1.14) and (1.15). However, when higher order corrections

3A chiral theory is one in which the gauge fields couple differently left and right-handed fermions.
41If the finite mass of the fermions is taken into account, 4 changes by an amount far less than
the precision of present experimental measurements, even for the />quark. Also, 7 exchange effects are

negligible on the Z° resonance. Nevertheless, both effects are taken into account in the interpretation

of the charge asymmetry measurement presented in chapters 3 to 8 of this thesis.
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Figure 1.2: The quantity A r for quarks and leptons as a function of siirOyy.

are included these equations and the relations between the parameters of the Standard
Model are modified. 4 f/B is then dependent on all the parameters, in particular on the
unknown parameters Mu and /?/,. The higher order corrections can be divided into the

following two classes :

* QED corrections ; Here one of the fermions can radiate a real or virtual photon.
These corrections are independent of the gauge structure of the Standard Model

and require only the global parameters My. \y. vf af ;

e Weak corrections ; These include all non-QED electroweak corrections, such
as loop corrections to the 7M and 7 propagators, 7 —Z° interference and vertex

and box corrections and are dependent on the structure of the Standard Model.

In the case of hadronic final states, QC D corrections due to gluon radiation must also
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be considered. The corrections have a similar structure to those of QED and can be
calculated using perturbative QC'D.

In the calculation of higher order contributions, infinite divergencies appear. These
can be removed by replacing the ‘bare’ parameters in the Lagrangian by ‘renormalised’
parameters into which the infinities are absorbed. The legality of this renormalisation
procedure can be traced to the fact that the Standard Model is a Yang-Mills theory,
i.e. it is a theory with a local gauge invariance.

A common choice of input parameters, known as the 'on-shell’ scheme, is5

n, M7. MH, inf .

The advantages of this choice is that all the parameters have a clear physical
meaning, can be measured directly and. apart from Mu and mt¢ are experimentally
known.

Within the on-shell scheme the weak corrections have a structure that allow their
absorption into a redefinition of the neutral current coupling constants, ¥j and aj, or
equivalently a redefinition of sirrf)\l . It is this effective weak mixing angle, sin20w |,
that determines the asymmetries at the Z'J peak. Chapters 3 to 7 of this thesis describe
a measurement of the charge asymmetry (Qru) in ki) decays of the Z° boson. (QFB)
is sensitive to the underlying bb forward-backward asymmetry 4 BB. The experimental

apparatus is described in chapter 2 below.

5G> is often replaced by the 11 ~ boson mass. M\| . which is related to G, via the precise knowledge

of the muon lifetime.



Chapter 2

The Experiment

In this chapter the experimental apparatus is described. Section 2.1 briefly describes

the LEP collider and in section 2.2 an overview of the ALEPH experiment is given.

2.1 The LEP collider

CERN’s large electron-positron collider. LEP. was built to allow precision tests of the
Standard Model of particle physics through a high statistics study of the properties of
the Z° boson. LEP is a 27 km circular storage ring constructed inside a tunnel at an
average depth of 100 m at the foot of the Jura mountains near Geneva (figure 2.1).
Electrons and positrons are accelerated in four or eight bunches in opposite directions
using 128 conventional radio-frequency (RF) cavities. These bunches are steered around
the ring using 3368 dipole bending magnets and are made to collide at the centre of
4 large particle detectors situated in caverns around the collider. The dimensions of
the beam are ‘squeezed’ using 816 quadrupole and 504 sextupole magnets. Beam spot
dimensions of ~ 250 //m horizontally and ~ 15 //m vertically are achievable, giving
a peak luminosity of ~ 1.1 x 10llcm 'V 1. The maximum energy achievable is 60
Gev/beam although the machine is presently run close to the Z( resonance at 45.6

GeV/beam.
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Figure 2.1: The LEP collider.

In LEP phase 2, scheduled to begin early in 1996, the addition of 192 superconduct-
ing radio-frequency cavities will enable beam energies of up to 90 GeV to be reached.
This will allow the experiments to measure the IF mass and couplings via [V+W~

production, and to search for new particles and phenomena.

2.2 The ALEPH detector

ALEPH [12], shown in figure 2.2, is one of the four large particle detectors situated
around the LEP collider. Its role is to determine, as accurately as possible, the
nature, direction and energy of each particle created in a collision of a positron and an

electron. The number of particles created varies with each collision, but is around 40
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on average. ALEPH is made up of independent modular subdetectors, arranged as a
central cylindrical ‘barrel’ section closed by two ‘endcaps’, and covering almost 4 solid
angle. The dimensions of the detector are approximately 12x12x12 m and its weight

is about 3000 tons.

Figure 2.2: Schematic diagram of the ALEPH particle detector ; (a) silicon vertex
detector (VDET), (b) inner tracking chamber (I'TC), (c) time projection chamber
(TPC), (d) electromagnetic calorimeter (ECAL), (e) superconducting solenoid, (f)

hadronic calorimeter (HCAL) and (g) the muon cheimbers (MUON).

Nearest to the beam is a silicon strip micro vertex detector (VDET) used to tag the
presence of heavy flavour hadrons through precision tracking of their decay products.
Surrounding this is a cylindrical multiwire drift chamber, the inner tracking chamber

(ITC), which provides track coordinates in » and g) and is used for triggering. Outside
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the ITC is the primary tracking device of ALEPH, a large time projection chamber
(TPC) providing 3-dimensional track coordinates. A finely segmented electromagnetic
sampling calorimeter (ECAL) consisting of alternate layers of lead sheets and propor-
tional tubes, lies outside the TPC. All of these subdetectors are enclosed within a
superconducting coil which provides a uniform 1.5 Tesla magnetic field used for charge
and momentum measurement. The flux is returned in a large iron structure that
both supports the experiment and is a fully instrumented hadron calorimeter (HCAL).
Limited streamer tubes fill hollow slots in the (HCAL) and produce a digital pattern, as
well as an analogue signal from projective lowers for energy measurement. Finally, 92%
of the solid angle is surrounded by muon chambers which measure two 3-dimensional
coordinate for each penetrating charged particle. The luminosity is measured using
three separate luminosty calorimeters (LCAL. SICAL and BCAL) covering progressively

smaller angles.

2.2.1 Tracking

The silicon strip vertex detector

The primary motivation for the construction of silicon strip micro vertex detectors at
LEP was the potential to tag the presence of heavy flavour (charm and beauty) hadrons
through their lifetime. The ALEPH silicon vertex detector (VDET) [13] is shown in
figure 2.3. Two layers of silicon strip detectors are arranged in two concentric barrels
around the beampipe with average radii 6.5 cm and 10.7 cm and length 20.0 cm. The
solid angle coverage with active detector is 87% and 75% for the inner and outer layers
respectively.

The silicon strip detectors have readout strips on both sides. The strips on one side
are parallel to the beam direction and measure the azimuthal angle d>and the strips on

the other side are perpendicular to the beam and measure the 2 coordinate. With the



Figure 2.3: Schematic diagram of the VDET silicon vertex detector.

radius r given by the mechanical holding frame, the position of a single particle hit is
determined in cylindrical coordinates (7. o. z).

The readout of the detectors in both the o and £ side is performed with custom
designed VLSI CMOS amplifier chips, the CAMEX 64. The total number of analogue
readout channels is 73 728.

At normal incidence a particle traverses on average an amount of material equivalent
to ~ 4.1% of a radiation length. The point resolution of tracks at perpendicular
incidence is found to be 12 gm in » —o0 and 10gm in z  The addition of two
very high precision VDET points onto the helix ofa given charged track, measured
using the ITC and/or the TPC, improves the momentum resolution by ~ 25% from

Ap/p = 8.8 x 10-4 *p to Ap/p = 6.6 x 10-4 *p.
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The inner tracking chamber

The inner tracking chamber (ITC). is a conventional drift chamber 2 metres long and
positioned outside the VDET. It contains 960 sense wires strung between two aluminium
endplates, each sense wire being surrounded by field wires in a hexagonal cell. The cells
are organised into eight concentric layers ; the four inner layers having 96 cells and the
four outer, 144 cells. By measuring the drift time the » —0 coordinate is measured
with a precision of about, 100//.m. The "-coordinate is measured using charge division
with a precision of 30 mm.

As well as providing precise »r —<ftrack coordinates the ITC, due to its fast response

time, is used to provide tracking information to the level 1 trigger.

The time projection chamber

The time projection chamber (TPC) [I I]. shown in figure 2.4, provides most of the
charged track information in ALEPH. It lias an inner radius of 0.3 m and an outer
radius of 1.8 m, and is 4.7 m long. It provides up to 21 3-dimensional space points per
track and samples their ionisation energy loss up to 310 times.

Each end of the TPC is almost at ground potential and at the centre there is a
membrane of graphite coated mylar at -26 kY. Together with the inner and outer field
cages these create a uniform field at approximately 115 V/cm. Ionization electrons
drift from their production point to segmented proportional chambers on each end of
the TPC, where gas multiplication takes place. The magnetic field limits diffusion in
the » — ¢ plane. Cathode readout in the proportional chambers is via 21 concentric
pad rows, each pad being 6.2 mm long in tlie azimuthal direction and 30 mm in the
radial direction. The accurate position measurement of 180//m at 0° in » —4>is derived
from the sharing of induced charge between a number of neighbouring cathode pads.
The z coordinate is derived from measurements of the drift time with a resolution of

about Imm. The momentum resolution of the TPC alone is Ap/p = 1.2 x 10-3 *p at 45



Figure 2.4: The time projection chamber TPC.

GeV/c. The sense wires of the proportional chambers are used for measurements,
giving a resolution of 4.5% for Bhabha electrons. This information is used to separate

charged e, p, K and p.

Superconducting Solenoid

The ALEPH magnet is a liquid helium-cooled superconducting solenoid, creating a 1.5
Tesla magnetic field in the z direction at a current of 5000 A. The coil consists of a main
winding 5.3 m in diameter and 6.35 m long and has a total weight (coil and cryosta.t)
of 55 tons. The wire used is a niobium-titanium alloy and is operated at 4.3 Kelvin, at
which temperature it is superconducting. The field occupies a volume of 123 m3 and

its z component is uniform to within 0.2%. The radial and azimuthal components are



less than 0.4 and 0.04 % of the z component respectively.

2.2.2 Calorimetry

The electromagnetic calorimeter

The electromagnetic calorimeter (ECAL). is a sampling calorimeter and lies inside the
superconducting coil to minimise the amount of material in front of it. It is built in 36
modules, 12 in the barrel and 12 in each endcap. Each module contains 45 layers of
lead and proportional wire chambers. Cathode pads in each layer of the wire chambers
are connected to form towers pointing towards the interaction point. Each tower is
read out in ‘storeys’ of 4, 9 and 9 radiation lengths and has a solid angle coverage of
~ 0.90 X 0.9°. The granularity of the pads allows the centroid of each shower to be
located with angular resolution a0 — cr/sinO = 0.32 + 2.7/\/E (GeV) mrad, and the
longitudinal development of the showers can be observed on the 45 wire layers providing
good electron and photon id. The energy resolution of the ECAL is parameterised as

a/E = 0.01 + 0.18/JE(GeV).

The hadron calorimeter

The hadron calorimeter (HCAL) consists of 23 layers of iron each 50 mm thick with
limited streamer tubes between each layer. Pads running perpendicular to the streamer
tubes are connected in towers of solid angle ~ 3.7° x 3.7° pointing to the interaction
point. On the other side of the tubes are aluminium strips running the whole length of
each tube, their digital readout providing a 2-dimensional view of the shower profile.
The energy resolution of the HCAL is a/E = 0.84/\JE{GeV). The signals from the
streamer tubes are used bv the level 2 trigger to measure the energy deposition as a

function of depth.

25



The muon chambers

Outside the HCAL are two layers of limited streamer tubes which comprise the muon
chambers. The detector elements are similar to those of the HCAL with the difference
that they are instrumented with orthogonal strips running parallel and perpendicular
to the streamer tubes rather than connecting pads together in towers of solid angle.
Combined with knowledge of their position the muon chambers measure one or two 3-
dimensional space points for each track penetrating the HCAL. Together with the HCAL
the muon chambers are used to identify muons. For 95% efficiency misidentification of

hadrons is 1%.

2.2.3 Trigger

The philosophy of the ALEPH trigger is to record every e+e~ collision. The trigger
consists of three levels, sensitive to single particles or single jets. The level 1 and 2
triggers consist of specially built hardware that looks for signals in coarse segments of
the HCAL, ECAL, LCAL, ITC and TPC.

The level 1 trigger decides whether or not to iniliate digitization of the event. The

principal level 1 triggers in ALEPH are :

+ ECAL energy greater than 6.5 GeY inthe barrel or 3.S GeV in eitherendcap or

greater than 1.6 GeVin both endcaps in coincidence ;

*+ ECAL energy greater than 1.3 GeY ina module in the same azimuthal region as

an ITC track ;

» a particle penetrating HCAL in the same azimuthal region as an ITC track.

A number of subsidiary triggers provide high redundancy and allow trigger efficiencies
to be precisely determined.

Level 2 serves only to verify a level 1trigger by replacing ITC tracking information
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with more accurate TPC information available 50 /is after the beam crossing. A level 2
‘yes’ initiates full readout of the detector.

The level 3 trigger involves software analysis of the full detector readout and is used
to reject background such as beam gas interactions and off-momentum particles hitting
the vacuum chamber or collimators. Very loose criteria are applied to ensure that all
physics events are saved for analysis. The efficiency of the trigger is 100% for hadronic

Z° decays, ~ 100% for leptonic Z ¢ decays and 99.7 + 0/2% for Bhabha events.

2.2.4 Data acquisition

ALEPH consists of hundreds of thousands of subdetector elements each delivering 500
Mbytes of raw data per second. A highly sophisticated data aquisition (DAQ) system
is required to format and reduce the data to an acceptable level to be written on tape,
minimize the dead time and synchronize the data from each event.

Data, reduction is achieved using the trigger system described in the previous section
and by a process known as ‘zero suppression' where only those channels which have
signals above certain thresholds are read out. The DAQ has a modular structure to
match that of the detector and has a tree-like heirarchy with no communication between
elements on the same level.

The task of each element at each level of the hierarchy is as follows :

* Read out controllers (ROCs). Once triggered, the ROCs read out the sub-
detector specific ‘front-end’ electronics, apply calibration procedures if required

and format the data.

e Event builders (EBs) The EBs receive data from the ROCs and build a sub-

event at sub-detector level.

e Main event builder (MEB). The MEB combines the sub-events from the

various EBs and forms the complete event.
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* The event processor (EP). The EP (level 3 trigger) performs data reduction

on the complete event.

* The host computer. The host computer stores the data on disk and provides

facilities for on-line event display and detector performance monitoring.

* Event reconstruction. The event reconstruction in ALEPH is done ‘quasi-
online’ in a dedicated facility which outputs the reconstructed events to tape
which are then taken to the main CERN computer centre for storage and offline

analysis.

The operating conditions of the subdetectors such as voltages, temperatures, power
supplies, gas control etc. are controlled using a ‘Slow Control’ system. The system
detects any faults from the subdetectors and the associated electronics during data

taking. This information is then recorded with the rest of the event information.

2.3 Monte Carlo simulation

All Monte Carlo simulated data referred to in this thesis were produced using the
HVFLO3 physics generator. HVFLO3 is based on JETSET 7.3 [8] with the modification
that e+e*“ — ¢q events are generated using DYMB [16], which includes an improved
treatment of initial state radiation. Final state gluon and photon radiation is simulated
in JETSET 7.3. Also the simulation of certain inclusive and exclusive charmed and
beauty hadron decays are modified to reflect recent experimental observation.
Detector simulation is performed in the GEANI [17] framework. ‘Hits’ are produced
in tracks in the tracking detectors and are smeared by the appropriate resolution and
used to produce ‘raw data’ containing the same information as real events. Showers in
calorimeters are developed using GEANT tables and algorithms, but electron and positron

showers are parameterized using parameterisations established from test beam data.



Chapter 3

The forward-backward charge

asymmetry

The following chapters describe a measurement of the forward-backward charge asym-
metry, (Qfb), in bb decays of the Z° boson. (Qfb) |s sensitive to the underlying bb
forward-backward asymmetry, 4 BB. When interpreted in terms of the Standard Model,
A BB can be used to estimate the effective electroweak mixing angle, sin29\/J, which is
a prediction of the model once My. hIB and mt are known.

Section 3.1 introduces the forward-backward charge asymmetry, (Qfb), and in

section 3.2 the relationship between (QFB) and A'FB is described.

3.1 The forward-backward charge asymmetry, {QFB)

Previous electroweak [IS] and mixing [10] measurements have made use of the quark
charge retention properties of jets. As quarks are not observed directly, their charges
have to be inferred from the resulting hadronic final state. This is achieved by using a
weighted charge method originally proposed by Field and Feynman [20]. This method
is based on the premise that there is a liigli probability that the original quark is

contained in one of the leading hadrons.
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In each event the direction of the primary quark is estimated usingthethrust axis,

t, defined as the unit vector that maximises

E4 B1I
Ei=i IR1 -

where p, is the momentum of track i and the summation is over all reconstructed
charged and neutral tracksl. The thrust vector, £ is chosen to point in theforward

direction defined by the direction of the electron beam as shown in figure3.1.

Forward Thrust

Axis

Backward .

Hemisphere

+7

Figure 3.1: Schematic diagram showing tlu thrust axis and the forward and backward

hemispheres.

Each event is split into two hemispheres by a plane perpendicular to the thrust axis.

The hemisphere charge, Op, of the forward hemisphere is defined as

(3.1)

The reconstruction of the four-momenta of all charged and neutral particles in an event is described

in [21]
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where ¢f and p, are the charge and momentum of track 7 and k is a weighting parameter
chosen to optimise the sensitivity of the measurement. QB is defined similarly for the
backward hemisphere.

The forward-backward charge asymmetry, (QFB), is defined as the mean forward-

backward hemisphere charge difference averaged over all events :

(0fb) = (QF ~ Qb) * (3-2)

For a single quark flavour, /, (Q#B) is non-zero due to an underlying forward-back ward

<Q7b> = -0.01 53+0.0006(stat)
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Figure 3.2: The forward-backward hemisphere charge difference distribution in Monte
Carlo bb events for k = 0.5. The mean is shifted from zero due to the underlying

forward-backward asymmetry in the direction of the final state b guark.

asymmetry in the angular distribution of the final state quark, 4#B, the origin of which

is described in chapter 1. Figure 3.2 shows the forward-backward charge difference
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distribution in Monte Carlo bb events for k = 0.5.
In reality the event sample consists of a mixture of u, d, s, ¢ and b events and the
measured (QFB) is the sum of the five (Qfn), each weighted withitscorresponding

sample purity, Vf :

{OFB) = Y. {QOFB) V"’ . (3.3)

J=u,d,s,c,h

In this analysis, 66 events are tagged preferentially by identifying large impact parame-
ter charged tracks belonging to the decay products of long-lived 6 hadrons. A 6 purity,
P 6, of ~ 90% can be obtained, in which case the measured (Qfb) * very sensitive to

the 66 asymmetry, 4 BB.

3.2 Relationship between {QFB) A)hB

For a single quark flavour, /, (Qfb) can be written as :

W / V. H(Q'FB)+ H {Q ¥B)

WFB) ~ f@"% fﬁ”

where Nb is the number of events in which the quark, /, is produced in the forward
hemisphere and (QFB) is the mean forward-backward charge difference averaged over
all such events, etc. Using the trivial relation, (QFB) = —(Qfb)' equation (3.2) can be

written as

N7 (Q/b)-

(/L1 7e a

which defines the quark charge separation. Sf - (QFB).

or

Figure 3.3 shows the forward-backward charge difference distribution in Monte
Carlo uu events where the u or u quark is produced in the forward hemisphere.

The difference between the means of the distributions demonstrates that it is possible
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to distinguish, at hadron level, between a w and a u quark going into the forward

hemisphere. Similar distributions are obtained for the other quark flavours.
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14000
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Figure 3.3: The u charge separation 6U in Monte Carlo simulated data for Kk - 0.5.

If the tagging efficiency of ff events is uniform over the whole cos# range, then
the number of events in which the quark is produced in the forward direction, TV/,
is proportional to the corresponding cross-section, aF, and the forward-backward
asymmetry, 4 JB, can be written as

Atf  NF~N
Af'B =
Nf+NF

However, the event tagging efficiencies. s7 are not uniform over the whole angular

range, but fall towards zero near the edge of lhe VDET acceptance, as shown in figure 3.4

using Monte Carlo simulated data. If the maximum cos# acceptance is ¢, the following



b purity = 87%
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Figure 3.4: Event tagging efficiencies ef in Monte Carlo simulated data.

relation holds :

A'f - A'f Jo “msncos«)(l(cos0) - /°c” -f f(cosn)d{cos0)
Nf + Nf ~ B)d(cosff)
The tagging efficiencies, ef, are symmetric functions, so the only term remaining of
the numerator is that corresponding to the anti-symmetric cosO term in the differential
cross-section (1.11). For the same reason this term disappears from the denominator.
The coefficient of this term is proportional to the asymmetry, 4 /B, and so the

asymmetry drops out as a multiplicative factor :



The flavour dependent acceptance factors, C'f, depend on the form of the differential

cross section and tagging efficiencies. Inserting equation (3.5) into equation (3.4) gives

(OQF¥B) —& (' Ap) (3.6)

Finally, equations (3.6) and (3.3) give, for the forward-backward charge asymmetry :

(3.7)

Equation (3.7) contains all the elements of llie analysis and will be referred to in the
following chapters.

The forward-backward charge asymmetry. (Qfb), 1S measured in the hadronic data
sample collected in 1992 using different @ values and different cuts on the impact
parameter tag. The values obtained are presented in chapter 6. The evaluation of
the charge separations, 5r, are described in chapter 5. The u, d, s and ¢ background
charge separations are determined using Monte Carlo simulation and the b separation
is measured in data. Chapter 4 gives a description of the impact parameter tag used
to identify bb events. The evaluation of the purities, V f, and acceptance factors, CQ
are discussed there in detail. The most critical input to equation 3.7 are Vb and <b,
both of which are determined using very little Monte Carlo simulation. Consequently,
the interpretation of the measurement is insensitive to theoretical uncertainties in
the kinematics of b decays and in the fragmentation of heavy quarks. Finally, in
chapter 7, (QFB) is interpreted in terms of the Standard Model and 4 pB and sin26w

are determined.



Chapter 4

Tagging Z() —» decays using

track impact parameters

For a precision measurement of ABB it is desirable that Z (1 —mbb decays be identified
with a high efficiency and purity. This chapter describes the method used in the
asymmetry measurement. Those results relevant to the measurement are presented.

The b hadrons produced in Z" decays are found primarily in bb events. By detecting
signatures of these » hadrons, via their large mass and long lifetime, it is possible to
select bb events with good efficiency and little background. In this analysis, track impact
parameters are used to tag b hadrons. The algorithm relies on the precision tracking
afforded by the ALEPH double-sided silicon vertex detector (VDET) and is described
in [22]. Section 4.1 summarise the main stages of the algorithm.

The asymmetry measurement requires an accurate determination of the quark
tagging efficiencies. Section 4.2 describes an ALEPH measurement of the Z° —mbb
branching fraction, i'bb/T had, using the impact parameter tag [23]. Within this analysis
the uds and c efficiencies are determined using a combination of Monte Carlo simulation
and information within data. Their values are then used to estimate values for the b

efficiency and YAW/'r had by measuring the relative rates of single and double tagged
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events. The method is insensitive to Monte Carlo modelling of b quark production and
of b hadron production and decay properties.

Finally, section 4.3 describes a study of the angular dependence of the tag, an
accurate modelling of which is crucial for the asymmetry measurement. The flavour

dependent acceptance factors introduced in chapter 3 are evaluated.

4.1 The impact parameter tag

4.1.1 Track impact parameters

The impact parameter, S, of a charged particle’s trajectory is its distance of closest

approach to the Z° decay point. Figure 4.1 shows a schematic diagram of a » hadron

7’ decay point

\ Bhadron
decay point

track impact
parameter S

Figure 4.1: Schematic diafjram of a b hadron decay

decay, with the impact parameter of one of its decay products indicated. The b
hadrons produced in Z° decays typically travel 2-3 mm, before decaying into about
5 charged particles, including the decay products of secondary charmed hadrons. The
masses of the final decay products are an order of magnitude less than those of the b

hadrons themselves, resulting in highly energetic decays. Consequently, bb events are
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characterised by the presence of many charged tracks with significant impact parameters
with respect to the Z° decay point (or primary interaction point). Charmed hadrons
have similar decay lengths to those of » hadrons, but are lighter and their decays
have lower charged m7gqq 7 :Ces (~ 2 or 3). In contrast, most of the tracks in
Z° —y uu, dd, ss events originate from the primary interaction point. Therefore, by
selecting events with many high impact parameter charged tracks, a high purity bb

event sample can be obtained.

jet direction J

track helix

track linearisation
point

Figure 4.2: The reconstruction of track iniparl parameters. A is the primary interaction

point.

Using the precise 30 tracking for charged tracks afforded by the VDET, accurate
estimates of the true impact parameters can be made. They are measured using the
following prescription (see figure 4.2). The tracks in an event are clustered into jets [24,
25], the jet definition having been optimised to reproduce the directions of » hadrons
within bb events. Each track helix is linearised at the point where it is closest to its
associated jet. The impact parameter. S. of a charged track is then defined as the

distance of closest approach of the corresponding linearised track to the reconstructed



primary interaction point [26], and is signed according to
_A
S = sign((B —A4) *J) S , 4.1)
i.e. S is positive if the point of closest approach of the track helix to its jet lies in that
half of the event defined by the jet direction. Due to the finite experimental resolution,
a random sign is assigned to tracks which originate from the primary vertex.
Using this algorithm, the measured resolution, rrj, on the three dimensional impact
parameter, for tracks with at least one VDET hit and momentum above 3 GeV is

about 50 pm.

4.1.2 The tag variable

This section describes the processing of the impact parameters producing a variable
that can be used to tag Z° —>bb events.

Using the reconstructed primary interaction point and the » hadron flight directions,
the impact parameters of all charged tracks in an event are evaluated. The statistical
resolution on the impact parameter varies as a function of momentum, angle and
the number of reconstructed coordinates within the vertex detector. These functional
dependences can be removed by considering, not the measured impact parameter itself,
but its estimated statistical significance. S/0”. Figure 4.3 shows the signed impact
parameter significance distribution in Monte Carlo simulated events. The distribution
would be symmetric about zero if all tracks originated from the primary interaction
point. The excess on the positive side is the lifetime signal, and is attributed to high
impact parameter tracks from the decays of b hadrons and, to a lesser extent, ¢ hadrons.
The negative half of the distribution is a measure of the background under the lifetime
signal.

Figure 4.4.a shows the negative half of figure 4.3 normalised to unity and the same

distribution for the 1992 data. Due to imperfect modelling of the detector response the
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Figure 4.3: The signed impact parameter significance distribution in Monte Carlo

hadronic events.

standard Monte Carlo does not reproduce the distributions obtained in the data. To
improve the agreement an exponential smearing is applied to random Monte Carlo
tracks. After applying this correction a good agreement is obtained as shown in
figure 4.4.b.

The data distribution is fitted with the sum of a gaussian and two exponentials.
This fit is a direct measurement of the experimental resolution of the impact parameter
significance and is used to assign to a given positive impact parameter track, a
probability P(, that it originated from the primary interaction point. Given a track
with impact parameter significance S/(rp its probability. Pt, is defined as

Pt{*/<rg)= Ri{x)dx, “4.2)

J\6/ag\
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Figure 4.4: (a.) Negative impact parameter significance distribution in data and in

standard Monte Carlo data. (S 8/06.) (b.) The ratio of the negative impact

parameter distributions for standard and smeared Monte Carlo over data.

where R is the fit to the negative impact parameter significance distribution. That is,
P48/<7-5) is the probability that a track originating from the primary vertex could be
measured to have an impact parameter significance 8§/  or greater.

Each b hadron decays to ~ 5 charged particles, all of which can have large positive
impact parameters. By combining the impact parameter information from all such
tracks within an event, a tag variable can be constructed which can be used to
distinguish bb events from those of lighter quarks.

Each event is split into two hemispheres defined by the axis of the highest energy
jet. In each hemisphere the track probabilities, Pz. of those tracks with positive impact
parameters are combined to form a hemisphere probability, Pi. For a hemisphere
containing N positive impact parameter tracks, Ph is the probability that N tracks
all originating from the primary interaction point, could reproduce the observed set of

track probabilities, or any other set equally likely or more unlikely. Figure 4.5 shows
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the Ph distributions obtained in the 1992 data and in Monte Carlo simulated data.

By accepting only those hemispheres with a Ph value below an arbitrary cut value, b
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4.1.3

Figure 4.6.a shows the hemisphere tagging efficiencies,

hemisphere purity obtained using Monte Carlo data for different cuts on Ph. The w, d

and s hemispheres are grouped together because in Monte Carlo data they have almost
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Figure 4.6: Monte Carlo (a) hemisphere and (b) event tagging efficiencies and their

corresponding b purities as a function of the cut on the tag variable Ph.

identical tagging efficiencies.
An event can be tagged if at least one of its hemispheres passes a chosen cut on
Ph. The resulting event tagging efficiencies, £f, are related to the hemisphere tagging

efficiencies, by

s'= 2A(1 -

The c¢J are correction factors which take into account any correlations between the

tagging probabilities in the two hemispheres. Their relation to the classically defined



correlations is given in the next section. Figure 4.6 shows the event tagging efficiencies,

e*, and the corresponding b purities obtained using Monte Carlo data.

4.2 Determination of the hemisphere tagging efficiencies

This section describes the ‘double-tag’ method used to determine the » hemisphere
tagging efficiency, eh, and the Z° —» bb branching fraction, »bb/r had. The method was
developed for an ALEPH measurement of YA''/Vhad. The values obtained for the uds,
c and b hemisphere tagging efficiencies are used to calculate the corresponding event
tagging efficiencies required for the asymmetry measurement. Section 4.2.1 describes

the method and the results are presented in section 4.2.2.

4.2.1 The ‘Double Tag’ method

The b hemisphere tagging efficiency, sbh, and the Z° —>bb branching fraction, rb/'T had,
can be determined by measuring in the data the relative rates of hemispheres tagged
and events where both hemispheres tag.

For a particular cut on the hemisphere probability, Ph, the total fraction of
hemispheres tagged, Fh, can be written as

p66 pcc pcc p66
P _ ch 1 pec I \cuds (4
" p/iad”1 p /lad ~b ! p/iad p/iad ' b ’ v o/

where the trivial relation, rnu+ Fdd+ Ts>+ rdo -f F6*= rw has been used. Similarly,
the fraction of events where both hemispheres are tagged is given by

po66 pcc pcc po66
D — rb 1 ce i /i \Fuds /a T\
d p had~d p/((jrf'd \% p/ind p had * d 1 A\

where sd are the double tag efficiencies.
Because of correlations between the tagging probabilities of the two hemispheres,
e " The correlations have two main sources. Firstly, momentum conservation

within an event induces a correlation between the total momentum in each hemisphere,



and since the hemisphere probabilities are inherently dependent on momentum, a
correlation between the two probabilities is introduced. Secondly, the tracks in both
hemispheres originate from the same point in space, the primary interaction point.
Therefore, any error on the reconstructed primary vertex will introduce a correlation

between the apparent lifetime in the two hemispheres, and hence on their tagging

probabilities. Classically, the correlations, , are defined as
G (O\-
A'' =% (4.6)

4 - (4r-

and are related to the correlation corrections. ¢r. of section 4.1.3 by
= A'l(l - s') +1

Only the 6-hemisphere correlations need be evaluated, since the other correlations have
a negligible effect on the final p66/pw and sh values.
Using equation (4.6) to substitute for sd in equation (4.5) the following expression

for Fd is obtained :

p66 pcc pef pt>6
T2 - (26)\2 _ﬂ Ifay\tZ* on \(Auds\lt,
Y'had™f1 ~ph a d T V p had p hadf"
po66
+ - (4)2) m (4.8)

Equations (4.4) and (4.8) can then be used to solve forr /T and £h :

IT? T'eS/r'had (,-c r~uds\ iruds\2
p66 /r'had vih / 1-1 -h I -h )
' ~ [Fd- -eln2 (B« 2Fkef - A¥rttyr«del - (4)3))
(4.9)
and
(Fd- - eid’)- Fhs - - vin2)
* (Fh .

These two equation are not a closed form but can be solved iteratively since | bis small.



4.2.2 Experimental Results

Events are required to pass the standard ALEPH hadronic event selection discussed in
detail in chapter 6. In addition, the two highest momentum jets in each event must
have energies of more than 10 GeV, and must lie wit hin the polar angle acceptance,
|cos0|] < 0.7. These cuts give an overall acceptance of ~ 57% leaving a data sample
of 398 000 hadronic events. It is important to note that this event selection is different
from that used in the asymmetry analysis. This point is addressed below.

The 6-hemisphere correlations, A\ are estimated using Monte Carlo simulation and

are shown in table 4.1. The uds hemisphere tagging efficiency, has two sources ;

Ph < Ab c6

0.0100 -0.0217 = 0.0032 0.9830 £ 0.0028
0.0050 -0.0227 = 0.0039 0.9779 £ 0.0040
0.0010 -0.0220 = 0.00 10 0.9663 = 0.0063
0.0005 -0.0212 + 0.0035 0.9608 + 0.0065

0.0001  -0.0201 £+ 0.0027 0.9441 + 0.0076

Table 4.1: The h hemisphere probability correlations, Xh, and the corrections, cb.

Ph < -Gﬁdg £h

0.0100 0.0198 + 0.0030 0.1299 + 0.0064
0.0050 0.0117 = 0.0021 0.0932 £ 0.0054
0.0010 0.0041 = 0.0015 0.0415 + 0.0036
0.0005 0.0026 =+ 0.0010 0.0289 = 0.0030

0.0001  0.0009 £ 0.0005 0.0118 = 0.0018

Table 4.2: The uds and ¢ hemisphere tapping efficiencies.
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that due to real lifetime within uds events (eg. A'® and hyperons), and that due to
the finite impact parameter resolution. The latter is estimated using the negative
impact parameter significance distribution of figure 4.4. The uds efficiency due to real
lifetime and the c efficiency, £&, are estimated using Monte Carlo simulation. The values
obtained are shown in table 4.2.

Using the hemisphere correlations of table 4.1, the background hemisphere tagging
efficiencies shown in table 4.2, and rcc/T had constrained by the Standard Model,
equations (4.9) and (4.10) are solved and the resulting solutions are presented in
table 4.3. The errors shown are the total errors due to the uncertainty on each of

eb, A6 and the statistical errors on Fh and Fd.

Ph < oh p66yp/iarf

0.0100 0.5601 + 0.0186 0.2192 £ 0.0073
0.0050 0.5073 + 0.0J42 0.2188 = 0.0061
0.0010 0.3949 £ 0.0081 0.2174 + 0.0044
0.0005 0.3506 £ 0.0063 0.2188 + 0.0039

0.0001 0.2645 + 0.0041 0.2187 = 0.0034

Table 4.3: The eh and 1 /P values obtained by solving equalions J,.9 and 4.10.

The event tagging efficiencies, £f, are then calculated using equation (4.3) and are
shown in table 4.4. Finally, the event tagging efficiencies are used to evaluate the quark

purities, V' *, according to :

cf rJf

VI =% cipii (10,

Table 4.5 shows the purities obtained using the »bdW/T had values given in table 4.3
and Standard Model values for the other branching fractions. In the electroweak
interpretation of the measured forward-backward charge asymmetry the purities are

calculated using equation (4.11) and YbV/'T had is constrained to agree with its measured



£fuds

£C

Ph < e6

0.0100 0.0393 £ 0.0058 0.2429 + 0.0110 0.8118 + 0.0167
0.0050 0.0*232 £ 0.0041 0.1777 + 0.0098 0.7630 £ 0.0143
0.0010 0.0082 + 0.0030 0.0813 + 0.0068 0.6391 £ 0.0100
0.0005 0.0051 £ 0.0020 0.0570 = 0.0059 0.5831 £ 0.0084
0.0001  0.0018 £ 0.0009 0.0235 + 0.00.36 0.4630 £ 0.0062

Table 4.4: The quark event tagging efficiencies, sr. These are calculated using equation

(4-3)- The are taken from table /,.! and J.S and the b hemisphere probability
correlations, Xb, from table f.2.
n < pu wd Vf pc pb
0.0100 *270 £ 0.38 3.43 £0.48 3.74 = 0.52 17.07 £ 0.83 73.10 = 1.47
0.0050 1.79 = 0.30 *231 £ 0.39 2.61 + 0.44 1436+ 0.79 7894 = 1.28
0.0010 0.80 + 0.29 1.07 + 0.38 1.32 £ 0.47 8.81 = 0.71 88.01 = 1.25
0.0005 0.56 £ 0.21 0.75 = 028 092 £ 035 6.93 £ 0.68 90.84 = 1.03
0.0001 028 £ 0.14 0.33 + 0.17 0.41 = 0.21 3.77 £ 0.57 95.21 = 0.75
Table 4.5: The sample purities, Pr. obtained using equation (J. 10).

value for each tag cut, shown in table 4.3. In this way the correlations between the

measured Ybb/T had and eb values are corrrectlv taken into account. The u, d, 5 and ¢
branching fractions are allowed to float within their Standard Model limits.

As mentioned above, the event selection used to obtain the results in table 4.5 is
different from that used in the asymmetry analysis (see chapter 6). It is important to
check that the sample purities obtained are independent of the event selection used.

Table 4.6 below shows the true purity values obtained when the impact parameter tag

is used on Monte Carlo data satisfying each of the event selections. It is clear that there



P < '‘pu pd p. pc pb
Vbb analysis event selection
0.0100 2.73 £ 0.03 3.49 £ 0.04 3.81 £ 0.04 17.71 £ 0.08 72.30 £ 0.16
0.0050 185+ 0.03 239+ 0.03 268+ 0.03 1503+ 0.08 78.08+ 0.18
0.0010 0.75 + 0.02 1.02 £ 0.02 124+ 0.03 936+ 0.07 87.64 £ 0.22
0.0005 054 +£ 0.02 0.74 £ 0.02 090 £ 0.02 7.42 £ 0.07 9041 £ 0.24
0.0001 028 £ 0.02 0.35+ 0.02 0.42 + 0.02 4.15+ 0.06 94.80 + 0.28
ApB analysis event selection
0.0100 2.72 £ 0.03 3.48 + 0.03 3.77 £ 0.03 16.88 = 0.07 73.20 £ 0.15
0.0050 1.85+ 0.03 238 + 0.03 2.65+ 0.03 1428 + 0.07 78.87 = 0.17
0.0010 0.76 £ 0.02 1.02 £ 0.02 123+ 0.03 889+ 0.07 88.13 = 0.21
0.0005 0.54 £ 0.02 0.74 £ 0.02 0.89 + 0.02 7.07 £ 0.06 90.77 + 0.23
0.0001 0.29 £ 0.02 036 £ 0.02 0.42 £ 0.02 397 £ 0.06 9497 £ 0.27

Table 4.6: The sample purities obtained using the impart parameter tag on Monte Carlo

data samples satisfying the two different event selections.

are small but significant discrepancies in the ¢ and, more importantly, the b purities.

This effect is taken into account as an extra systematic error.

4.3

Angular dependence of the event tagging efficiencies

In this section a study of the angular dependence of the impact parameter tag is
described. Section 4.3.1 describes the modelling of the angular dependence of the

quark tagging efficiencies and in section 1.3.2 the resulting fits are used to calculate the

flavour dependent acceptance factors introduced in chapter 3.
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4.3.1 Modelling the angular dependence

The maximum polar angle coverage of the inner and outer layers of VDET are 0.84
and 0.69 respectively. As the event axis approaches the edge of the VDET acceptance
some charged tracks will pass outside its angular coverage, causing the efficiency of the
impact parameter tag to decrease. This effect is shown in figure 4.7 for data and Monte

Carlo. The agreement is reasonable over the whole angular range. Any difference in

e Data
rrLMonte Carlo

Ph<0.01

25

Ph<0.001

m Ph<0.0001 -

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
cost?

Figure 4.7: Total event tagging efficiency. Cotal. in data and Monte Carlo where 6 is
the polar angle of the event axis. The approximate h purities corresponding to each of

the cats on Ph are, from top to bottom. 74. 88 and 95%.

overall normalisation of data and Monte Carlo is not critical for reasons described in
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section 4.3.2. What is important is that the Monte Carlo accurately models the loss of

efficiency close to the edge of VDET.

b purity = 87%

10

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
cosis

Figure 4.8: Monte Carlo event tagging efficiencies, es, as a function of the thrust axis

polar angle for a tag cut of Ph < 0.001 which corresponds to a b purity of ~ 87%.

The angular dependence of the b, ¢ and uds tagging efficiencies are different due to
the different distribution of lifetime within their jets, as shown in figure 4.8 (note the
log scale). The lifetime in el and s events is due in part to the finite resolution of
the track impact parameter measurements as discussed in chapter 4, and is distributed
evenly throughout their jets. As a result their tagging efficiencies demonstrate a gradual
decrease starting close to the centre of tlie detector. In cc events, owing to the small

¢ quark mass (compared to that of the b quark), the ¢ hadron decay products are



located close to the event axis. This allows the cc event tagging efficiency to maintain
a constant value out to cost) = 0.5 at which point it drops dramatically as each event
loses the 2 or 3 charged tracks possessing lifetime. In contrast the decay products of b
hadrons in bb events are more plentifull (~ 5) and are spread more evenly around their
jet axes. Consequently, the bb event tagging efficiency shows a slower decrease at the
edge of the VDET acceptance.

Each quark efficiency distribution is required for the asymmetry measurement and
must be taken from Monte Carlo. However, with a 5-purity of ~ 90% any systematic
errors arising from uncertainties in these distributions are dominated by that of the b
efficiency. Furthermore, the good agreement between data and Monte Carlo in figure 4.7
demonstrates the good Monte Carlo modelling of the angular dependence of the b-
efficiency since these distributions are dominated by that of the b efficiency.

The separate 5, ¢ and uds Monte Carlo efficiency distributions are fitted with 3

parameter functions of the form

iP if cost) < q)
+ p*(cost) —a-f)J if cost) > Qf .
(3* isthe valueofthetagging  efficiency in the centre of the detector, oJis the cost)
value at whichthefiniteacceptance effects begin and pf is the quadraticcoefficient

describing the fall in the efficiency ai Ihe edge of acceptance. The fits are superimposed

in figure 4.8.

4.3.2 The flavour dependent, acceptance factors

The above fits are used to calculate the flavour dependent acceptance constants, C*,

introduced in chapter 3 :



where ¢ is the maximum cos6 acceptance, chosen to be 0.8 corresponding to the
approximate maximum acceptance of VDET. The C? depend on the form of the
differential cross section. For computational ease they are calculated using the Born
level cross-section. No observable difference is seen if the fully corrected cross section is
used instead. It is important to note that the overall normalisation of the efficiencies,

e*, cancels in the ratio. Only their angular dependence is important for the evaluation

of the Cf.
0]
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o o
- . -
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D o * e o
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L m c acceptance
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Figure 4.9: The flavour dependent acccpt.ancf factors C f evaluated using Monte Carlo

events passing a tag cut of Ph < 0.001 which corresponds to a b purity of 87%.

Figure 4.9 shows the dependence of the C { on the maximum cosO acceptance. The

acceptance factors represent the fraction of the asymmetry ’seen' bv the detector and



are equal to 1.0 if the corresponding efficiency, e*, is uniform over the whole angular

range. Cnds and Cc do not increase beyond 0.8 because the efficiencies euds and ec are

effectively zero in this region. The small increase in Cb achieved bv going beyond 0.8 in

cosfl is outweighed by the lack of understanding of the performance of the lifetime-tag

in that region.

Ph <

0.0100

0.0050

0.0010

0.0005

0.0001

tstat £ syst

0.815

+0.004 £ 0.00%2

0.801

+0.005 £ 0.003

0.790

+0.007 +£0.00%*2

0.784

+0.015 + 0.011

0.766

+0.028 +£0.018

cd

dszstaf = syst

0.818
+0.003 + 0.00%2
0.806
+0.004 = 0.003
0.774
+0.005 £0.003
0.76*2
+0.008 = 0.004
0.730

+0.014 £ 0.005

tstat £ syst

0.813

+0.003 £0.001

0.804

+0.005 £ 0.003

0.77%2

+0.006 = 0.003

0.765

+0.008 £ 0.005

0.760

+0.014 £ 0.006

Cc

tstat, £ syst

0.811

+0.001 = 0.001

0.800

+0.002 £ 0.002

0.777

+0.003 £0.003

0.767

+0.003 £ 0.003

0.743

+0.006 = 0.007

Table 4.7: The flavour dependent acceptance constants C!.

Cb

dtstat + syst

0.848
+0.001 = 0.001
0.841
+0.001 + 0.002
0.82%2
+0.001 +£0.003
0.814
+0.001 £0.003
0.796

+0.001 £0.003

To calculate the Monte Carlo statistical error on each C,f the corresponding distri-

bution containing the number of ff events tagged as a function of cosO is regenerated

with multinomial fluctuations in the number of entries in each bin. The corresponding

efficiency distribution is fitted and Cf re-calculated. This procedure is repeated many

times and the resulting spread in C f values is taken as its statistical error. In this way

the correlation between the parameters of the fit are correctly taken into account.

A systematic error is assigned to each C,f to account for any difference between



the data and Monte Carlo total tagging efficiency distributions (figure 4.7). Both
distributions are regenerated as for the statistical error evaluation. They are then fitted
and their ratio (data/MC) at the centre of each cosO bin is applied as a correction to
the original quark distribution, and Cfl is re-calculated. This process is repeated many
times and the resulting spread in C’f is added to any shift in its mean value from the
Monte Carlo default value to form its systematic error. The acceptance factors and

their statistical and systematic errors are shown in table 4.7.
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Figure 4.10: The cc event tagging efficiency sc as a function of the cosh, with the
central region (cosh ~ OJ modelled with a cubic dependence. The resulting decrease in

the acceptance factor Cc compared to a flat, cosh dependence in the central region is less

than 0.1%.
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Near the centre of VDET there is a ring. ~7g wide, for which there is no charged
particle detection. The effect of this hole on the efficiencies is evident, if at all, only
in the c efficiency, ec, as shown in figure 4.10 (linear scale). By modelling this region
with a cubic cosO dependence the acceptance factors were recalculated. The resulting

decrease in Cc is less than 0.1%, so the effect can safely be ignored.

4.4 Summary

The impact parameter tag. used to seleci bb decays of the Z°, has been described in
detail. The event tagging efficiencies and purities have been measured and are presented
in table 4.4. The angular dependence of the tag’s performance was studied and the
flavour dependent acceptance factors, defined in equation (4.12), were evaluated. These
are shown in table 4.7. Both these quantities are required for the interpretation of the
measured charge asymmetry, (Qrn)> in terms of the underlying bb forward-backward

asymmetry, A pn, according to equation (4.7) of chapter 3.
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Chapter 5

Quark charge separations

In this chapter the quark charge separations, Sf. introduced in chapter 3, are evaluated.
Section 5.1 describes the evaluation of the charge separations using Monte Carlo
simulation and their systematic errors due to uncertainties in the fragmentation process
are determined. In section 5.2 a measurement of the b charge separation is presented.
The method used is insensitive to Monte Carlo simulation of » quark production and b

hadron production and decay.

5.1 Monte Carlo quark charge separations

This section describes the evaluation of the charge separations using Monte Carlo
simulation. Monte Carlo events are selected using the standard ALEPH hadronic event
selection discussed in chapter 6 and are required to have their thrust axis within the
VDET polar angle acceptance, |cosO| < 0.8. This selection has an efficiency of about
74%, leaving ~240,000 u# and c events and ~3 10.000 4. .s and b events.

For the hemisphere charge calculations charged tracks with momentum transverse

to the incident beam direction less than 200 MeV/c are not used (see chapter 6).



5.1.1 .« dependence

Figure 5.1 shows the forward-backward hemisphere charge difference distribution in uu

events for four different x values (see equation 3.1). For small ac, approximately equal

20000 9000
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12500 _u forward u forward 6000
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10000 o
7500 <000
5000 2000
2500 1000
0
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Qr-Qi

7000 70000 K=00
6000 60000
5000 50000
4000 40000
3000 30000
2000 20000
1000 10000
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Figure 5.1: The forward-backward hemisphere charge difference distribution in uu

events for four different « values.

emphasis is placed on each track in the hemisphere charge calculation. As i increases
more emphasis is put on the leading tracks in the hemisphere, causing the mean charge

separations to increase in magnitude, but their widths also increase. Figure 5.2 shows



the K dependence of the charge separation significance, S*, defined as

f -
S a/si) - (5.1)

where <r(<") is the width of the charge separation distribution. It is clear that the most
significant b charge separation, for instance, is obtained for n ~ 0.5.
in 0.8
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Figure 5.2: The quark charge separation significance S f as a function of K.

In figure 5.3 the Kk dependence of all five quark charge separations are shown. As
one might expect the charge 1 quarks /<. s. U have similar charge separations and are
smaller than that of the u quark (charge | ). However the ¢ charge separation is much
smaller than that of the u and decreases with increasing k. This is because when a
charged D* meson, containing one of the original ¢ quarks, decays to a D meson and a
soft pion, the pion carries the ¢ quark charge with it. As a result the ¢ quark charge has
little influence on the hemisphere charge, especially for large kK when only the highest

momentum tracks contribute.
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Figure 5.3: The K dependence of the quark charge separations. The d, s and b charge
separations are in fact negative, but for easy comparison of their magnitudes the absolute

values are shown.

5.1.2 Impact parameter tag cut dependence

The impact parameter tag selects events with visible lifetime in the form of charged
tracks with large impact parameters. The significance of the impact parameters are
intrinsically dependent on momentum. Consequently, the tag introduces a bias in the
charged multiplicity and mean momentum of tracks within hadronic events, preferring
a large track multiplicity and a lower average momentum. This has the efTect of
decreasing the quark charge retention properties of event hemispheres and hence the
quark charge separations. This effect is shown in figure 5.4 for the m d, s and c charge
separations. The effect is worse for the .s and c¢ separations since a large fraction of
ss and cc events have visible lifetime and are therefore more likely to be affected by

the bias introduced by the tag. Any visible lifetime within uu and dd events is spread
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Figure 5.4: The effect of the impact parameter tag on the qaark charge separations.

Ph < 1.0 is equivalent to NO tag.

more evenly throughout, the events since this lifetime is clue largely to the finite impact

parameter resolution

5.1.3 Fragmentation systematic errors

The charge separations depend on the fragmentation parameters used in the Monte
Carlo simulation. By varying the relevant parameters in JETSET 7.3 within their

experimental or theoretical limits systematic errors on the separations are determined.
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The fragmentation parameters and their ranges are shown in table 5.1.

fragmentation Default  lower upper
Parameter value limit limit
Aocp 0.311 0.286 0.336

M 1.900 1.740 2.060

a 0.347 0.336 0.358

th 0.006 0.0043 0.0055

v/ (v + PS)uJ 0.500 0.300 0.750

v/ v + 0.600 0.500 0.750

v/ (V. +)et 0750  0.434  0.630

5 0.300 0.270 0.330
Xd 0.164 0.118 0.180
X* 0.250 0.250 0.499

Baryon Fraction 0.100 0.080 0.120

Popcorn Parameter 0.500 0.000 2.000

Table 5.1: The fragmentation parameters and their current ranges.

In practice the systematic errors on the charge separations are evaluated as in the
following example for the u charge separation and the parameter AQ9CcD- Samples of
uu events are generated with different values of AoCcD- For computational expediency
the simulation of detector effects is not included. The a separations are then evaluated
within each event sample. Figure 5.5 shows the percentage change in Su from its default
value for each AgQcD value. The maximum possible gradient consistent with the five
points is estimated and used to make a conservative estimate of the percentage change
in Su due to the variation of AQCcb- The change is then scaled to the u separation

evaluated including the simulation of detector effects.



2
0
-2
experimental
ronge of A**
-4

0.24 0.26 0.28 0.3 0.32 0.34 0.36 0.38 0.4 0.42
AjCO

Figure 5.5: AQCD dependence of the II charge separation 8Ufor n = 1.0.

The total theoretical systematic errors on the &8f are obtained by adding in
quadrature the errors from the variation of each of the fragmentation parameters and
are shown in table 5.2 for u, 1/, s and ¢ events passing a tag cut of P2 < 0.001. Also

shown for comparison are the Monte Carlo statistical errors.

5.2 A measurement, of the » charge separation using the

impact parameter tag

The systematic error on the Monte Carlo predicted & charge separation &b due to
uncertainties in b quark fragmentation and » hadron production and decay properties is
~ 14%. For this reason and the fact that the asymmetry measurement is very sensitive
to any uncertainty in Sb, it is desirable that the b charge separation be measured in

real data. This section describes a measurement of 80 in the 1992 data, sample using
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Table 5.2:

0.1985

0.0079 £ 0.0141

0.2215

0.0087 £ 0.0157

0.2448

0.0096 + 0.0173

0.2901

0.0118 + 0.0205

0.3313

0.0142 £ 0.0235

0.3499

0.0153 + 0.0248

0.3827

0.0174 £ 0.0271

0.4215

0.0202 + 0.0299

0.4645

0.0237 = 0.0329

0.5565

0.0383 + 0.0394

Sl

+{stat) £ {syst)

d

0.1064

0.0066 = 0.0152

0.1158

0.0071 = 0.0166

0.1254

0.0078 = 0.0179

0.1445

0.0095 = 0.0207

0.1621

0.0115 = 0.0232

0.1700

0.0125 + 0.0243

0.1841

0.0144 £ 0.0263

0.2009

0.0169 = 0.0287

0.2205

0.0202 + 0.0315

0.2636

0.0344 £ 0.0377

errors in events passing a tag cut of Ph < 0.001.
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0.1236

0.0063 = 0.0116

0.1399

0.0067 = 0.0131

0.1566

0.0074 £ 0.0147

0.1897

0.0091 £ 0.0178

0.2199

0.0109 = 0.0206

0.2335

0.0118 £ 0.0219

0.2572

0.0135 = 0.0241

0.2850

0.0157 £ 0.0267

0.3149

0.0186 = 0.0295

0.3793

0.0314 + 0.0355

0.1376

0.0021 = 0.0178

0.1345

0.002.3 + 0.0175

0.1303

0.0025 = 0.0169

0.1193

0.0031 + 0.0155

0.1065

0.0037 + 0.0138

0.0999

0.0041 + 0.0130

0.0872

0.0047 + 0.0113

0.0704

0.0056 + 0.0091

0.0498

0.0067 = 0.0065

0.0041

0.0116 + 0.0005

The u, d, s and c charge separations and their statistical and systematic



the impact parameter tag [28] [29]. In the following subsection a brief outline of the
method is given, section 5.2.2 presents the experimental results and in section 5.2.3 the

b charge separation is determined.

5.2.1 Principle of the measurement

For each hadronic event the forward-backward hemisphere charge difference Q FB and

charge sum Q are given by

OFB = QF ~ QB i
0=0f+08B, (5.2)

(5.3)

where the forward and backward hemisphere charges are calculated as in chapter 3.1.
Schematic @ fb and Q distributions are shown in figure 5.6 for bb events. It is possible
to evaluate the b charge separation. Sh, by exploiting the difference between the widths
<Jfb and <, of the @fbh and Q distributions respectively.

The quantity S defined as

P =a]B - fij (5.4)

is measured in data samples of varying Bpurity. By fitting the purity dependence of §

and extrapolating to 100% b purity db is obtained :

which can be expressed in terms of Sh as follows

(89* = d*)2+ {QFB)2+ 4 «<QFQB) ~ {QF){QB)) * (5.6)

The derivation of this relation is given in [28]. The term 4 {{OFQOB) —(QF)(QB)) is

the correlation between the forward and backward hemisphere charges and is evaluated
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Figure 5.6: Schematic QFB an-d Q distributions in bb clients.

using Monte Carlo simulation. (QFB) is the forward-backward charge asymmetry in bb
events and is estimated using the charge asymmetry measured in data with a b purity

of ~ 95%. {(Qf0b) ~ (Qf)(0Db)) alKl (QfB) are Slliall ar*d enter equation 5.6 only as

corrections. (For zero asymmetry and no hemisphere charge correlations Sh= Sb.)

5.2.2 Experimental results

Events are selected using the standard ALEPH hadronic event selection described in
chapter 6 and the thrust axis is required to lie within the VDET approximate polar
angle acceptance, |cos#| < 0.8. The raw § values are evaluated using equation 5.4 and

are shown in figure 5.7 for a range of # values. Before these values can be used in an
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extrapolation to 100% b purity they have to be corrected for any bias introduced by

the impact parameter tag.

¢« Forx = 2.00

O Forx = 1.00

o Fork =0.80

A Fork = 0.50

m Fork =10.30
0.3
$0.25
0.2
0.15

0 20 40 60 80 100

b Purity (in percent)

Figure 5.7: The variation of the raw S mines in data as a function the b purity of the

event subsample.

The tag algorithm selects events with visible lifetime in the form of charged tracks
with large impact parameters. The significance of the impact parameters depends on
the track momentum. Consequently the tag %4 'uces a bias in the number of charged
tracks and in their momentum. This in turn introduces a bias in the mean hemisphere
charges and their widths. Given that the effects are small, and well modelled by the
Monte Carlo, the lifetime dependence of the simulated Ps are used to correct the raw

5 data values. The corrections are calculated using

Correction = 6 ™ ed- S",a3lled,
b
E '"PI(SI)Intaggcd(5.7)
\J:u,d“. f=u.d..



where V5 are the quark purities. These corrections are assigned systematic errors to
account for an observed difference between the ratio of tagged and untagged hemisphere
charge widths in data and Monte Carlo. When added to the Monte Carlo statistical
error on the corrections this represents an additional 20% uncertainty. The corrected

6 values are shown in figure 5.8.

e Forx = 2.00

o Fori = 1.00

o Fork - 0.80

A Forx = 0.50

m Fort - 0.30
0.3
0.2
0.15

0 20 40 60 80 100

b Purity (in percent)

Figure 5.8: The variation of the lifetime-corrected S values in data as a function the b

purity.

The trends displayed in figure 5.8 can be explained by writing S as
S = \ £ P> (V)2 (5-8)
J=u.d...
Before applying the impact parameter tag the quark purities are all ~ 20% and S is
dominated by Su, it being the largest. When the b purity rises to ~ 80%> the light quark
purities drop effectively to zero and the only background is from ec events. For small

k values |(F|] > |$6] so as the b purity increases further. S continues to decrease toward
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Sb. However, for large k, [Nc| < \Sh\ causing 6 to reach a minimum and then increase

with b purity as the ¢ contamination diminishes.

K Sb m B) 4 (<QFQB) ~ (QF)(QB))
0.3 0.1513 £ 0.0028 0.0093 £ 0.0011 0.0108 £ 0.0003
0.4 0.1577 £ 0.0030 0.0106 = 0.0013 0.0092 £ 0.0004
0.5 0.1627 £ 0.0034 0.0119 = 0.0014 0.0082 = 0.0004
0.6 0.1791 £ 0.0038 0.0131 = 0.0016 0.0076 = 0.0006
0.8 0.2050 = 0.0047 0.0152 = 0.0020 0.0076 £ 0.0009
0.9 0.2178 =+ 0.0051 0.0161 £ 0.0021 0.0079 = 0.0010
1.0 0.2307 = 0.0056 0.0170 = 0.0023 0.0084 db 0.0012
1.5 0.2813 = 0.0076 0.0200 = 0.0032 0.0112 £ 0.0023
2.0 0.3127 £ 0.0093 0.0216 + 0.0038 0.0136 £ 0.0032
oo 0.3378 £ 0.0222 0.0220 = 0.0065 0.0176 = 0.0099

Table 5.3: The corrected Sb values obtained by extrapolating the fits of figure 5.S, the
(@ Fp) values measured in a 95% b purity data sample and the hemisphere charge

correlations evaluated using Monte ('ado simulation.

The corrected 5 distributions are fitted with cubic polynomials reflecting the three
regimes in its dependence on the b purity. The fits are superimposed in figure 5.8 and
are used to extrapolate to 100%) b purity. The resulting Sb values are shown in column
1 of table 5.3.

The unbiased bb forward-backward charge asymmetry (Qhn) values are estimated
using the charge asymmetries measured in a data sample with a b purity of ~ 95% and

are shown in column 2 of table 5.3. The errors shown are the statistical errors only ;



the systematic errors are negligible. Also shown are the hemisphere charge correlations

evaluated using Monte Carlo simulation and their Monte Carlo statistical errors.

5.2.3 Determination of the » charge separation

Equation 5.6 is used to determine Sh from the corrected Sb values given in table 5.3.

Model Parameter A Correlation
parameter range and error

Aocop 0.296 0.346 0.0001 0.0002

Mmin 1.530 1.770 0.0004 0.0001

a 0.342 0.352  0.0001 0.0001

(e 0.002 0.007 0.0001 0.0003

V/(V + PS)ud  0.520 0.580 0.0001 0.0001
v/ (V + PS), 0.570  0.630 0.0001 0.0001

v/ {V+ PS)ch 0.510 0.690 0.0002 0.0002

- 0.291 0311 0.0001  0.0001
Xd 0.118 0.180 0.0004 0.0006
X5 0.250  0.499  0.0000 0.0010

Baryon Fraction 0.099 0.110 0.0003 0.0002
Popcorn Parameter 0.350 0.550 0.0000 0.0001
Table 5.4: The effect, of varying different fragmentalion model parameters on the

correlation corrections for K = 0.5.

Systematic errors on the hemisphere charge correlations due to uncertainties in
b fragmentation and b hadron production and decay, are evaluated by varying those
parameters within JETSET 7.3 relevant to the b system within their experimental or

theoretical limits [29]. These errors are summarised in table 5.4 for the case k = 0.5. A
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K Sb + (stcit) £ (syst)

0.3 0.1100 = 0.0026 £ 0.0040
0.4 0.1252 £ 0.0027 £ 0.0041
0.5 0.1400 = 0.0029 + 0.0039
0.6 0.1688 £ 0.0036 = 0.0048
0.8 0.1952 £ 0.0045 + 0.0063
0.9 0.2068 £ 0.0049 £ 0.0067
1.0 0.2272 + 0.0058 dh 0.0075
1.5 0.2515 + 0.0077 = 0.0082
2.0 0.2777 £ 0.0088 + 0.0154

oo 0.2848 + 0.0239 + 0.0229

Table 5.5: Final Sb values and their statistical and systematic errors.

summary of the final Sb values and their statistical and total systematic errors isgiven
in table 5.5. These Sb values are used in the asymmetry analysis.

The self-consistency of the method was tested on Monte Carlo simulated data by
comparing the extracted Sh with their true values. The results are shown in table 5.6.
The systematic errors on the extracted $4 values include only those effects not derived
from the same Monte Carlo sample. From the values shown it is clear that the method

is self-consistent.

5.3 Summary

A detailed description of the evaluation of the quark charge separations, Sf, defined in
chapter 3, has been presented. The u, d s and c¢ charge separations were estimated
using Monte Carlo simulated data and are shown in table 5.2 for events passing a tag

cut of Ph < 0.001. A method for measuring the A charge separation using the lifetime



Monte Carlo Monte Carlo

K measured 5b true Sb

0.3 0.1215 = 0.0038 0.1210 = 0.0006
0.4 0.1364 + 0.0038 0.1357 £ 0.0006
0.5 0.1513 £ 0.0040 0.1505 £ 0.0007
0.6 0.1813 = 0.0046 0.1793 £ 0.0008
0.8 0.2087 + 0.0054 0.2057 = 41

0.9 0.2207 + 0.0058 0.2177 = 0.0011
1.0 0.2430 £ 0.0065 0.2393 + 0.0013
1.5 0.2694 + 0.0074 0.2651 £ 0.0015
2.0 0.1983 £ 0.0085 0.2942 + 0.0018

oo 0.3554 £ 0.0156 0.3483 = 0.0031
Table 5.6: The 6b values obtained using the method described in section 5.2.1 on Monte
Carlo data, and those extracted directlg from the Monte Carlo. The agreement between

the two sets of values proves the self consistency of the methex!

tag was described and the results obtained are presented in table 5.5. The quark charge
separations are one of the key elements required for the electroweak interpretation of

the measured charge asymmetry, (QFB)*



Chapter 6

A measurement of the
forward-backward charge

asymmetry

A measurement of the charge asymetry in a Z" —» bb event sample is used to extract
the underlying forward-backward asymmetry A'yB. The momentum weighted charge
method, introduced in chapter 3, is used in other ALEPH analyses [18] [19]. In
particular, it was first used to measure the charge asymmetry in an inclusive sample
of hadronic events where the fractions of / and <type quarks present are given simply
by their corresponding Z° branching fractions. As a result, the measured charge
asymmetry has approximately equal cont ributions from u and Jtype quarks which have
opposite signed charge asymmet ries and so lead to some degree of cancellation, which
decreases the sensitivity of the measurement to the underlying quark asymmetries.
The analysis is also inherently dependent on Monte Carlo simulation of the quark
fragmentation process.

By measuring the charge asymmet ry in a sample enhanced in one quark flavour the

cancellation is reduced and the measurement \s sensitivity to the underlying asymmetry



increases. In this analysis track impact parameters are used to obtain a high purity
bb event sample. Consequently, the measured charge asymmetry is sensitive to the bb
asymmetry 4 pB, but not to the lighter quark asymmetries. Furthermore, as described
in chapter 5, it is possible to measure the mean hemisphere charge of the b quark
in data. This is one of the key elements in the interpretation of the measured charge
asymmetry and effectively removes any dependence on Monte Carlo simulation of quark
fragmentation.

Section 6.1 discusses in detail the event and track selections. Section 6.2 presents
the measured (QFB) values and finally in section 6.3 the experimental systematic errors

on (QFB) are determined.

6.1 Event Selection

Events are selected according to the standard ALEPH hadronic event selection. This
selection, based on charged tracks, requires at least five charged tracks in the TPC. The
sum of the energies of the tracks (assuming the pion mass) is required to be larger than
10% of the centre of mass energy. The tracks must have a polar angle greater than
18.2° (Jcos0| < 0.95), which ensures that at least 6 TPC pad rows are traversed, and
must have at least four reconstructed coordinates. The distance of closest approach of
the tracks to the ALEPH origin must be less than 10 cm along the beam direction and
2 cm transverse to it.

This selection has an efficiency of ~ 99% and introduces no significant flavour bias.
The background from r events and two photon interactions is ~ 0.62 and ~ 0.3%
respectively [30]. The latter have negligible lifetime and are effectively removed after
applying typical impact parameter tag cuts. The r has a significant lifetime but its
decay products have small impact parameters owing to the small » mass. Consequently,

r events too form a negligible background (~ 0.05%) once typical tag cuts are applied.



In addition to the hadronic event selection, the event thrust axes, reconstructed
using all charged and neutral objectsl, must lie within the approximate polar angle
acceptance of the VDET |co.s0] < 0.8. These cuts give an overall acceptance of 75.2%
leaving 504,911 hadronic events from an initial sample of 671,362 events.

The surviving events are then passed through the impact parameter tag which has
its own event selection. Table 6.1 shows the effect of each stage of the event selection,

and the nominal b purities corresponding to each tag cut.

Selection Num.ber of events

Iladronic (rent selection 671362

lcosO\ < 0.8 504911

Ph < 0.01 112811 Vb= 73%
Ph < 0.005 96806 Vb= 79%
Ph < 0.001 70259 Vb= 88%
Ph < 0.0005 61882 Vb= 91%,
Ph < 0.0001 45992 Vb= 95%

Table 6.1: The data sample sizes foe each cut on the impact parameter tag. The nominal

b purities corresponding to each tag cut are also shown.

6.2 The measured forward-backward charge asymmetry

The forward-backward hemisphere charge asymmetry (QFB) is measured in the event
samples shown in table 6.1. In the hemisphere charge calculations those tracks with
momentum transverse to the beam direction less than 200 MeV/c are not used. This

removes tracking ambiguities introduced by the spiralling of such tracks in the TPC.

'The reconstruction of the four-moment a of ail the charged and neutral particles is described in [21]



Before evaluating the hemisphere charges each charged track is corrected for an observed

momentum imbalance as described later in section 0.3.1.
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Ph < 0.0010

-0.0088 £ .0010

-0.0100 +

-0.0112 +

-0.0135 +

-0.0154 +

-0.0163 +

-0.0179 +

-0.0198 =+

-0.0218 +

-0.0233 =+

.0011

0012

.0015
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.0053

Ph < 0.0005

-0.0089 +

-0.0101 +

-0.0112 =

-0.0133 =

-0.0151 +

-0.0159 +

-0.0173 +

-0.0188 +

-0.0204 +

-0.0208 +

.0011

.0012

.0013

.0016

.0019
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.0056

Ph < 0.0001

-0.0098

-0.0111

-0.0124

-0.0147

-0.0167

-0.0176

-0.0190

-0.0207

-0.0223

-0.0233

Table 6.2: The measured {QFB) rallies for the full range of k and F\ cut values.

The measured {QFB) values and their statistical errors are shown in table 6.2. Fig-

ures 6.1.a and b. demonstrate the dependence of {Qfb) and its statistical significance,

{OFB)Igrbion the tag cut.

PM for £ — 0.5.

A maximum statistical significance of

9.25 is obtained for a tag cut of Ph < 0.001. corresponding to a b purity of ~ 88%.

As the background diminishes, {Qfb) approaches its asymptotic value {QpB) but its

statistical error increases due to the decreasing statistics.

For a cut of Ph < 0.001 a

compromise is reached between the increasing b purity and the decreasing sample size.

Figures 6.1.e. and d. show the k dependence using the above tag cut. The optimal %

of 0.5 corresponds to that which gave the most significant b charge separation, <b, as

shown in figure 5.2 of chapter 5.
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Figure 6.1: Figures (a) and (b) show {Qfb) and its statistical significance (Qr5)/"Fs
as a function of the tag cut Ph. Figures (c) and (d) show the corresponding distributions

as a function a k. The optimal Ph cut and k rallies are 0.001 and 0.5 respectively.



(Q) * (star)

K Ph < 0.0100 Ph < 0.0050 Ph < 0.0010 Ph < 0.0005 Ph <
0.3 0.0065 £ .0007 0.0061 + .0007 0.0051 £ .0008 0.0046 = .0009  0.0043
0.4 0.0063 £ .0008 0.0059 = .0008 0.0049 £ .0009 0.0043 = .0010 0.0040
0.5 0.0062 £ .0009 0.0056 £ .0009 0.0046 = .0011 0.0040 £ .0011 0.0037
0.7 0.0058 £ .0011 0.0052 = .0012 0.0041 £ .0013 0.0034 + .0014 0.0029
0.9 0.0055 + .0013 0.0048 + .0014  0.0036 =+ .0016 0.0028 £ .0017  0.0022

1.0 0.0054 =+ .0014 0.0046 £ .0015 0.0033 £ .0018 0.0025 £ .0019 0.0018
1.2 0.0051 + .0017 0.0042 £ .0018 0.0028 + .0021 0.0019 £ .0022 0.0010
1.5 0.0046 £ .0020 0.0035 + .0021 0.0010 £ .0024  0.0010 = .0026 -0.0001
2.0 0.0038 £ .0024 0.0026 + .0025 0.0009 £ .0029 -0.0004 £ .0031 -0.0017

oo 0.0012 £ .0041 -0.0001 + .0014 -0.0024 + .0052 -0.0040 = .0055 -0.0054

Table 6.3: The measured (Q) values for Ih< full range of H and Ph cut values.

The (Q) (= (QF + OB)) values and their statistical errors are shown in table 6.3.
The (Q) values are incompatible with zero for low H due to the interaction of soft
particles in the detector material between the Z° decay point and the inner wall of the
TPC, which is charge asymmetric due to charge dependent nuclear cross-sections. Both
particle absorption and creation are forward-backward symmetric and so to first order
affect (Qf) and (QB) equally and therefore have no influence on (QFB), but result in

(Q) being non-zero.

6.3 Experimental systematic errors

The experimental systematic errors on (o s, are of two types. The most important
effects are those that are both forward-backward and charge asymmetric since they

can generate a false electroweak asymmetry. Other effects that are either forward-
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backward or charge asymmetric result in a dilution of (0 r5) an(l produce an uncertainty
proportional to the asymmetry. The evaluation of the systematic errors is explained in

detail in [31] and is briefly described below2.

6.3.1 Forward-backward momentum imbalance

Non-uniformity in the ALEPH magnetic field could produce a significant charge asym-
metry. Di-muon events in which the acollinearity of the muons is less than 0.3° are used
to correct for any momentum imbalance. The average momentum of the muons in each
of twelve cosO bins is forced to match that expected for both signs. The correction is
applied to the track sagitta and has a precision of ~ 40/un corresponding to a maximum
momentum change of 1%. The systemat ic errors on each measured (QFB) value is taken
as the larger of, half the shift in (Qfb) with and without the track sagitta correction

or the error on the correction, and are shown in the first row of table 6.4 for a range of

K

Systematic M (Q FB>) X 104

error source k=03 =05 K- 10 K=15 k=20 K= 00
Momentum imbalance 0.1 0.3 0.6 0.9 1.0 1.4
Material asymmetry 0.8 0.6 0.3 0.1 0.1 0.0
Track losses 1.6 1.7 2.0 2.4 2.6 4.1
Unphysical tracks 0.1 0.2 0.2 0.3 0.4 0.5
Total systematic error 1.8 1.8 2.1 2.6 2.8 4.3

Table 6.4: (QFB) experimental systematic errors.

2The experimental systematic errors on {QFB) were evaluated for the hadronic charge asymmetry

analysis [18] but can used as conservative estimates of those errors appropriate to this analysis
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6.3.2 Material asymmetry

As mentioned above, the interaction of charged particles in the material between the
primary vertex and the inner wall of the TPC is charge asymmetric. On its own, this
effect changes the measured charge asymmetry, but if the effect is correctly modelled
within the quark charge separations it cannot generate a false electroweak asymmetry.
However, if combined with a possible asymmetry in the amount of detector material in
the forward and backward hemispheres, it can generate a false electroweak asymmetry.
The material asymmetry is measured by comparing the photon conversion rates in the
forward and backward hemispheres as a function of cosO and is found to be Amat =
-f1.8+ 1.6%. The systematic error on (QFB) can then be estimated using the product
Amat *(Q), where (Q) is the mean total event charge measured in data. The resulting

errors are shown in table 6.4.

6.3.3 Track losses

The stability of (QFB) with respect to each of the arbitrarily chosen track cuts is
examined by measuring (QFB) using those tracks that pass all selection criteria but
are near the cut for one of the criteria. Four track cuts are varied as explained in the

following list (the standard cuts are listed first) :

. \DO0\ < 2.0cm ; \DO\ < 1.6¢cm,
. \Z0\ < 10.0cm : \Z0\ < 8.0cm,
. N Tpehit.s < 4 ; Arec hitr < 0,
. cosO < 0.95 ; cose < 0.94.
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D0 (Z9) is the distance of closest approach of a charged track to the ALEPH origin along
(transverse to) the beam direction, Nppc hit*is the number of reconstructed coordinates
in the TPC and cosO is the cosine of the polar angle of the track. The total systematic
error due to track losses is obtained by adding in quadrature each of the variations,

and are shown in table 6.4.

6.3.4 Charged tracks with unphysically high momentum

Approximately 0.3% of hadronic events contain at least 1 unphysically high momentum
(p > 50GeV/c) charge track, as a result of reconstruction ambiguities such as overlap-
ping tracks. These tracks are produced with equal rates in the forward and backward
hemispheres and for positive and negative tracks and therefore should not influence
the charge asymmetry measurement. Hut they can introduce an uncertainty in the
interpretation of (QFB) if the effects are not accurately reproduced in the Monte Carlo
simulation of the background charge separations. The b charge separation is evaluated
in data, and so includes these effects correctly.

(OFB) is evaluated with and without those events containing unphysically high
momentum tracks and its systematic error is taken as the product JSudsc . A {(QFB)),
where Pudsc is the measured background fraction and A ((Q Fb)) is the change in (QFB)
when those events with high momentum tracks are removed. These errors are shown

in table 6.4.

6.4 Summary

The forward-backward hemisphere charge asymmetry, (QrB), has been measured in
hadronic data samples of varying b purity and with different values for the momentum
weighting parameter, k. The results are presented in table 6.2. The evaluation of the

experimental systematic errors on (QrB) !as been described. The errors obtained are



shown in table 6.4 for a range of K values. In chapter 7 the (QFB) values are used,
in conjuction with the quark purities and acceptance factors presented in chapter 4
and the quark charge separations presented in chapter 5, to determine a value for the

underlying bb forward-backward asymmetry A A§).



Chapter 7

Electroweak interpretation of the

charge asymmetry

This chapter concerns itself with the electroweak interpretation of the measured
forward-backward hemisphere charge asymmetry. (QFB), presented in chapter 6. In
section 7.1 an outline of the calculation of the quark asymmetries and Z° branching
fractions in the framework of the Standard Model is given and the effective weak mixing
angle, sin~6\l], is defined. Section 7.2 describes a correction applied to 4 pB to account
for QCD effects. Section 7.3 summarises the procedure used to fit the data, and extract
the underlying bb asymmetry and weak mixing angle and in section 7.4 the systematic

errors on both quantities are determined.

7.1 A Standard Model analysis of the data

The Minimal Standard Model of Glashow. Weinberg and Salam is used to analyse
the measured forward-backward charge asymmetry (QFB)- To this end, the ZFITTER

package [32] is used. ZFITTER is a program based on a semi-analytical approach to



fermion pair production in e+c annihilation:

ete- -> (7.1)

and is optimised for energies near the Z° pole. The program directly calculates
predictions for cross-sections and forward-backward asymmetries. The calculational
scheme involves the convolution of effective Born cross-sections which describe the
underlying hard scattering process with QED radiator functions which depend on the
treatment of initial and final state radiation.

The quark asymmetries and branching fractions are predicted bv the minimal
Standard Model once cv, Gfl, Mz, Mu and the fermion masses, m f, are all known.
The Thompson limit QED coupling constant, n. the Fermi coupling constant, G'/t, and
Mz have been determined experimentally to a high precision, compared to the other
parameters, and can be considered as fundamental parameters of the Standard Model.
Neither the precise values of the light quark masses nor their physical meaning are
unambiguously known, but they enter the radiative corrections only through the vector
boson self-energies where their contribution can be replaced by the experimentally
known cross-sections for e+c~ —> hadrons. A similar ambiguity exists for the »
quark mass, m6. In this analysis in, is fixed at 4.5 GeV/c2. This increases 4 pB
by approximately 0.5% compared to the rnh = 0 approximation. This is an order of
magnitude smaller than the precision presently available, so the uncertainty on mbcan
safely be ignored. This leaves in, and Mu as the only unknown parameters upon which
the quark asymmetries depend.

The light quark cross-sections depend on in, purely via corrections to the Z°
propagator (figure 7.1.a). However for b quarks, owing to the large mass splitting
between b and ¢ quarks, there are two vertex diagrams for Z° — bb (figure 7.1.b) which
contribute additional m¢ dependent corrections to 4 BB and Thh which are absent for

light quarks. The effect of the vertex corrections is evident in the top mass dependence



(a.)

(b.)

Figure 7.1: (a.)Corrections to the Z | propagator, including self-energy insertions,
7 exchange and 7 —Z° interference, (b.) The vertex elieigreims for Z° —> bb which

contribute additional mt dependent corrections to A'pn and rlb

of the b and d branching fractions, as shown in figure 7.2. but effectively cancels in the
asymmetry, producing only a shift in its normalisation.
In the on-shell renormalisation scheme used in ZFITTER. the weak mixing angle is

defined uniquely through the gauge-boson masses :

siirffr = 1 - . (7.2)

Electroweak radiative corrections to the bare cross-sections can be parameterised in
such a way that they are absorbed into a redefinition of sin20\V. The resulting ’effectivel

weak mixing angle sin2d\(-{ is often defined as
sin20\l{ =K?sin-Ow (7.3)

where is the electron weak form factor which contains the corrections to the bare
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Figure 7.2: The top mass dependence of tix b and d branching fractions and asymme-

tries.

cross-sections including the dependence on in, and A///.

Figure 7.3 shows the m ¢ dependence of siird\{-f for three different Higgs masses
as calculated using ZFITTER. Varying the top mass from 200 GeV/c“ to 250 GeV/c2
changes sin 10il* by only 1%, so a precision measurement is required to be sensitive to
the top mass dependent radiative corrections. The sensitivity to M f{ is much weaker ;
the ambiguity in sin2B”/ due to varying |/H in the range 60 GeV < MH < 1 TeV
is below the present experimental error, so that for practical purposes, at the present

stage of accuracy, the predictions can be plotted as functions of m ¢.
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Figure 7.3: The mt and Mu dependence of the tveak mixing emejle sin29 ~ as calculated

using ZFITTER.
7.2 QCD corrections to 4'fB

A precision measurement of ApB requires a good understanding of higher order
corrections to the Born level cross-sections. As described in the preceding section,
ZFITTER incorporates initial and final state photon radiation and weak loop and vertex
corrections to a sufficiently high precision. QCD effects including gluon radiation from
the final state b and b quarks must also be corrected for. Figure 7.4 shows those
diagrams which contribute to cr(ete~ —>ee4) to first order in ex,. The correction to 4 pD

takes the form [33] [34]

™ocD — 1+ cl\itnb) - f C(m6> mt){—7r Yt e (7-4)
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Figure 7.4: Diagrams contributing to a(ete —>(/(/) to first order in ft,.

At parton level, using a b quark mass of 1.5 GeV/c2, c}is found to be approximately
0.8. The corresponding change in Afin is a reduction of 3% relative to its Born level
value.

In this analysis, however, the b quark direction is estimated using that of the
thrust vector, t, reconstructed using all charged and neutral final state particles.
The hadronisation and decay processes dilute the ambiguity in the b quark direction
introduced by the radiation of a hard gluon. Consequently the angular resolution
between the thrust vector and the initial b quark direction is better than that between
the b quark direction before radiating a gluon and its direction after radiating a gluon.
The Monte Carlo program JETSET 7.3 simulates gluon radiation correctly to first
order [35] and so can be used to estimate its effect on 4 pB.

Figure 7.5 shows the angular resolution between the thrust vector and the b quark
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Figure 7.5: The angular resolution between the thrust vector and the b quark direction

before any gluon radiation obtained using Monte Carlo simulated data.

direction before gluon radiation obtained using Monte Carlo simulated data (note
the log scale). Using a fit to this distribution (superimposed) the b quark direction
is smeared and the forward-backward asymmetry is re-evaluated. The asymmetry
decreases by 0.6% (with a Monte Carlo statistical error of 0.1%), so rather than apply

a correction, a conservative systematic error of 1% is included.

7.3 The fitting procedure

The measured charge asymmetry {QFB) can be expressed in terms of the underlying

quark asymmetries ApB and Z ) branching fractions /Y had as follows :

h Efs'c MGEME®
FB' Y.fef {rff/r had) .

SO



where 8J are the quark charge separations (chapter 5), £f are the event tagging

efficiencies (chapter 4) and G f are the flavour dependent acceptance factors (chapter 4).

Ph < 0.01

0.2311 £ 0.0027

K

0.3

0.4 02314
0.5 0.2317
0.7 0.2321
0.9 0.2324
1.0 0.2325
1.2 0.2326
1.5 0.2326
2.0 0.2327
oo 0.2.341

Table 7.1:

+

+

0.0025

0.0024

0.0023

0.0024

0.0024

0.0024

0.0025

0.0027

0.0041

measured (QFB)-

Ph < 0.005

0.2294 + 0.0026

0.2298

0.2302

0.2307

0.2310

0.2311

0.2312

0.2313

0.2.314

0.2311

+

+

The fitted sin20\(f values.

0.0025

0.0024

0.0023

0.0024

0.0024

0.0025

0.0025

0.0027

0.0043

siiT6\lJ = (stat)

Ph < 0.001

0.2278 = 0.0026

0.2280

0.2281

0.2285

0.2288

0.2289

0.2290

0.2292

0.2293

0.2286

+

+

Thf furors are

0.0025

0.0024

0.0024

0.0025

0.00*25

0.0026

0.0028

0.0030

0.0049

Ph < 0.0005

0.2282

0.2285

0.2287

0.2291

0.2296

0.2298

0.2301

0.2304

0.2308

0.2311

+

+

+

0.0026

0.0025

0.0025

0.0025

0.0026

0.0026

0.00*27

0.0029

0.0031

0.0051

Ph < 0.0001

0.2269

0.2269

0.2269

0.2%272

0.2276

0.2278

0.2281

0.2285

0.2290

0.2285

due lo the statistical error on the

The measured charge asymmetry (Qfb) and its relation to the quark asymmetries

expressed through equation 7.5 are used to determine the effective weak mixing angle

sin29¥'f. (OFB) is reconstructed using the measured Sf, C f, £ and YbV'Yhad, and A™B

and YJf~/Yhad (/ / b) calculated using ZFITTER. M# is set at 300 GeV/C2 and m¢ is

varied between 50 and 350 GeV/c2. The 'best'm, is chosen as that which minimises the

difference between the reconstructed (Qfb) and its measured value. Corresponding to

this top mass, the effective weak mixing angle and bb asymmetry are determined. The

resulting values are shown in tables 7.1 and 7.2 respectively. The errors are statistical

only, corresponding to the 1 sigma statistical error on (Qfb)-

90

+

+

+

H_

H

H_

H_

0.0029

0.0028

0.0028

0.0028

0.0029

0.0030

0.0031

0.0033

0.0036

0.0060



K Ph < 0.01
0.3 0.1022 + 0.0149
0.4 0.1002 + 0.0137
0.5 0.0988 + 0.0132
0.7 0.0965 + 0.0128
0.9 0.0949 + 0.0129
1.0 0.0946 + 0.0130
1.2 0.0941 = 0.0133
1.5 0.0937 + 0.0137
2.0 0.0935 + 0.0145
oo 0.0856 + 0.0227
Table 7.2:

measured (QFB)-

As expected the statistical error on sin20\yf reaches a minimum for &

Ph < 0.005

0.1115 + 0.0143

0.1090

0.1072

0.1044

0.1025

0.1020

0.1014

0.1009

0.1007

0.1019

+

+

The fitted A BiH values.

0.0133

0.0129

0.0127

0.0128

0.0130

0.0134

0.0139

0.0148

0.0235

AFB + (stat)

Ph < 0.001

0.1200 + 0.0140

0.1190

0.1183

0.1164

0.1147

0.1142

0.1134

0.1126

0.1120

0.1160

+

+

0.0133

0.0131

0.0131

0.0135

0.0137

0.0142

0.0150

0.0161

0.0262

Ph < 0.0005

1176

1164

1153

1127

.1102

.1093

1077

.1057

.1035

.1021

+

+

+

0.0143

0.0136

0.0134

0.0136

0.0140

0.0143

0.0149

0.0157

0.0169

0.0275

Ph < 0.0001

0.1251

0.1250

0.1248

0.1232

0.1210

0.1201

0.1184

0.1161

0.1135

0.1162

The errors are due to the statistical error on the

= 0.5

and Ph < 0.001, since it is for this combination that the measured (QFB) IS most

significant d

sinled f

ApB

= 02281 + OM24(stat),

= 0.1183 = 0.0131 (stat) .

The corresponding Standard Model top mass limits are

mt= 2601J?

(7.6)

'"The statistical error is smaller for a k of 0.7 and a looser tag cut of Pi < 0.005, but the b charge

separation for this k is estimated using Monte Carlo simulation.

due to fragmentation uncertatinies makes the total error larger.
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Consequently the systematic error

+

+

0.0156

0.0150

0.0149

0.0152

0.0159

0.0162

0.0169

0.0179

0.0194

0.0323



The k and Ph cut dependence of sin~6& f and A BB are shown in figures 7.6 and 7.7.
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Figure 7.6: The dependence of sinl0\{! on (a), H and (b). the cut on the lifetime tag
Ph. The errors shown are statistical only and are highly correlated as a function of
both K and tag cut. However, it is clear that each sin29\(:-f value is consistent unth the

optimal value of 0.2281 at, n = 0.5 and P, < 0.001.

7.4 Systematic errors

In this section the systematic errors on sin2Qlyf and 4 BB are determined. The

systematic errors enter via the now familiar relation

vy r'.4p-,m'/r"i
Y -A {TP/7had)

There are four main sources of systematic uncertainty :

* (QFB) experimental systematics (chapter 6),



error source siirOlyf S'HB

{OFB) syst 0.00035  0.00192
Sh stat 0.00050  0.00271
8b syst 0.00071  0.00383

& {filb) Stat  0.00005 0.00024

8f(/ / b) syst  0.00020 0.00107

B 0.00019  0.00106
£4 0.00031 0.00171
Fh, Fd 0.00002  0.00011
Vf syst 0.00028  0.00156
Cb stat 0.00002  0.00022
Cb syst 0.00009 ~.::i37

Cfif £ If) stat 0.00001  0.00001
QCD correction 0.00022  0.00118

{OFB) slat 0.00240  0.01310

Total 0.00260 0.01420

Table 7.3: The statistical and dominant systematic errors on Si

nominal tag cut and K.
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Figure 7.7: The dependence of A)IB on (a), k and (h). the cut on the lifetime tog P/,.

+ statistical and systematic errors on the quark charge separations Sf (chapter 5)

* total errors on the quark tagging efficiencies e* and the Ak branching fraction

Thb/V had (chapter 4)

» statistical and sytematic errors on the flavour dependent acceptance factors CJ

(chapter 4)

The systematic errors on sin26\{ and A4 pB correspond to the one sigma, variation in
each of the above quantities. For example to evaluate the error on siirO\y{ due to the
statistical error on the b charge separation dh Sbhis varied by + its statistical error and
the fit, described in the previous section, is repeated. The maximum resulting shift in
siir9\yf is taken as its systematic error.

The propagation of the errors on sband YbW/T had requires more care. The measured

values of eb and YbW/T had, presented in section 4.2.2, depend entirely on the four
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independent variables £°d'\ £&4, Fh and Fd according to equations 4.9 and 4.10 (Ab
has a negligible effect on the sin2B\yf measurement) and so only the uncertainty on
these quantities need be propagated to errors on sin20\/f and 4 BB. In propagating the
uncertainty on euda, for example, to a systematic error on sin20\/f, euds is changed by +
its total error and the corresponding eb and YbW/T had are re-evaluated before refitting.
In this way the correlations betwen the measured sb and YbW/'T had are correctly taken
into account.

Due to the dominance of the statistical error the optimal n and tag cut are just
those of the previous section. Table 7.3 shows the breakdown of the total errors on

sin20\(/ and 4 BB.
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Chapter 8

Summary and conclusions

The forward-backward hemisphere charge asymmetry has been measured in a sample
of 70,259 hadronic heavy flavour decays of the Z 1 boson collected with the ALEPH
detector at LEP. The charge asymmetry, expressed as the difference in the momentum

weighted charges of the forward and backward hemispheres, is measured to be :
{OFB) = -0.0112+0.0012(sf«C)*+0.00018(syst.).

Heavy flavour Z° decays are tagged by identifying the decay products of beauty and
charmed hadrons via their large track impact parameters. The ads and ¢ event tagging
efficiencies are estimated using Monte Carlo simulation. The 6 efficiency is measured by
counting the relative number of single and double-tag events. This method is insensitive
to Monte Carlo modelling of b quark production and hadronisation and of » hadron
decay. The b purity of the data sample is measured to be 88.01 £ 1.25%. The angular
dependence of the event tagging efficiencies were modelled using Monte Carlo simulated
data.

The extent to which uds and ¢ event hemispheres retain the charge of their
parent quarks was estimated using Monte Carlo simulation. For the 6-quark this
was determined by comparing the widths of the forward-backward hemisphere charge

difference and sum. distributions in data samples of increasing 6 purity. The method is
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insensitive to the simulation of 6-quark hadionisation and decay properties.
The measured charge asymmetry is used in conjunction with the measured event
tagging efficiencies and quark charge separations to determine a value for the 66 forward-

backward asymmetry, 4 pB :

ApB = 0.1183 + 0.0131 + 0.0057(syst).

Interpreting 4 pB in the framework of the minimal Standard Model of electroweak

interactions the effective weak mixing angle, sin20\yf, is found to be :

sin2$w* = 0.2281 = 0.0024{stat.) = 0.0011 {syst),

and the corresponding top quark mass limits are

mt= 260 tfo GeV/c2.

or

mt < 338 GeVfr (95% confidence level) .

97



References

(1]

[6]
(7]
(8]
(9]
[10]
[11]

[12]

[20]

V.Barger and R. Phillips, Collider Physics, Frontiers in Physics Series, Addison-
Wesley Publishing, ISBN 0-201-05876-6 (1987).

S. L. Glashow, em Partial Symmetries of Weak Interactions, Nucl. Phys. 22 (1961)
579.

S. Weinberg, Elementary Particle Theory, Proc. 8’th Nobel Symposium, ed. N.
Svartholm, Almquist and Wiksell, Stockholm, (1968).

A. Salam, A Model of Leptons, Phys. Rev. Lett. 19 (1967) 1264.

F. Halzen and A. D. Martin, Quarks and Leptons, Wiley, ISBN 0-471-81187-4
(1984).

J. D. Bjorken and S. D. Drell, Relativistic Quantum Field Theory, McGraw-Hill.
J. D. Bjorken and S. D. Drell, Relativistic Quantum Mechanics, McGraw-Hill.
T. Sjostrand, CERN-TH.6488/92.

G. Marchesini et at.,, Comp. Phys. Commun., 67 (1991) 465.

The LEP collaborations, CERN-PPE/93-157.

G. Altarelli et al, CERN 89-08.

D. Decamp et al., ALEPH Collab., Nuclear Insruments and methods A294 (1990)
121.

A. S. Schwarz., Silicon Strip Vertex Detectors at Z° factories, MPI-PhE/92-05
(1992).

W. Atwood et al., CERN-PPE/91-24 (1991).

A. Falvard et al., ALEPH 93-30, PHYSIC 93-21.

J. E. Campagne and R. Zitoun, Z. Phvs. C, 43 (1989) 469-475.
R. Brun et a/l, CERN-DD/EE/84-1 (1987).

D. Decamp et al., ALEPH Collab., Phys. Lett. B259 (1991) 377.
D. Decamp et al, ALEPH Collab., Phys. Lett. B284 (1992) 177.

R. Field and R. Feynman, Nucl. Phys. B136 (1978) 1.

98



(21]
[22]
[23]
[24]
[25]
[26]
(27]
(28]
[29]
(30]
(31]
(32]
»33]
[34]

[35]

D.

D.

D.

Decamp et al., ALEPH Collab., Phys. Rep. V 216 (1992) 253.
Brown, M. Frank, ALEPH 92-135, PHYSIC 92-124.

Brown et al, ALEPH Collab., Phys. Lett. B313 (1993) 535.

W. Bartel et al.,, JADE Collab., Z. Phys. C, 33 (1986) 23.

S.

D.

Bethke et al., JADE Collab., Phys Lett, B213 (1988) 235.

Decamp et al, ALEPH Collab.. Phys. Lett. B 257 (1991) 492.

. Brown, ALEPH 92-47, PHYSIC 92-42.

Colrain and A. Hailey, ALEPH 93-161,PHYSIC 93-138.

. Hailey, ALEPH 93-172, PHYSIC 93-147.

. Decamp et al., ALEPH Collab., Z. Phys. C, 48 (1992) 365-392.
. Blondel et al, ALEPH 93-42, PHYSIC 93-33.

. Bardin et al, CERN-TH.6443/92.

. Djouadi et al, Z. Phys. C, 46 (1990) 411-417.

. La.mpe, MPI-Ph/93-74 (1993).

. Buskulic et al/, ALEPH Collab., Zeit. Phys. C55 (1992) 209.



