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ABSTRACT

In the Standard Model of fundamental particles, the existence of a doublet of
boson fields is postulated in order for particle masses to be generated through spon-
taneous symmetry breaking. The Higgs boson (H?) is the remnant of this doublet
after spontaneous symmetry breaking has occurred.

A search for the Higgs boson has been performed with data from electron-
positron collisions collected by the OPAL detector at LEP. The search was made
for signals of the type et + e~ — (ete™ or u*p~) + H®, known as the leptonic
channel; and v + H°, known as the neutrino channel. This thesis reports on the
results obtained, and describes the leptonic channel analyses in detail. The analyzed
data was taken at the centre-of-mass energies between 88 and 95 GeV in the years
1990-1993 and represented a luminosity of 78pb~!. When combined with previous
OPAL results, the present study excludes the existence of a Standard Model Higgs
boson with mass below 56.9 GeV at 95% confidence level. The results of this study
were published in Physics Letters B in March 1994.






WRITER’S NOTE

Since joining the OPAL collaboration in December 1992, my first duty involved
writing a small software package for the OPAL forward detector’s drift chamber
read-out system. This task was done under the close supervision of Dr. Bruce
Kennedy (now of the Rutherford Appleton Laboratory, OXON.). This work forms
the subject matter of chapter three.

Whilst at CERN, like most other OPAL members, I was sometimes assigned
the duty of ensuring the smooth operation of the OPAL detector, and ensuring the
safety of other on-duty personnel during data-taking periods.

My contribution to the advancement of scientific knowledge, was the utilisation
of the results from data collected by the OPAL detector, to extend the Higgs lower
mass limit from the previously quoted value of 52.6 GeV [26] to 56.9 GeV. The
search for the Higgs boson through the leptonic channel- which forms the subject
matter of chapters five and six — was undertaken by Dr. Peter Sherwood of the
University College London, and myself. The search through the neutrino
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Chapter 1

THE STANDARD MODEL OF
FUNDAMENTAL PARTICLES

The family of fundamental particles is believed to consist of fermions and bosons.
The theories that describe the interactions of the presently identified fundamental
particles are collectively called the The Standard Model'. In brief, the present

picture is as follows:

o The interactions between particles are mediated by three types of bosons - the
photon (v) which transmits the electromagnetic force, the weak bosons (W,
W=, Z°) which transmit the weak force, and the gluons (g;, ¢=1....8) which

transmit the strong force.

o There are two types of fermions — leptons and quarks.

o Charged leptons interact both electromagnetically and weakly whilst neutral

leptons (neutrinos) interact only weakly.

o There are three generations of leptons - electron and the electron neutrino,

muon and the muon neutrino, tau and the tau neutrino.

o There are three generations of quarks - the up and down, charm and strange,
beauty and top quarks. Each quark exists in one of three possible colourstates.

o All quarks are charged and interact electromagnetically, weakly and strongly.

o The weak and electromagnetic interactions of both quarks and leptons are
described in a partially unified way by the Electroweak theory, whilst the

strong interaction of quarks is described by Quantum Chromodynamics.

1The gravitational interaction which is described by General Relativity, is not included in the
Standard Model because General Relativity does not belong to the same class of theories as those

of the Standard Model. See [1] for a comprehensive discussion of gravitational interactions.

23



24CHAPTER 1. THE STANDARD MODEL OF FUNDAMENTAL PARTICLES

e Every fermion and boson has an antiparticle partner having opposite charge.

e Matter consists of 12 leptons and 12 quarks (Table 1.1).

The theories of the Standard Model belong to a special class of theories called
the Yang-Mills theories. In these theories, the Lagrangian is invariant with respect
to local gauge symmetry transformations. It has been shown by t’Hooft 3] that
Lagrangians of Yang-Mills theories are renormalizable, i.e. they make finite predic-
tions of interaction probabilities and rates at all orders of perturbation theory. An
important aspect of the Standard Model is the SUL(2) x Uy (1) x SUg(3) symme-
try [4] that its Lagrangian obeys. Were this symmetry obeyed exactly in nature,
all the particles listed in Table 1.1 would be massless, resulting in infinite ranges
for all interactions. However, experimental evidence shows that not all particles are
massless; the weak bosons are known to be massive since the weak interactions are
of a very short range.

For the Standard Model still to describe the interactions of the particles observed
in nature, the symmetry will have to be broken in a subtle way thus accommodat ing
the particles’ masses, as well as still preserving the Model’s renormalizability. The
subtle breaking of the symmetry is done spontaneously, this involves finding suit-
able Lagrangians in which the symmetry is broken only in the ground state. The
Standard Model introduces a doublet of fields, the Higgs doublet, into the family of
known particle fields to achieve this purpose. It is thought that these fields permeate
the whole of the universe. After spontaneous symmetry breaking has occurred in
the ground state, only one of the fields has a non-vanishing value. Particle masses
are generated by their interactions with this residual Higgs field. A quantum of this
residual field is called the Higgs boson.

1.1 An example of Spontaneous Symmetry Break-
ing

An example of the generation of a boson’s mass by spontangous symmetry breaking
can be found in solid state physics [5]. The Meissner-Ochsenfdd effect, which is the
attenuation of an applied magnetic field in a superconductor when its temperature
T is lowered below a certain critical value T, is explained as the generation of an
effective mass for the photons in the magnetic field.

This interpretation is made because the range of the magnetic field is exponen-
tially attenuated in the superconductor with attenuation length A. By the Heisen-
berg uncertainty principle,AzAM > h /C where Az = ) and AM is the ¢ffective

mass of a photon.
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The reason for the attenuation is that in the surface layer of the superconduc-
tor of thickness A, currents are set up which produce an internal magnetic field
which cancels the external one. These currents are initiated by electrons which
spontaneously bind together to form pairs when the temperature falls below T,; the
pairs then settle down into a highly correlated ground state, which is a non-zero
electron-pair field extending over the whole of the superconductor. Carrying

[5é]
Table 1.1: Some propertiesAof the fermions and bosons in the Standard Model
(antiparticle partners not shown).

| Fermions | Charge (|electron charge|) | Mass (GeV) |

electron, e -1 0.0005
electron neutrino, v, 0 < 45x107°
muon, 4 -1 0.1056
muon neutrino, v, 0 <16x10™*
tau, 7 -1 1.7841
tau neutrino, v, 0 <29x1072
up quark, u 2/3 0.002 - 0.008
down quark, d -1/3 0.005 - 0.015
charm quark, c 2/3 1.3-1.7
strange quark, s -1/3 0.100 - 0.300
top quark, ¢ 2/3 > 170
bottom quark, b -1/3 4.7-5.3
[ Bosons | Charge (|electron charge]) | Mass (GeV) |
Photon, « < 2x10732 <« 3x1073
W+ +1 80.22 4 0.26
W- -1 80.22 £+ 0.26
Z° 0 91.17 £+ 0.02
Gluons 0 0
Higgs 0 ?

over the superconductor analogy to the weak interactions (Table 1.2), this en-

semble of electron pairs corresponds to the Higgs field introduced into the Standard
Model.

The average vacuum value of the Higgs field v, can be determined from ex-
periment (Section 1.2.3). This average value is a fundamental parameter of the
Electroweak theory since it sets the scale of mass for all particles whose masses are
generated by the Higgs mechanism.
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Table 1.2: An analogy between the superconductor and the universe.

| The Superconductor | The Universe ]
Ground state of the superconductor | The vacuum
The electron-pair field The Higgs field
Screening mechanism which provides | The Higgs mechanism provides
effective mass for the photon masses for the weak bosons

Electromagnetic gauge symmetry is | Weak gauge symmetry is preserved
preserved since Maxwell’s equations
are still obeyed

1.2 Generation of Mass Terms in the Standard
Model

The introduction of mass terms into the Standard Model Lagrangian was due to
Higgs P. [6]. In his formalism, the existence of a complex doublet ® (z) of four
scalar (spin = 0) fields with isospin / = 1/2 and hypercharge, Y = 1 is postulated.

1.2.1 Generation of Masses for the Weak Bosons

The four massless, basic electroweak gauge boson fields — Wﬁ (¢=1....3) and B;, -
are thought to interact with the fields of the doublet. In the process, three of the
four Higgs fields become the third degrees of freedom of three of the gauge bosons.
The Lagrangian associated with these interactions, which can be shown to obey the

SUc(3) x SUL(2) x Uy(1) symmetry  is given by [4—]

Ls = (D,®")(D*®) — V(®) (1.1)
where V(@) is the potential energy of vacuum and
D, =18, ~igJ. W, —1kB,, (1.2)
V(®) = 120'd 4+ \(910)? (1.3)
¢t L [ ¢+,
o= = — . 1.4
(¢0) 5\ s+ 10 (1.4)

p? and A are real and positive constants respectively. g and k are the coupling
constants of the SUL(2) and Uy(l) symmetry groups respectively. J represents
a vector with the three Pauli spin matrices as its components and W, represents
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Figure 1.1: V(®) vS |®| for the cases when pu? is positive or zero, and negative.

a vector with W; (1=1...3) as its components. Figure 1.1 shows the two possible
structures of the potential energy V(®). In order to determine how spontaneous
symmetry breaking may be brought about, we note that in the case where u? >
0, symmetry breaking is not possible because the ground state has a value of zero
and so is unique. We are therefore only interested in the case where u? < 0. The
potential V(@) then has its minimum value at any finite value of ® where

2

¥ = ¢+ ¢+ 4]+ Bl = 5 = (1.5)

If we choose
$1=¢2=¢s =0, (1.6)

then the constant vacuum field value is given by

¢0=$§(2). (1.7)

The constant v, is the vacuum expectation value. This ground state has hypercharge
Y =1, third component of isospin I3 = —1/2 and electric charge @ = 0. We made
this choice of out of the large number of ground states available to us because this
particular one is left invariant by Uem(1) gauge transformations [4], with the result
that the gauge boson A, (photon) associated with that symmetry group remains
massless.

Since in field theory, particles are considered to be quantum fluctuations about
a ground state i.e. Physical particle = Ground state + A small fluctuation 8, the



28CHAPTER 1. THE STANDARD MODEL OF FUNDAMENTAL PARTICLES

[4]

resulting doublet which represents the physical Higgs fields, can be parametrizedfin
terms of four real fields 6,, 6,, 83 and H(z) using E@uahon i-8. o, 0:,8; are small.,

1 91 + 102 1 = 0
Oy(z) = 7 ( v+ H(z) — 105 ) ~ ﬁexp(zJ.B(x)/v) ( v+ H(z) ) . (1.8)

Because massive particles have two orthogonal degrees of freedom, it is necessaryto
use the SU(2) invariance of ®y(z) to gauge away the three 6(z) fields so that they
become the longitudinal degrees of freedom of the would-be massive gauge bosons.
This gauging which is termed the Higgs mechanism, is done by multiplying ®g(z)
with the operator exp( —:J.0(z)/v ) to become

y(z) = \/% ( - ‘}{(m) ) . (1.9)

A quantum of the H(z) field is the Standard Model Higgs boson, normally denoted
by H°.

Now, let us examine the Higgs Lagrangian, Equation (1.1), very closely and
concentrate only on the kinetic and interaction energy terms. As a first step, we

note that (W — )
0 _ g —1
D, ( v+ H(z) ) = —i(v+ H(z)) ( gW:% B kB‘; ) , (1.10)
therefore, ‘

1
Do, D"y = Z(v+ H(z))*(¢"W*W™ + (W} - kB,)%)

1
= {0+ HRP (W W+ +K)Z,2%)  (111)

since by definition . \
Wi = ﬂ%—% (1.12)
W, = WJ%WZ (1.13)
Z, = —zzg—fm(gwj —kB,). (1.14)

In order to find the boson mass terms, we examine only the boson self interactions
terms, ¢.e. the terms KZ,Z* and KW,W* where K is a coefficient in Equation
(1.11). The coefficients of these terms are the masses squared of the bosons. The
masses of the W and Z gauge bosons are found to be given by

2,,2
M3 = 9_4”_, (1.15)
M: = i(g2 + k*)v?, (1.16)

Defining tand,, = k/g, we find that cosf, = Mw/Mz. 8, is another parameter of
the Electroweak theory called the weak mixing angle.
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\\/

| Figure 1.2: The electron Yukawa interaction.

Generation of Masses for Fermions and the Higgs

The appealing feature of the Higgs sector of the Standard Model is that the same
Higgs doublet (®y) used in the generation of the boson masses, is sufficient in
generating masses for the leptons and quarks. The Higgs doublet does this by
coupling the right-handed lepton/quark states to their left-handed states. These
couplings are known as the Yukawa couplings by analogy with the original theory
of nuclear forces carried by the Yukawa pion.

Consider as an example, the generation of the electron mass by its Yukawa
coupling as S&IOWH in Figure 1.2. Since the relation between the third component of
isospin I3, ypercharge Y and the electric charge @ is given by @ = I3 + Y/2, the
values of Y and [ for the left-handed electron state (er) are given by —1 and —1/2
respectively. For the right-handed state (er), the respective values are —2 and 0.
The Higgs doublet with Y = 1 and Is = —1/2 has the required quantum numbers
needed to couple er to er. The electron Yukawa Lagrangian L. is given by

-G Ge

L. = —\/—{-(qge@HeR + er®5®.) = ﬁ(vée — Hee) (1.17)
where
<I>e=-\—}_§(l::f>, e=eL+en (1.18)

and G, is the electron Yukawa coupling constant. The electron mass term is the
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coefficient of the electron self interaction term and it is given by

Gev
M, = ——.
V2

The Yukawa coupling constants are free parameters since they have to be chosen
such that the experimentally measured fermion masses are recovered from fermion
mass expressions of the type Equation (1.19). Note that the absence of a neutrino
mass term in L., implies that the electron neutrino is massless.

(1.19)

The quark masses are generated in almost the same way. The difference here is
that to generate a mass for the upper member of a quark doublet, we must use the
SU(2) gauge invariance to construct a new Higgs doublet from ®. Consider as an
example, the generation of masses for the up (u) and down (d) quark doublet; the
gauge invariant Yukawa Lagrangian is given by

Lu = %(Gdézd%dﬁ + GuBui®urrtin + GaluiGrdn + Gu@ui®rmun)
= %( dd — Hdd) — %(uau + Hiu) (1.20)
where
Bpq = \—15 ( Zi ) (1.21)
and
] By = —1m®Yy = % ( vt g{(m) ) (1.22)

whilst G, and G are the up and down quark Yukawa coupling constants respectively.
The up and down quark mass terms as obtained from Equation (1.20) are given
respectively by

_ Gy

Wa

_ Gw

M, Md—\/ﬁ'

(1.23)

The coefficient of the Higgs self interaction term in Equation (1.1) is the Higgs
mass squared and is given by
M% = 2)0%. (1.24)

Note that this mass is not predicted by the Standard Model since A is a free param-
eter.

1.2.2 Higgs Coupling to Bosons and Fermions

To find the coupling constants of the Higgs to W~, W+, Z° and to fermions, we
refer again to Equation (1.11) and the approptiateYukawa Lagrangians and read out
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Gr

1) (2)

Figure 1.3: (1) Muon decay as described by the Fermi theory. (2) Muon decay as
described by the Electroweak theory.

the coefficients of the terms HWW , HZZ and of the type H f f respectively. The
coupling constants are given by

) - gMz QMZ

Grzz = 050 = My’ (1.25)
Guww = gMw, (1.26)
G _ My (1.27)

G _
MRS

i.e. the couplings are proportional to the masses of the particles.

1.2.3 The Vacuum Expectation Value

The matrix element (whose square is the interaction probability) of a charged current
interaction such as muon decay (Figure 1.3) is predicted by the Fermi theory? to be
given by [57]

4G

V2

2An early theory of weak interactions which considers them as point interactions and not me-
diated by gauge bosons. The point interaction is assigned a coupling constant of Gr. This theory
was originally used to describe nuclear beta decay.

MFpermi = ( ) J“']+ (128)
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The Electroweak theory predicts the matrix element to be [57]

2
M~ (2—:43;) JeT (1.29)

where the 1/My, term is the W boson propagator, J* = v, 7, p and J} =&,
Ve. Since in the low energy limits, the Fermi theory must be recovered from the
Electroweak theory, we have Mpe,m; = M, so that

4Gp ¢
V2 o 2ME
Using the expression for the mass of the W boson in terms of v, Equation (1.15),

and the experimentally measured value of Gr (~ 1.16 x 107° GeV~?), one finds that
the vacuum expectation value is given by

(1.30)

v =2"V4G7? = 246 GeV. (1.31)

1.3 Theoretical Bounds on the Higgs Mass

1.3.1 Upper Bounds
Renormalizability and Unitarity Bounds

Upper bounds on the Higgs mass generally result from renormalizability and uni-
tarity arguments. In the former argument, one finds the mass at which the Higgs is
so heavy that it ceases to couple to other particles due to its propagator term 1/ M}
becoming too small, thus rendering the theory unrenormalizable. Veltman and Van
der Bij [7] have established an upper limit of 3 TeV using this argument.

The unitarity arguments are based on the requirement that various processes
should have finite rates. Lee, Quigg and Thacker 8] have considered the scattering
of W bosons. The possible contributions to this process are shown in Figure 1.4.
They imposed the condition that the scattering rate does not exceed the collision
rate — the unitarity condition — and found an upper limit of 1.2 TeV on the Higgs
mass.

Triviality Bounds

Triviality arguments result from the fact that the Higgs boson self-coupling constant
A increases with the energy scale (). The dependence of A on @ can be expressed
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Figure 1.4: The possible contributions to W*W~ scattering.

as [9]
Av)
(v) log(Q?/v)

where b = 3/4n? and v is the vacuum expectation value.

NQ) =15 (1.32)

If M(Q) is required to be finite at all values of @), then A(v) = 0. The Electroweak
theory is then said to be trivial (non-interacting) — clearly not what we want it to
be. We may put an upper bound on My by requiring that the theory remains
interacting and perturbative (i.e. 0 < A(Q) < 1), up to some scale @ = A. If the
Planck scale (10" GeV) is chosen, we find that Mg < 140 GeV. In other words, if
the Higgs sector is to be a good theory up to Q@ ~ 10'® GeV, then My must be less
than 140 GeV. Bounds obtained by the triviality arguments are not true bounds
but depend on the cut-off scale A chosen.

1.3.2 Lower Bounds

It would appear that low Higgs masses are obtainable by choosing arbitrarily low A
values. This is not true since the terms contained in V(®) are only first order terms.
By considering higher order one loop corrections, Coleman and Weinberg [10] claim
that the effective Higgs potential becomes

P 2
Vers(@)=p? QP +X | *+C | @' ]In (%) (1.33)
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where K is some arbitrary energy scale and

(6My, +3M5 + My — 4%, CiM3)
1672p2
(6 My + 3M3 + My — 12M})

167202

C =

(1.34)

The summation is over all leptons and quarks. Cy = 1 (3) for leptons (quarks) and
M, is the mass of the top quark.

Using the fact that the minimum of V.s; occurs at | ® | = v, and that M} =
62V [8|®|* at |®]| = v [9], #? and K can be eliminated from Equation (1.33) to give

2,,2
Vi (@) = M 994 - 1)B? — (24— 1)B* + AB*(2In B2 —1))  (1.35)
where
Cv? V20
A=Gp B=Y (1.36)

If A is sufficiently negative, V.s; is unbounded from below, above some
value of B. In this unacceptable scenario, if the Higgs field (®) increases, it would
gain more energy out of the vacuum and increase to higher values, and then all the
energy in the universe could be absorbed! A summary of the My and M; relation as
required by vacuum stability such that the above scenario does not occur, is given
in reference [12] from which Figure 1.5 was taken. More recent work by Lindner,
Sher and Zaglauer [13] where they consider higher order two loop corrections to the
potential V(@) for different choices of cut-off scale, produce the lower bound curves
shown in Figure 1.6.

1.4 Higgs Production and Detection at LEP

At the present collision energies obtainable at LEP, a possible Higgs production
process is via Z® —s H® v [9] as shown in Figure 1.7a. This process should have a
clear signature because of the outgoing mono-energetic v. However, its production
rate is very low since the process is not first order. Another possible process, is via
the Bjorken process [9], Z° — H® Z* with Z* — ff (Figure 1.7b), its production
rate is expected to be higher than that of Z° — H° y because of the large HZZ
coupling constant. The detection of the Higgs signal and the reconstruction of the
Higgs mass are achieved by studying the outgoing fermions and the decay products
of the Higgs. -
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Figure 1.5: Lower bounds on Higgs mass as a function of M; obtained by E. Gross
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Figure 1.6: Lower bound curves for different cut-off scales A obtained by Lindner,
Sher and Zaglauer. The solid line is for A = 10! GeV.
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Figure 1.7: (1) The Z° — H° v process. (2) The Bjorken process.

1.5 Higgs Searches before LEP

Before LEP became operational in 1989, many experiments wgTg conducted in the
search for a light Higgs boson. Results from a lot of these experiments were fraught
with uncertainties largely because of theoretical uncertainties in the literature re-
garding the decay rates and modes of a light Higgs, particularly in the mass range
2M, (~ 210 MeV) to 2M, (~ 3 GeV). The interested reader is referred to [9] for
complete details of these experiments. A selection of a few of these experiments
where relatively lower uncertainties are claimed is presented below:

Observation of X-ray transitions from muonic atoms provided a method for the
search for Higgs of mass less than 10 MeV. Such a light Higgs boson would con-
tribute to the muon-nucleus coupling thus causing shifts from the expected X-ray
wavelengths. X-ray transitions between the . and M shells in Mg and Si
muonic atoms were studied by Beltrami et al [14]. They found no anamalous shifts
to an accuracy of 3 parts in a million. Their experiment was not suitable for the
exploration of Higgs of mass greater than 10 MeV because the interactions of such
a Higgs will be too short-ranged to produce any noticeable shifts.

Another experiment by Adler et al [15], analysed neutron-nucleus scattering at
low energies. A light Higgs would make a calculable contribution to an anisotropy
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in the angular distribution of the scattered particles. They excluded the existence
of a Higgs boson below 11 MeV.

The CUSB collaboration [16] have excluded the mass region below 61 MeV at
90% confidence level by combining limits on Y decays of the type T — v + scalar,
with Crystal Ball [17] limits of J/U decays of the type J/¥ — ~ + scalar.

The SINDRUM collaboration [18] have searched for rare pion decays of the type
mt — etv.ete” which are compatible with Higgs production since a Higgs in the

mass range 2M, < My < M, will readily decay into an e*e™ pair. They exclude
the mass range 10 < My < 100 MeV at 90% confidence level.

1.6 Previous Higgs Searches at LEP

1.6.1 Searches for My < 2M, (~ 210 MeV)

The exclusion of a Higgs boson of mass below 2M,, was performed by the ALEPH
and OPAL collaborations by looking for signals which indicate the production of
a Higgs boson via the Bjorken process, Z° — Z*H® where the Z* and H° recoil
against each other with an average momentum of about 8 GeV. Since the Higgs
decays preferentially into the heaviest particles kinematically accessible, for 2M, <
My < 2M,,, the dominant decay mode is H® — ete~. For My < 2M, a major decay
mode of the Higgs is H® —» vv. A light Higgs is also expected to be longlived or to
decay mainly into neutrinos, thus not leaving any signals in the detector; it would
only be observable through the decay products of the Z*. In order to explore all the
possible decay modes of the Higgs, the following decay channels were investigated:

Z* — ete” or ptu~, H° — undetected

The experimental signature of this process is an acoplanar lepton pair with an
isolated missing energy vector belonging to the undetected decay products of the
Higgs. ALEPH excluded the mass region My < 57 MeV [19] whilst OPAL excluded
the region below 40 MeV [20], both at 95% confidence level.

Z* — vo H® — ete™, vy

The signature here is an isolated di-lepton (or two electromagnetic clusters confined
to within an opening angle of 30°) with a large missing energy and momentum.
OPAL excluded the mass range 30 MeV < My < 2M,, at 95% confidence level [20].
ALEPH excluded the mass range 50 MeV < My < 2M,, at 95% confidence level [21].
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1.6.2 Searches in Range 2M, (~ 210 MeV) < My < 2M; (~
3 GeV)

The decay rates and modes of a Higgs boson with mass in the above mass region are
subjects of controversy, but it is expected such a Higgs will decay promptly once it
is produced. OPAL [22] has performed the most model-independent study in this
region. To avoid any assumptions on the Higgs decay modes, they looked for the
complémentary channels

Z* — ete , utu~

H® — Non electromagnetic decay.
and

Z* — v,

H® —s An electromagnetic decay.

Even though every possible Higgs decay would have passed the selection crite-
ria, some assumptions still needed to be made in the calculation of the detection
efficiencies and in the derivation of the mass limits. They excluded this mass region

at 95% confidence level. Similar explorations by ALEPH (23], DELPHI [24] and
L3 [25] also exclude this mass region.

1.6.3 Searches in Range 2M; (~ 3 GeV) < My

In this mass region, the Higgs is expected to decay predominantly into 7¥7~ or
bb. The various production channels above the bb mass threshold and their relative
rates are summarised in Table 1.3. At OPAL the main decay channels utilized are
channels a b and ¢ . Channel e has the largest rate but is not utilised because of
very large QCD backgrounds. The other channels either suffer from low selection
efficiencies or low production rates.

The signal in channel a, the ‘neutrino channel’, is an acolinear and acoplanar di-
jet system recoiling against a missing energy vector. The signal in channels b and c,
the ‘leptonic channel’, is a pair of energetic and isolated leptons  recoiling against

a di-jet system. As at the end of 1992, LEP’s four collaborations [26] [27] [28] [29]
established the following limits:

e OPAL : My > 52.6 GeV at 95% confidence level.

e ALEPH : My > 58.4 GeV at 95% confidence level.

o L3 : My > 52.0 GeV at 95% confidence level.
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e DELPHI : My > 47.0 GeV at 95% confidence level.

This thesis reports on the continuation of OPAL’s search for the Higgs boson through
the leptonic and neutrino channels, but with emphasis on the leptonic channel.

(using the mean beanching ratios of Table 4.1)
Table 1.3: Production rate%of the different decay channels of the Bjorken process.

| Channel | H* — | Z* — | Rate (%) |

a qq vu 18.1
b qq | et e 3.1
c qq |[ptpm | 31
d qq |t T 3.1
e qq qq 632
f | v 1.8
g | et e 0.3
h | utuT 0.3
i rtr | vt 0.3
J ™| 49 63
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Chapter 2

THE EXPERIMENTAL
APPARATUS

2.1 The LEP Collider

The LEP collider [30] (Figure 2.1) near Geneva, is almost 27 km in circumference
and 100 m below the surface. It was designed to accelerate in opposite directions
round the ring, bunches of electrons and positrons to energies of about 45 GeV each.
It is envisaged that 90 GeV bunches will be collided by 1996.

The main motivation for the building of LEP was for the production of Z° bosons,
since the counter rotating electrons and positrons can be brought into collision
resulting in a centre of mass energy of 90 GeV. This useful energy can then readily
be converted into matter in the form of a Z°, thus enabling a detailed study of it.
The principal components of LEP are described in the following three subsections.

2.1.1 The Particle Injection System

The injection system was designed to produce about 1.6 x 10'? electrons and positrons
every 12 minutes and inject them into the accelerator. Electrons are produced by
emission from a heated filament and are accelerated to about 200 MeV in the LEP
Injector Linac (LIL). Some of these electrons are used to produce positrons by di-
recting them on to a target; bremsstrahlung photons are then produced by the
rapid deceleration of these electrons as they approach the nuclei of the target. The
photons subsequently convert into electron-positron pairs within the target. The
positrons are magnetically extracted and together with the remaining electrons are
accelerated to 600 MeV in the second stage of the LIL, and transferred into the
Electron-Positron Accumulator (EPA) ring. Once a sufficient number of positrons

41
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have accumulated, the electron and positron bunches are transferred in opposite di-
rections into the Proton Synchroton (PS) for acceleration up to 3.5 GeV, and then
transferred into the Super Proton Synchroton (SPS) for acceleration up to 20 GeV,
and finally injected into the LEP ring for final acceleration to 45 GeV.

2.1.2 The Acceleration System

This system comprises of over a hundred radio frequency (RF) cavities powered by
klystrons installed in the straight sections of the LEP ring. At present, copper RF
cavities are being used at LEP. However, there are plans to use more efficient super-
conducting niobium cavities during the second phase of LEP where beam energies
of the order 90 GeV are envisaged.

The synchroton energy radiated per electron per revolution F is given by [31]

293, 4
E = Ml, (2.1)
3p
where 3 is the velocity of the electron in natural units, v is the ratio of the elec-
tron momentum to its mass, p is the radius of curvature of the orbit, and e is the
electronic charge. The reason why LEP has such a large radius of 4.3 km, is for the
minimisation of synchrotron radiation as can be seen from Equation (2.1).

2.1.3 The General Layout of LEP

Four bunches each of positrons and electrons are circulated in opposite directions
through the ring, through eight interaction halls located at various points along the
ring. Four of these halls have been instrumented with large detector complexes of

which OPAL is one. The other three are ALEPH, L3 and DELPHI.

2.2 The OPAL Detector

This is a multipurpose apparatus® [32] designed for the efficient detection, accurate

reconstruction and un-ambiguous classification of all the possible types of interac-
tions occurring in electron-positron collisions, which became operational in 1989.
The general layout of the detector is shown in Figure 2.2. It is made up of various
sub-detectors and its main features are its

1The detector was named as the ‘Omni Purpose Apparatus for LEP’, hence the acronym OPAL.
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Figure 2.1: A schematic representation of the LEP electron and positron production
and injection system.
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o tracking of the trajectories of charged particles in the central region of the
magnetic field with measurements of their directions and momentum , their
identification, and the reconstruction of primary and secondary vertices at and
near the interaction region using the Central Tracking System.

e capability to obtain timing information (:.e. the time a particle passes through
particular positions in the detector) using the Time-of-Flight System.

e identification of photons and electrons, and measurement of their energy using
the Electromagnetic Calorimeters.

e measurement of hadronic energy by total absorption using the instrumented
magnet yoke as a Hadron Calorimeter.

¢ identification of muons by measurement of their position and direction within
and behind the hadron absorber using the Muon Chambers.

e measurement of absolute machine luminosity using Bhabha events in the very
forward direction with respect to the beam line, using the Forward Detector
or the Silicon-Tungsten Luminometer.

2.2.1 The OPAL Coordinate System

The z-direction is along the beam direction (this is anti-clockwise when LEP is
viewed from above), the x-direction points towards the centre of the LEP ring, and
the y-direction is normal to the z-x plane. Since the z-direction is inclined by 1.39°
with respect to the horizontal, it follows that the y-direction is similarly inclined
with respect to the vertical. Quite often a mixture of cylindrical and spherical
coordinates is used, where the z-direction is as usual, §-direction is the polar angle
with respect to the beam axis, and ¢ is the azimuth.

2.2.2 The OPAL Magnet

The magnet consists of a solenoidal coil and an iron return yoke. The yoke is made of
soft steel plates and can be split into 5 main parts; a central part, two ‘C’- shaped
parts and two poletips. In the central cylindrical volume (used for tracking) the
magnetic field is about 0.435 Tesla. Particle momenta and charge are determined
by the curvature of their tracks in this field at around the interaction point.
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2.2.3 Detectors of the Central Tracking System

The central tracking system consists of the silicon microvertex detector, the vertex
detector, the jet chamber and surrounding Z-chambers situated inside a pressure
vessel holding a pressure of 4 bar. The tracking system is inside the solenoid of
the magnet. Before 1991, there was no silicon microvertex detector and the inner
wall of the pressure vessel at 7.8 cm radius from the interaction point, formed the
beam pipe. This beam pipe consists of 0.13 cm thick carbon fibre with a 100 micron
aluminium inner lining. In 1991 a second beam pipe at a radius of 5.35 cm, consisting
of 0.11 cm thick beryllium was added and the silicon microvertex detector inserted
between the two beam pipes.

The Silicon Micro-Vertex Detector

This is a solid-state detector installed in 1991, two years after OPAL became op-
erational. It is barrel-shaped and surrounds the inner beam pipe. The motivation
for this detector was the need to measure and identify particles with typical decay
lengths of below a centimetre (such as heavy hadrons and the tau lepton), and to
search for new particles having similar decay lengths.

The basic unit of this detector is the ‘ladder’ which is rectangular shaped. Each
ladder consists of three square pairs of back-to-back ¢ and z position miniature
semiconductor detectors aligned length-wise in a row. Eleven ladders form the inner
cylindrical detection layer and 14 ladders form the outer detection layer, both layers
having radial positions of 61 mm and 75 mm respectively. The ladders are arranged
such that the small gaps in the ¢ coverage do not line up thus ensuring a near 100%
coverage. Single hit? resolution is about 5 um.

The Vertex Detector

The vertex detector is a 1 m long, 470 mm diameter cylindrical drift chamber that
surrounds the outer beam pipe. It consists of an inner layer of 36 axial cells with
axial wires, and an outer layer of 36 stereo cells with wires strung at a stereo angle
of 4°. '

The axial cells provide a precise measurement of position in the r-¢ plane with
a resolution of about 50 pum. This detector aids in the measurement of secondary
vertices. Good drift time resolution is obtained by having a 4 bar gas pressure
and by limiting the maximum drift distance in order to reduce diffusion effects®.

2A pulse on the detector electrodes caused by the transversal of a single charged particle
3Electrons liberated by a traversing particle, diffuse in all directions before drifting towards the
sense wires. This can lead to inaccuracies if threshold electronics are used to determine drift times.
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A rough measurement of the z-coordinate of a hit along a signal wire is done by
measuring the time difference between the signals from the two ends of the wire. This
coarse measurement is used in the fast track trigger* and for offline track finding.
The combination of the stereo and axial cell information provides an accurate z-
coordinate measurement for charged particles close to the interaction region.

The Jet Chamber

The jet chamber is a large proportional chamber designed to combine good space
and double track resolution, which are essential for the determination of momentum,
the efficient recording of jet-like events and the possibility of particle identification
within a solid angle close to 4 steradians. The sensitive volume of the jet chamber
is a cylinder with a length of about 4 m surrounding the beam pipe and the ver-
tex detector. The outer diameter is 3.7 m and the inner, 0.5 m. The chamber is
subdivided into 24 identical sectors each containing a plane with 159 sense wires.
Cathode wire planes form the boundaries between adjacent sectors. All wires are
strung parallel to the beam direction, whilst the wire planes are radial. The maxi-
mum drift distance varies from 3 cm at the innermost sense wire, tot26 cm at the
outermost wire.

In the polar angular range between 43° and 137°, 159 points are measured along
each track, and at least 20 points on a track are obtained over a solid angle of 98% of
4 steradians. For each point, three-dimensional coordinates (r, ¢ , z) are determined
from the wire position, the drift time and from a charge division measurement. The
charge division method requires the measurement of the integrated charges for each
hit at both ends of the signal wire. The ratio of these charges determines the z-
coordinate, and their sum is used to calculate the rate of energy loss dE/dz of the
particle in the gas, which aids in particle identification. The average resolution of
the dE/dz measurement is 3.5% for 159 samples. The momentum in the r-¢ plane
(p¢) is measured with a resolution given by [30]

_ ”g’t)=(0.022+(0.0015(pt|)2)%, (2.2)
where P, 1s im GeV/e .

The Z-Chambers -

These chambers,as their name implies make precise measurements of the z-coordinates
of charged particles as they leave the jet chamber and thus improve - polar angle
resolutions. They cover a polar angular acceptance from 44° to 136° and 94% of the
azimuthal angle. They consist of 24 drift chambers, 4 m long, 50 cm wide and 59
mm thick.

4An electronic logic that identifies signals from a set of signal wires as due to the traversal of
a particle. :
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Each chamber is divided across z into eight 50 cm by 50 cm cells so that the
maximum drift distance is about 25 cm in the z-direction. Each cell has six anode
wires strung along the ¢ direction.

2.2.4 The Time-of-Flight System

The time-of-flight (TOF) system covers the barrel region (| cosé | < 0.82).

generates trigger signals and by measuring the time of flight from the interaction
region, allows the identification of charged particles with momentum in the range
0.6 to 2.5 GeV. It also aids in the rejection of background particles such as cosmic
rays. The TOF system consists of 160 scintillation counters forming a barrel of

radius 2.36 m.

2.2.5 The Electromagnetic Calorimeter

The electromagnetic calorimeter is a total absorption calorimeter which detects and
measures the energies and positions of electrons, positrons and photons ranging
from tens of MeV to 100 GeV. It provides neutral-pion/photon discrimination and,
in conjunction with the central tracking system, electron/hadron discrimination. It
consists of three large overlapping assemblies of lead-glass blocks (the barrel and
the two end caps). Most electromagnetic showers are initiated before the lead-glass
itself because of material such as the magnet coil and the pressure vessel in front of
the calorimeter. For this reason, presampling devices are installed in both the barrel
and end-cap regions, immedgately in front of the lead-glass to measure the position
and to sample the energies of these pre-showers, thus improving energy resolution.
The intrinsic resolution of the calorimeter is 5— 6% / VE, where E is the energy(in G‘eV)
This resolution is degraded by a factor of about two by the material in front of it.
The effect of the material is more significant near the overlap of the barrel and the
endcap calorimeters i.e. at polar angles defined by 0.72 < | cosé | < 0.84. The
angular resolution of electromagnetic clusters is approximately 4 mrad both in 6
and ¢ for energies above 10 GeV.

The Barrel Pre-Sampler

The barrel electromagnetic presampler consists of a cylinder of limited streamer
mode wire chambers located between the time-of-flight system and the barrel lead-
glass calorimeter. It consists of 16 chambers covering the surface of a cylinder of
radius 2.388 m and length 6.623 m. Each chamber has two layers of limited streamer
mode tubes with sense wires running axially.
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The Barrel Lead Glass Calorimeter

This is a cylindrical array of 9440 lead glass blocks located at a radius of 2.455 m,
outside the magnet coil, covering the full azimuthal angle and a polar angular region
defined by | cosf | < 0.82. The longitudinal axes of the lead glass blocks point to-
wards the interaction region to minimize the probability of a particle traversing more
than one block. However, the blocks are tilted slightly away from a perfect point-
ing geometry to prevent neutral particles from escaping through the gaps between
the blocks. A traversing particle usually deposits energy in a cluster of bordering
lead—glass blocks.

The Endcap Pre-Samplers

Each endcap presampler is an umbrella shaped arrangement of 32 wire chambers in
16 sectors located between the pressure bell of the central tracking system and the
endcap electromagnetic calorimeter, covering the full azimuthal angle and a polar
angular region defined by 0.83 < | cos8 | < 0.95.

The Endcap Calorimeters

The endcap electromagnetic calorimeters consists of two dome-shaped arrays of 1132
lead glass blocks, located between the pressure bell of the central tracking system
and the pole tip hadron calorimeters, covering the full azimuthal angle and polar
angle range 0.81 < | cos 6 | < 0.98. 4

2.2.6 The Hadron Calorimeter

This measures the energy of hadrons as they emerge from the electromagnetic
calorimeter and assists in the identification of muons. It consists of three sections;
the barrel, the endcap, and the poletip. The iron of the magnet return yoke is seg-
mented into layers with planes of wire chambers between each layer thus forming
this cylindrical sampling calorimeter about 1 m thick.

The Barrel and Endcap Hadron Calorimeter

The barrel consists of 9 layers of wire chambers alternating with 8 iron slabs and
spans radii from 3.39 to 4.39 m. The slabs are 100 mm thick with 25 mm gaps.
The barrel is closed at each end by a doughnut-shaped endcap, which consists of 8
layers of chambers alternatingwith 7 slabs of iron. Since there is a high probability
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of hadronic interactions being initiated in the material before the hadron calorime-
ter, the overall hadronic energy is determined by combining signals from both the
electromagnetic and hadronic calorimeters.

The signals from the calorimeter are read out with narrow strips, and cathode
pads in the layers which are grouped together to form ‘towers’. The signals from
the towers are used for energy measurements whilst those from the strips are used
for tracking and muon identification.

The Pole-Tip Hadron Calorimeters

The pole tip hadron calorimeters which consist of 10 layers of wire chambers each,
complement the barrel and the endcap ones by extending the solid angle coverage
from 0.91 < | cos@ | < 0.99. The active elements of these detectors are thin (7 mm
overall thickness) multiwire chambers operating in a high gain mode.

2.2.7 The Muon Chamber

The muon detector is also a system of wire chambers constructed as a barrel and two
end caps, covering the iron yoke almost completely. While most muons penetrate to
the muon detector and leave a single clean track, most hadrons are absorbed in the
iron yoke. Nearly all the solid angle is covered by this detector. The amount
of material that a particle has to traverse before reaching it, exceeds the equivalent
of 1.4 m of iron. This is required in order to reduce the probability of a pion not
interacting, thus faking a muon, to less than 0.001. There are two processes by
which a hadron can fake a muon:

e Sneakthrough, which is the failure of a hadron to interact strongly in the
hadron calorimeter.

e Punchthrough; here, the hadron interacts in the hadron calorimeter but sec-
ondary particles emerge and fake a muon. This phenomenonis important at
high momenta.

The barrel part of the detector covers | cosf | < 0.68 with four layers of drift
chambers, and | cos § | < 0.72 with one or more layers. The end cap part, covers
the range 0.67 < | cos§ | < 0.98.

Muon identification relies on extrapolating the track seen in the central tracking
system through the iron absorber, allowing for energy loss and multiple scattering,
and looking for a track in the muon detectors which matches in position and angle,
in the yz and xy views. -
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2.2.8 The Silicon-Tungsten Luminometer

The silicon-tungsten luminometer was installed in 1991 and comprises two face-to-
face cylindrical small angle electromagnetic calorimeters encircling the beam pipe.
They are at 2.4 m on either side of the interaction point. Each calorimeter is made
of a stack of 18 tungsten plates (for shower initiation), interleaved with 19 layers
of silicon sampling miniature detectors and mounted as two interlocking ‘C’-shaped
modules around the beam pipe. The sensitive area of the luminometer covers the
radii between 62 and 142 mm from the beam axis thus having a clean acceptance
for particles in the range 25 to 59 mrad. In addition to luminosity measurement,
the luminometer is used in tagging some two photon interactions.

2.2.9 The Forward Detector

The forward detector which also comprises  two face-to-face detectors, is used
mainly for the tagging-of two photon interactions and for luminosity measurements.
This detector has a relatively clean acceptance for particles between 47 and 120
mrad from the interaction point. Its main components are the drift chambers,
the electromagnetic calorimeters, the proportional tube chambers, the far forward
monitor and the gamma catcher.

Two planes of drift chambers are mounted in front of the calorimeter. Those
in the rear plane are known as the Large Angle Drift Chambers (TC2s). Before
1991, the drift chambers in the front plane were TCls. Since then, drift chambers
of a different design (see chapter 3) have replaced the TCls; they are known as the
Small Angle Reference Chambers (SARCs). The calorimeters accurately measure
the energy deposited by a traversing electron. They also measure shower position
and give shower development information through their longitudinal segmentation.
Each calorimeter is divided into two longitudinal sections, the presampler and the
main sections. Situated between these two sections are the proportional tube cham-
bers which measure the position in § and ¢ of an electromagnetic shower near its
maximum development. The far forward monitor consists of small lead-glass scin-
tillator calorimeter modules, mounted on either side of the beam pipe 7.85 m along
the z-direction from the interaction region; they detect electrons scattered in the
range 5 to 10 mrad that are deflected outwards by the action of the LEP quadrupole
magnets.

2.3 The Trigger and Online System

At LEP, the electron and positron bunch crossings occur with a frequency of 45
KHz. The data acquisition system cannot record information at such a rate. :
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The general trigger system is a flexible and programmable system which uses
fast information (subdetector triggers) from the subdetectors to reject background
interactions (such as from cosmic rays, beam-gas and beam-pipe interactions), and
to select only interesting bunch crossings (z.e. ones with a possible electron-positron
interaction), thus reducing the bunch crossing rate to an effective event rate of 1-5
Hz which can be handled by the data acquisition system.

2.3.1 The Event Trigger and its Logic

The trigger system is designed to provide a high recognition efficiency of the various
physics reactions and good rejection of backgrounds arising from cosmic rays, from
interaction of beam particles with the gas inside the beam pipe or wall of the beam
pipe, and from electronic noise. Most of the physics reactions are triggered by several
independent conditions imposed on the sub-detector signals.

The full solid angle covered by the OPAL detector is divided into 144 overlapping
volumes or bins, 6 bins in 6 and 24 bins in ¢. The subdetectors deliver trigger
signals matched as closely as possible to this binning. Besides the 6-¢ signals, the
subdetectors deliver stand-alone signals derived from total energy sums or track
counting. The #-¢ signals are used for hit counting, for the definition of back-to-
back hits and to build detector coincidences correlated in space. Programmable
conditions are imposed on the #-¢ matrix outputs and on stand-alone signals to
decide whether an event is accepted or rejected. An overview of the 6-¢ matrix is
given in Figure 2.3.

The Central Trigger Logic

The central trigger logic is installed in a dedicated Eurocrate, with a special ‘trigger
bus’ in addition to the standard VME/VSB bus. Logical combinations of signals on
the trigger bus (i.e. subdetector stand-alone signals and 8 - ¢ matrix outputs) are
formed by the ‘pattern arrangement module’ (PAM), which uses look-up memories
to derive the trigger decision from the 120 possible outputs. The trigger decision is
broadcast to the Local Trigger Units (LTU) in each subdetector readout crate by
the Global Trigger Unit (GTU). If the trigger decision is negative, a reset pulse is
distributed 6 us before the next bunch crossing. If the event is to be accepted and
read out, the GTU generates a trigger pulse, and transfers a central event number

and the 120 PAM input bits to the LTUs.
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Figure 2.3: An overview of the trigger generation by the §-(j) matrix. The track trig-
ger (TT). the time-of-flight system (TOF), the electromagnetic calorimeter (EM),
the hadron calorimeter (HA) and the muon detector (MU) send signals to the 0-(f)
matrix, the outputs of which are logically combined to form the final trigger decision.
Crosses on the vertical line representing different particle types passing through the
detector indicate the sensitivity at the trigger level.
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2.3.2 The Data Acquisition and Processing

The readout system has a distributed tree structured architecture. Microprocessors
of the 68020/68030/68040 type, running the OS9 operating system are used in the
VMEDbus based system for data compression, data moving and monitoring. The
VME crates are interconnected using a fast parallel link for (sub-)event routing. The
sub-events containing the digitized information of the subdetectors are buffered into
memories controlled by the subdetector processors and then collected and merged
into a single data structure by an ‘event builder’ VME system. This system also
acts as an event buffer for a microprocessor matrix, where ten 68030s perform a first
analysis of the complete events. The undesired background are also rejected at this
stage. From here, events are transferred from the underground experimental area
via an optical link to the surface. Finally, the events are transferred to the main
online computer, a VAX 8700 and stored on magnetic tapes. The data collection
and processing is shown schematically in Figure 2.4.

2.4 The Slow Control System

The slow control system ensures the safe operation of the detector and also serves
as a homogeneous interface to all the subdetectors, and to the general infrastructure
of the experiment. The system consists of two parts, the first part supervises the
common environment including safety aspects, and the second part is specific to
each subdetector. The parameters of the common infrastructure such as voltages,
gas flow, temperatures are continuously monitored by 7 VME stations. All values
are compared to their nominal settings written to a file, and when problems arise,
the system notifies the operator and takes automatic corrective actions if required.
One station is also connected to the data acquisition system in order to include the
control data in the physics event record.
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Chapter 3

LUMINOSITY MEASUREMENT
WITH THE FORWARD
DETECTOR

In this chapter, the forward detector’s drift chambers and the measurement of the
LEP luminosity at OPAL, are described. A small software package written by the
author to rectify a fault the drift chamber readout system had during their 1991/1992
operation is presented.

3.1 The OPAL Forward Detector

The OPAL forward detector (Section 2.2.9) is shown schematically in Figure 3.1.
In forward detector survey measurements, it is useful to describe positions and
distances in millimeters of radius. The radius is referred to the front face of its
calorimeter (from the nominal interaction point), where 2 mm in radius corresponds
to about 1 milliradian in . Another useful coordinate is the V direction, which is
parallel to the radial direction at the centre of each quadrant, 45 degrees away in
¢ from the horizontal and vertical, and measured in millimetres at the front face of
the calorimeter (Figure 3.2).

3.2 The Forward Detector Drift Chambers

The drift chambers [33] are used for tube chamber survey purposes. A typical
Large Angle Drift Chamber (TC2) is lozenge-shaped with two gas compartments 11
mm deep. Each compartment contains two sense wires and a field shaping wire, all

57
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Figure 3.1: A labelled cross section of a quadrant of the forward detector in its 1993
configuration (turn page on its long side for better viewing).
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stretched across the longest 400 mm diagonal (Figures 3.2 and 3.3). Glass reinforced
epoxy frames form the outer walls of both compartments, with field-shaping copper
strips on the faces of the chamber partitions. The perpendicular distance from the
wire to a track is deduced from knowledge of the drift time and the drift velocity
of the electrons produced by ionization. A stagger of 2 mm between the wires in
the two compartments (Figure 3.3) is necessary in order to resolve the ambiguity
between tracks above and below the sense wires. The induced pulses produced
by the electron drift on both ends of a sense wire are read out separately to give a
rough estimate by charge division of the coordinate along the wire of a track. More
precise information on the coordinate is obtained from the induced pulses on sets of
cathode pads on the inside faces of the chambers. The induced signals on the sense
wires and on the pads are amplified using LM 733 differential amplifiers with the
neccessary shaping and gain networks (Figures 3.4 and 3.5). The amplified signals
are digitized by the DL300 data acquisition system [35]. The Small Angled Reference
Chambers (SARCs) are similar in design to the TC2s but with the following three

major differences:

e Each SARC has only one gas compartment containing two sense wires.

e SARC sense wires are placed lower in the chamber, close to the inner edge of
the forward detector acceptance.

e The SARCs are smaller in size.

There are a total of 4 SARCs and 4 TC2s (installed behind the SARCs) at each end
of the forward detector (Figure 3.2).

DL300 : The Drift Chamber Data Acquisition System

This is a modular multi-channeljed data acquisition system based on ultra fast inte-
grated analogue to digital convertors (FADCs). The system was originally designed
for the OPAL Jet Chamber by the University of Heidelberg and was manufactured
by Dr. Struck [35].

This system measures the amplitude of a signal (produced by the drift electrons)
by inputting it to each of a series of comparators, thus comparing it to a reference
voltage which increases for each comparator. The reference voltages are picked off a
resistor chain. The fixed reference voltages, V' and the ground potential, which are
applied at each end of the reference chain, determine the maximum and minimum
signal size the FADC can measure (Figure 3.6). The signal voltage is digitized by
determining the first comparator for which the signal voltage is greater than its
reference voltage. The DL300 can sample pulses at frequencies up to 100 MHz and
its basic elements are the ;
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Figure 3.2: A head-on view of one half of the forward detector showing only its
coordinate system used for survey measurements and the four quadrants of drift
chambers. The SARCs shown in the solid lines are mounted in front of the TC2s
(dashed lines).
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Figure 3.3: A cross section of a Large Angle Drift Chamber (TC2) showing its sense
(field) wires as the small (large) black circles. The field-shaping copper strips are
shown as the rectangles on the faces of the chamber partitions.
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Figure 3.4: Pad amplifier circuit. The return side of the wire preamplifier circuit is
grounded.

e data acquisition modules DL305, each containing four FADC chips and a 256
byte memory per channel (chip). Each byte consists of 6 bits, which means
that a byte can only store a sample value not greater than 64. To ensure
the storage of larger sample values, the response of the FADC is made non-
linear such that small signals are digitized with an 8-bit resolution whilst the
larger signals are digitized with a 4-bit resolution. This non-linear response is
achieved by feeding part of the measured signal into the resistor chain via the
resistor R2 (Figure 3.6). The relation between the digitized sample value S’
and the true sample value S is given by [34]

Sl _ 64S
644075

e controller module DL302 which is the scanner and hit detector. It controls the
sampling and digitization and also identifies memory locations which contain
data (scanning process) in the FADC modules.

(3.1)

e interface module DL301 which allows connection to a VME processor for full
computer control of the whole system.

e monitor module DL309 which serves as a bus (a set of shared lines for ex-
changing digital information) monitor, memory module and a programmable
digital-to-analog convertor for testing purposes.
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HT.

Figure 3.5: Sense wire and field wire circuit. The connections for the wire S2 are
similar to those for S1.

The upper part of the DL300 backplane is the analog backplane, used to connect
the FADC-modules DL305 to the drift chamber outputs. The signals from two wires
i.e. four channels, are digitized by one FADC module. Two sets of cathode pads
from a chamber are assigned to a module.

Scanning: The First Step in the Readout Process

Scanning is the stage where valid data (hits) are preselected for further study at the
pulse shape analysis stage. After the digitization has been completed, which occurs
when the scanner reaches a pre-defined address in the FADC memories, the scanner
then performs a search for a hit. A hit is defined as starting when two adjacent
bytes in either the left or right channel of a wire are above a selected threshold, and
ends when two adjacent bytes are below this threshold. All FADC modules within a
defined range are selected sequentially via their module address and read out. When
a hit is found, the hit detector stops the search and then sets a hit flag. This flag
is an electronic signal which generates a Processor Request Signal (PRS) via the
scanbus which then generates an inter‘ruft to the VME processor. The stop address
is used as a pointer to the hit. The scanner is re-started by the control software and
continues the search for other hits, while the VME processor starts the readout via
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Figure 3.6: A description of the digitization of a signal using comparators.
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Figure 3.7: The non-linear response function produced by the resistor R2.

the interface.

3.3 Pulse Shape Analysis

The advantages of digitizing pulses before analysing them are as follows:

e A good energy determination of the traversing particle is possible.

e An accurate drift time determination is possible which is less sensitive to
diffusion

e Excellent multihit resolutions are possible.

For single well separated pulses in the chamber, the pulse definition and time
measurement present no problems. This is not the case for complex track patterns
as they occurs inysay, jets. An algorithm was developed to reduce this difficulty. This
method, known as the Difference of Samples [34],is based on the difference between
neighbouring samples , D = A; — A;_;,where ¢ takes values between 2 and the
total number of samples to be read out Ng. A; is the amplitude in the 7 th sample
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Figure 3.8: A snapshot of a typical pulse and its differentiated pulse after correction
for the non-linear response.

after correction for the non-linear response function (equation (3.1)). A comparison
of the differentiated pulse with the original one, shows that large components of the
difference correspond to the rising edges of the pulses (Figure 3.8).

The start of pulses are defined as two consecutive differentiated samples above
a certain threshold. The essential timing information 5 contained within a small
region surrounding the peaks of the differentiated pulse (two samples on both sides
of the peak). The drift time T} is given by the following weighted mean [34]

> winghy
_ 4 2
Ty ( S wih; 20 ns, (3.2)
where w; with 1 = —2....2, are optimal weight factors which are given by 2.0, 1.5,

1.0, 0.7 and 0.5 respectively, h; is the sample value and n; is the sample position.

Luminosity Measurement at OPAL

It is essential that the luminosity of the colliding electrons and positrons at OPAL
is determined to the greatest precision possible since it is a fundamental parameter
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necessary in calculating the cross-section of any interaction and in predicting the
number of expected Higgs events.

The luminosity determination at OPAL is achieved by counting the rate N of
Bhabha interactions within a small angular acceptance. Bhabha scattering, the
elastic scattering of colliding electrons and positrons,is well described by Quantum
Electrodynamics so its cross section can be calculated with great accuracy. The
differential cross section is given approximately by [59]

do _ o?(cos’0 +3)?
dQ  16EZ(1 — cos 6)?’

(3.3)

where a is the fine structure constant, E} is the beam energy, 6 is the polar angle of
the outgoing electron, and ¢ is its azimuth. The rate N is related to the luminosity
L, the cross section ¢ within a defined angular acceptance and the efficiency € of
counting the events by

N =oLe. (3.4)
At small polar angles, the following approximate relation holds,
' 1 1
i e (3:)

Bhabha electrons are preferentially scattered in the forward directions, and the cross
section is very sensitive to errors in the definition of the angular acceptance. In the
forward detector, the angular acceptances are defined by the tube chambers. In
order to reduce any uncertainties in the definition of the angular acceptance, one
needs to have a good knowledge of the effective positions of the tube chamber wires.
A map of the defective tube chamber wires is also needed.

The drift chambers are used to survey the tube chambers positions because
the positions of their sense wires are more precisely known than those of the tube
chambers which are imbedded within the calorimeters and thus not easily accessible
(Figure 5.1).

The Tube Chamber Survey

To determine the absolute positions of the tube chambers in 6 through locally de-
termining the radial distance of the tube chambers from the nominal beam position,
single electron tracks were reconstructed in the drift chambers and compared with
the corresponding tracks reconstructed by the tube chambers. Two methods were
employed to determine the placement of the tube chamber wires in 1991. These
were the ‘Double V plot’ and the ‘3-Line plot’ analyses. Only the second method
which was relevant to my work with the drift chambers will be discussed here.

The 3-Line plot analysis involved using data from 3-line plots (see below) to
determine the drift chamber V' coordinates of hits. The drift velocities u and the



3.3. PULSE SHAPE ANALYSIS 67

start times ¢; as obtained from the plots are used to calculate the V' coordinate for
each hit on the drift chamber wires, using equations (3.6) and (3.7)

V=Vttt — 1)) (3.6)

VE=Vy +ul(tt =), (3.7)

where V7’ and V; are the positions of the SARC and TC2 drift chamber sense
wire in the V' coordinate system, u® (u®), t* (¢°), t§ (¢5) are the TC2 (SARC) drift
velocity, drift time and start times respectively. The tracks are reconstructed by
an extrapolation from the V' coordinate to the interaction point. The average of
the track’s V coordinates on the front face of the tube chambers, as determined by
the SARCs and TC2s, is compared to that determined by the tube chambers. Any
differences between these two values is used in correcting the estimated position of
the tube chamber wires.

The 3-Line Plots

These are graphical comparisons of the SARC and TC2 drift times for the same
electron track. For a SARC and a TC2, eight such comparisons can be made because
of the eight possible wire combinations. Figure 3.9 shows a typical 3-line plot for
a SARC and a TC2 wire. The three distinct regions 1, 2, 3 correspond to tracks
below the wires, between the wires, and above the wires respectively.

Straight lines are fitted to the points in the 3-line plots. The SARC drift time
at the intersection of the lines through regions 1 and 2 gives the SARC start time
t3- The difference between the SARC drift times at the two intersections gives the
SARC drift time corresponding to the known distance between the wires, thus the
SARC drift velocity can be obtained. Similarly the TC2 start time ¢} and the drift
velocity in it u’ can be deduced.

The ‘Spike and Dropout’ Problem of 1991

In 1991,  unexpected clumpings of track drift times into 320 ns periodic time bins
were observed in the 3-Line plots from some of the drift chambers (Figure 3.10).
These clumpings resulted in reduced accuracies on the determined u and ¢ values.
The clumps were thought to be produced by spikes and dropouts. Spikes (dropouts)
are unusually high (low) digital values entered in memory for a relatively low (high)
analogue signal, These were seen in the snapshots of the pulses. About 95% more
spikes than dropouts were observed. For this reason, the illustration of the problem
and solution will be done using only spikes. The explanation for the spikes and
dropouts involved delays in the propagation of some bits of the Random Access
Memory (RAM) address for the signals from the digitizer.



68CHAPTER 3. LUMINOSITY MEASUREMENT WITH THE FORWARD DETECTOR

o
TTTTT

2500

SARC Drift Time/ns

N
o
o
o
I

N AN R EEEEEE]

1600

L RARAA

TTTTTT

T vT

1000

L AR

500

0 «ETTRENET] FESETITENI FNUTE RIS SYRUTNTNTI EENTTUUUR CUSURNUIT)

0 500 1000 1500 2000 2500 3000
TC2 Drift Time/ns
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In investigating how the spikes and dropouts affect the drift time calculation,
simple simulations were performed by superimposing spikes and dropouts on typical
pulses, and then calculating the drift times (Figure 3.11) and by moving a single
pulse along a drift time axis in steps of 20 ns and superimposing spikes on any
sample position on the rising edge of the pulse which is a multiple of 320 ns (Figure
3.12). The results obtained from that exercise revealed the following:

e Spikes or dropouts appearing on the rising edge of some pulses can cause the
pulse to be missed by the ‘Difference of Samples’ algorithm.

e Spikes occurring on the peak sample of a pulse can lead to the over-estimation
of the drift time.

o If a spike appears on the pedestal, a drastic under-estimation of the drift time
can occur.

e Spikes can cause periodic clumpings.

The actual magnitude of the effects caused by the spike and dropout, and whether
these effects appear at all are dependent on the size and shape of the pulse.

A solution to the problem

There was a two-pronged attack at the problem, the first solution involved tuning
away the spike production in the hardware!. As a back-up, a pulse rectification
algorithm [36] was written, whose function was to identify spikes and dropouts in
drift chamber pulses, remove them and then replace them with a reasonable estimate
of the underlying sample value. In view of the online application of the algorithm,
the amount of arithmetic computation involved in the process was kept to the barest
minimum whilst still maintaining high efficiency. The algorithm worked by

o Labelling as a spike (dropout), a sample which towers over (is dwarfed by) its
two nearest neighbours by an optimized threshold of 6 counts.

e In cases where it labels a sample as a spike and recognizes the next sample as
a dropout, it de-labels the first as a spike. This is to avoid distorting the pulse
shape.

e The labelled spike (dropout) is replaced by the value obtained at the spike
(dropout) position if a cubic interpolation is made through the four samples
on either side of it.

1Solving the problem in the hardware was done by Peter Sherwood of the University College
London.
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Figure 3.11: The effects of the spikes and dropouts on the drift time calculation.
The arrow points to the real drift time whilst the diamond points to the drift times
with the spikes or dropouts present. On each row are the pulse and its differentiated
pulse. Starting from the top row, (a) The missing of the pulse by the ‘Difference of
Samples’ algorithm caused by a spike on the rising edge. (b) The under-estimation
of the drift time by a spike appearing on the pedestal. (c) The missing of a pulse
caused by a dropout. (d) The over-estimation of the drift time by a spike appearing
on the peak sample.
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Figure 3.12: The top figure illustrates the simulation of pulses with spikes by moving
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positions (at multiples of 320 ns) where spikes will be superimposed on the rising
edge of the pulses. The bottom histrogram is the resulting drift time distribution.
The peaking at 320 ns time intervals is evident.
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At the time the above algorithm was written, the real data from 1991 was not
enough to test the algorithm exhaustively. For this reason, the algorithm was tested
on the single pulses of the type shown in Figure 3.12. Figure 3.13 shows a typi-
cal comparison of the drift time distributions for un-rectified and rectified artificial
pulses. The clumping can be seen to be removed in the rectified data. After imple-
mentating the hardware and software solutions to the problem, the 1992 data 3-line
plots [55] showed a substantial reduction in the clumping problem.
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Figure 3.13: A comparison between the drift time distributions for un-rectified (top
histogram) and rectified (bottom histogram) pulses.



Chapter 4

Event Cross Section Calculation
and Simulations

In this chapter, the calculation of the Higgs production cross section via the Bjorken
process is described since this cross section was used in predicting the number of
expected Higgs events from a given data sample.

Monte Carlo simulations were vital in our search for the Higgs since they enabled
theoretical predictions of event signals to be visualized by a detector simulation
program. The programs used in the simulation of the Higgs events and the most
important background events (four fermion events) are described.

4.1 Cross Section of ete™ — HOff

The calculation of the cross section of the Bjorken process proceeded via the follow-
ing steps:

° Calculation of the lowest order cross section.

e Calculation of a correction factor that accounts for the contributions from the
significant higher order processes.

e Calculation of a radiator function which accounts for initial state photon ra-
diation.

e Convolution of the lowest order cross section with the correction factor and
the radiator function, to produce a final cross section.

73
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Figure 4.1: The Feynman diagram for the lowest order Bjorken process.

4.1.1 Lowest order cross section

The lowest order Bjorken process is shown in Figure 4.1 where the Z boson (Z°)
radiates a Higgs boson (H®) to become an off-mass-shell Z boson (Z*). The mass
and momentum of Z*, Mz« and Pz» respectively, are variable within the kinematic
limits set by My and M3.

The lowest order cross section (M) is given by [37]

do(My) _ T(Z* — fF)do(Mgze, Mi)

Mg, = D(MZ.) ! (.1)

where 2 .
N2 — fF) = 3204 (53— BC% +6°C3) (+2)
g= —— (4.3)

sin Oy cos Oy’

_ l AM; |
B=1\1-3m" (4.4)
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G ,,C*F(3M2. + F?)

d (Mzn MH) 247T2M2‘\/§D(S) ’ (45)
eMz
GHzz = Sinfy cos O (4.6)
D(M?) = (M?* — M2)* + T2 M2, (47)
o S Mo+ My — 2sM3. + M3 M + Mps) (4.8)
4s
C* = G2+ C2 (4.9)

Grzz is the HZ Z-vertex coupling constant, 3 is the velocity of the fermions in the
rest frame of Z*, C4 and Cv are the axial and vector coupling constants [4] of the Z*
to fermions, /s is the centre of mass energy of the colliding electron and positron,
['(Z* — ff) is the rate of decay of Z* into the fermions, D(M32.) and D(s) are
the virtual and real Z boson propagator terms respectively. Equation (4.1) then
becomes

dMZ. 11527r3\/_D(s)D(M§.) 2

3 6%)C2 + mcf,) C (410)

where N, is the colcl factor, which takes the value of 1 (3) for leptons (quarks). The
total cross section calculation is performed numerically and is given by

- (Vs-My)? dO'(MH) 2
o(My) = /(Wf)z ( D) M (4.11)

4.1.2 Higher Order Corrections

The most significant higher order contributions are due to the Z° propagator self-
energy, and vertex processes. The dominant vertex contribution is due to the heavy
top quark because of its large coupling to the Higgs (Figure 4.2). The improved
cross section (Mpy) is evaluated using the Improved Born Approximation (IBA)
scheme [9] where the contributions from the higher order processes are evaluated as
a multiplicative factor. The improved cross section is given by
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Figure 4.2: The higher order Bjorken processes evaluated in the IBA scheme. Figure
(1) is the one loop Z° propagator self energy process. Figure (2) is the Z vertex
process; the dominant contribution to this process is that due to f = top quark.
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1
5(My) = o(M) (1 + 309), (4.12)
where 3G M2
Ap="ZE"¢ 4.13
P 8722 ( )

4.1.3 Corrections due to Bremsstrahlung

Initial State Radiation (ISR) corrections to the Bjorken process account for the
contributions due to real and virtual photons (Figure 4.3). To correct &(Mpy) for
the ISR effects, it is convoluted with the radiator function G(z) over the full range
of centre of mass energies V/s', accessible after bremsstrahlung has occurred. The
convoluted cross section is given by [38]

ou(My) = | 1 deG(2)5( M, 2v/3), (4.14)
where z = \/m and zo = 1 — \/M}/s. G(z) is given by [39]
G(z) = B(1 — z)P~16V+5 4 6H(z), (4.15)

where §V+5 which is the contribution from virtual and soft photons, and §7(z)
which is the contribution from hard photons, are polynomials in L = In(s/M?) and

B = (2a/m)(L —1).
§V+5 is given by [39]

V¥ =14 675 +67%5, (4.16)
where 3
&VHS = % <§L +2R(2) — 2) (4.17)
and

5V = (%)2 [(9 - 23(2))2 L*+ (—ﬁ +2Rre+ 3R(3)) L]

8 16 2
- (%)2 [gR(z)Z + 23(3) +6R(2)In2 — %R(Q) - 1749-] o (418)
whilst §7(z) is given by [39]
§7(z) = 67 (z) + 68 (x), (4.19)
where
§H(z) = %(1 + &L -1) (4.20)
and
57 (z) = % (2) (=110 +2)(3ne — 41n(1 - ) - ; - “Inz —5~a]. (421)

R(2) and R(3) are Riemann zeta functions {39].
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Figure 4.3: QED contributions to the Bjorken process. The intermediate Z boson
and the final state particles are not labelled. The wavy lines are the photons. Figures
(1), (2) and (3) are the virtual photon processes, (4) and (5) are the soft and hard
photon radiation processes.
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4.2 The Final Bjorken Cross Sections (Leptonic
Channel)

Figure 4.4 shows the dependence of the Bjorken cross section (for ff = ete™, u*p~)
on the centre of mass energy /s for a selection of Higgs masses. The top quark mass
was assumed to be 300 GeV in the cross section calculations. The cross sections
have two maxima; the first at the centr¢ of mass energy of about 91 GeV due to
the peaking of the Z° propagator, and the second at an energy value when the
production of a Higgs and a real Z° in the final state is possible. The cross sections
for a Higgs of mass greater than about 60 GeV are greater at higher /s values
than they are at 91 GeV; for this reason, the second phase of LEP (LEP-2, where
the beam energy will be of the order 90 GeV) is an appropriate collider for the
exploration of the higher mass ranges i.e. 60 GeV to ~ 91 GeV.

Figure 4.5 shows the dependence of the Bjorken cross section on the mass of the
Higgs at /s = 91 GeV. It can be seen that the cross section falls as the Higgs mass
increases; this is because the Z* propagator and the phase space available for the
decay products of the Z*, become increasingly small as the Higgs mass increases.

The mass and momentum of Z* can take on a range of values defined by the
kinematic limits set by the masses of H° and Z°. Using Equation 4.10, it has been
shown in [12] that the Z* mass distribution and the average momentum of the Z*
for a selection of Higgs masses, are as shown in Figures 4.6 and 4.7 respectively.

4.3 Higgs Boson Decay Branching Ratios

The Higgs decay branching ratios were needed in order to calculate the probability
of having a particular H° and Z* decay combination. At the tree level, the decay
rate of the Higgs to fermions is given by

. N.GrMygM?53
TH — f)=———5 — (4.22)
and the branching ratios are given by
_ N,M233
B(H® — ff) =e5~2-L (4.23)
NM7B}
z‘f

where all the variables have their usual meanings. These tree level branching ratios
are subject to QCD corrections. i
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Figure 4.4: The Bjorken cross section (leptonic channel) VS the centre of mass
energy for Higgs of mass 50, 60 and 70 GeV.
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Figure 4.5: The Bjorken cross section (leptonic channel) at center of mass energy of
91 GeV, VS the Higgs mass.

4.3.1 QCD Corrections

These corrections arise from the fact that quark masses M,(x) and the strong cou-
pling constant a,(x) depend on the energy scale u. The QCD-corrected Higgs decay
rates to quarks have been calculated in reference [40] and are given by

3G My M? M2 o, (17 M? M
I(H® — q§) = ——F———H—"!(l—4———q—) +%(?_40M_§1+0(ﬁ)>

) (o) o)) e

where a,(u) and M,(p) were evaluated at p = My. K, ~ 35.9399 — 1.3586n
[40], where n is the number of quark flavours that the Higgs can kinematically
decay into. The decay branching ratios of the Higgs to quarks as obtained from
reference [40] are in Table 4.1.
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4.4 Simulation of Higgs Events

The simulation of Higgs events took the form of an initial event generation followed
by a detector response simulation. The generation of Higgs events was done using
the HOZO program [41]. This program was designed to generate only single initial
state radiative (ISR) events such as et e~ — H® Z* 4 with H® — ¢ § and Z*

— f f
[40]
Table 4.1: Decay branching ratios (in %)jof the Higgs to fermions.

| Mg | 5b | 7% 7= | € c | Other decays |

50 | 88.3| 87 |28 0.2
60 [87.9| 9.0 |28 0.3
70 | 876 | 9.2 |28 0.4
80 [87.1| 9.5 |28 0.6

4.4.1 The Generation Process

The first step in the generation process is the calculation and histogramming of the
hard ISR energy spectrum dog/dk. This spectrum is given by [38]

; 2
dop _ « s i"i'(l-—K)
W = -7; (].l’l?Z - 1) _._.—-—K—__ 0'0(3(1 - k)), . (425)

where op is the Bjorken production cross section with ISR taken into account, o
is the cross section of the non-radiative process evaluated at a the centre of mass
energy after ISR has occurred, whilst & is the fractional energy of the ISR. The
histogram of the energy spectrum is formed such that one has narrower histogram
bins the higher the dog/dk values, so that all the bins have approximately the same
number of entries thus enabling a fast generation of events. The histogram is formed
for k£ values satisfiying

2F, (My + 2M))
<k<]—-—--—-7,
/5 Skst 7

E. is the critical energy value above (below) which the ISR is considered as being
hard (soft). E. is given by [38]

(4.26)

2 2 _
Eczie:v /2004 3/4In(s/M7) +1/67* — 1 .

Jz P In(s/M2) -1 (4.27)
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The second step involves generating the energy of an initial state photon from
the ISR histogram, after which its directional variables are generated. The photon’s
azimuthal direction is generated uniformly whilst its polar angular direction is gen-
erated using a certain mapping and rejection criteria, details of which can be found
in reference [41].

The third step in the generation process involves generating the four-vectors of
the Higgs and those of the decay products of Z*, for a fixed value of centre of mass
energy corresponding to that after ISR has occurred. To do this, the directions of H®
and Z* are generated in the rest frame of the Z° (n.b. the Z° direction is opposite
to that of the ISR) and are required to pass certain rejection criteria [41]; the ratio
of the Higgs energy to the centre of mass energy =z = q¥/+/s is then generated using
the mapping (Equation (4.28)) and rejection criteria (Equation (4.29)) given below
(see reference [41] for full details).

TLp

z =z, + btan [pl arctan (1172; ) + (1 — p;) arctan (ml ;mp) ,] (4.28)

12422 —-12z + 2*]Vz? —a

= < Np,, 4.29
i [12 4+ 2a¢ — 12z, 4 22]Vz? — a & (4.29)
where
AM} M- M 1
o= M, szzSFz, s=14 =Mz o _ m=1+70  (430)

N(= 3) is an empirically determined number, whilst P and Fa. are uniformly gen-
erated random numbers between 0 and 1. ! '

From the generated fractional energy of H?, the energy of Z* is computed. The
fermions f and f are generated isotropically in the Z* rest frame according to Some
rejection criteria [41]. The decay branching ratios of H® are used to decide on the
specific decay product of the H°. The Higgs decay is then performed isotropically
in its rest frame,

In the final stage of the generation process, all the four-vectors of the generated

decay products are boosted into the laboratory frame and subsequently fed into the

TETSET [58] Monte Carlo program which performs quark hadronisation using the
LUNDYstring model, if the decay particles are quarks.

[42]

Finally, the four-vectors of the final particles are fed into the OPAL detector
simulation program GOPAL [43], for the final stage of the event simulation.
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4.5 Simulation of Four Fermion Events

Four fermion final state events are potential backgrounds to Higgs searches since
events of the type e+e" — >gq ff can have a similar event topology to e+e" — >

— y H ff when the invariant mass of the gg system is very close to that of the Higgs.
At the present LEP energies, there are eight possible processes that can result in four
fermion final states (Figure 4.8). These processes can be classified into four groups
namely, the annihilation, bre 'msStniklu” conversion and the multi-peripheral pro-
cesses. These events were generated using the FERMISV program [44] and the
generated four-vectors were fed into the LUND Monte Carlo program in order for
the quarks to be fragmented and hadronized. The final four-vectors were then fed
into the OPAL detector simulation program for the final event simulation. Figure
4.9 shows the comparison between the Bjorken cross section (leptonic channel) and
the four fermion cross section as a function of the invariant mass of the gg system;
the four-fermion cross section is comparable to the Bjorken cross section for hadronic
mass greater than 55 GeV.

Multi-hadronic events were generated using the fIERWIG program [47].

4.6 GOPAL —The OPAL Simulation Program

The simulation of the response of OPAL to the generated particles (four-vectors) was
done using the GOPAL program [43]. GOPAL is based on a package of programs
called GEANT [45]; GEANT allows its user to describe an experimental set-up
and to control the transport of particles through the various devices of the set up.
GOPAL records the simulated responses to the trciVQrscil of the particles. The re-
sponses to a generated event are then passed through the OPAL event reconstruction
program ROPE [46] for event reconstruction.



4.6. GOPAL - THE OPAL SIMULATION PROGRAM 87

q q
k1 qz
ZO
(GD R S — K? (2)
2 k1
q
k2
C|1
(4)
k‘
k? qz
q1
S
(6)
kZ

Figure 4.8: Four fermion final states. Only the final state four-veclors and the Z
propagators are labelled. The wavy lines denote photon propagators. Figure (1) is
the annihilation process, (2) (3) (4) and (5) are the conversion processes, (6) and
(7) are the brems strahlung processes and (8) is the multi-peripheral process.
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four—fermion cross section — dotted curve — versus the hadronic mass at centre of
mass energy 91 GeV. A logarithmic scale is used for the cross section axis. The four
fermion cross_sections are for events of the type [T/~qg where | denotes electrons
and muons.



Chapter 5

THE SEARCH ALGORITHM

In this chapter a detailed description of the search for the Higgs through the leptonic
channel - one of the two decay channels exploited - is given. The search algorithm
was based on that for previous OPAL searches [53], which involved looking for an
energetic and isolated lepton pair (ete™ or u*u~) recoiling against a hadronic system
(Figure 5.2). The backgrounds to the signal were expected to be from hadronic Z°
decays, and four-fermion events.

The search algorithm (Figure 5.1) was divided into three stages namely:

e The event trigger, and data taking stage.

e The event filter s_tage.

e The main analysis.

The search through the neutrino channel will also be described briefly at the end

of the chapter since the final Higgs mass limit depended on the results from both
channels.

5.1 The Event Trigger

In this stage, all potential events originating from ete™ collisions were recorded
whilst eliminating beam-gas, beam-wall, and cosmic ray events. The efficiency for
the detection of multihadronic events by the event trigger has been estimated to
be greater than 99.9% [32]. The event trigger was activated if any of the following
conditions were satisfied:

o Electromagnetic energy in the barrel > 6 GeV.
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Electromagnetic energy in the barrel > 4 GeV and one track in barrel.

Electromagnetic energy in the barrel > 4 GeV and one time-of-flight ¢ sector
hit.

Electromagnetic energy in either endcap > 10 GeV.

Electromagnetic energy in one endcap > 6 GeV and at least one track on the
other side.

Electromagnetic energy in both left and right endcaps > 10 GeV.
Electromagnetic energy in barrel > 4 GeV and > 6 GeV in one endcap.
2 barrel tracks.

3 tracks.

> 6 time-of-flight ¢ sector hits.

2 collinear time-of-flight ¢ sector hits.

2 collinear tracks.

> 1 track and 6-¢ correlated time-of-flight hit.

5.2 The Event Filter

The event filter selected events containing at least 6 tracks originating from the
interaction region, since Higgs events in the search region (Mg > 50 GeV) were ex-
pected to have high charged track multiplicities. A track was defined as being ‘good’
(i.e originating from the interaction region) if it satisfied the following conditions:

The distance of closest approach to the interaction point in the r—¢ plane (dp)
was at most 2.5 cm.

The distance of closest approach to the interaction point along the beam di-
rection (z9) was at most 50.0 cm.

The transverse momentum with respect to the beam axis (p;) was greater than

0.10 GeV.
The polar angle with repect to the beam axis (6) satisfied | cos 6 | < 0.966.

The number of jet chamber wire hits was at least 20 and is more than half the
maximum number of hits possible at its polar angle.
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OUTLINE OF THE SEARCH ALGORITHM

ALL EVENTS
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OPAL DETECTOR

Y
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Lepton Energy Cuts »  Four—Fermion Events and
Lepton Isolation Cuts Hadronic Z Decays
Invariant Mass Cuts
¥
LEPTONIC BJORKEN
DECAY CANDIDATES

Figure 5.1: A flow chart of the search for the Bjorken signal through the leptonic
channel, indicating in the boxes, the types of events remaining after successive group
of cuts have been applied.
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Figure 5.2: A labelled reconstruction of an expected Higgs signal of mass 52 GeV

in the leptonic channel.
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An electromagnetic cluster was labelled as being ‘good’ if it satisfied the following
criteria:

o The cluster energy must be greater than 0.17 GeV if it was in the barrel region.

e The cluster energy must be greater than 0.25 GeV and must contain at least
two lead-glass blocks if it was in the end-cap region.

The electromagnetic cluster quality cuts ensured that we were not sensitive to elec-
tromagnetic calorimeter noise [53]. The lower cut value in the barrel region is a
reflection of the fact that the noise level was lower in the barrel region than in the
end-cap. No quality cuts were imposed on the hadronic clusters because of the
relatively poor energy resolution of the hadron calorimeter.

5.3 The Main Selection

The main analysis was performed using ‘good’ tracks and electromagnetic clusters.
In the preliminary stage of this analysis, the lepton-pair candidates in an event were
tagged. These lepton-pair candidates were required to pass very basic requirements
namely: The tracks should

e have opposite charge.

e each have an associated electromagnetic cluster or at least two hits in the
hadron calorimeter or the muon chamber.

If more than one lepton pair candidate was found in an event, the pair with the
smallest sum of momenta (excluding the pair’s momenta) and electromagnetic clus-
ter energies (excluding the clusters associated to the pair) in 30° cones centered on
the tracks was chosen. The above preliminary stage was required for data monitoring
purposes (see Section 6.1.1).

In the next stage of the analysis, the lepton pairs were identified; isolation
and momentum requirements were imposed on them to suppress background from
hadronic Z° decays and invariant mass cuts were applied in order to reduce the
background from four-fermion events.

5.3.1 Lepton Pair Identification

The identification of electron pairs made use of their following properties: Electrons
have a unique value of ionization per unit length at low momenta (Figure 5.3) -
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Figure 5.3: dE/dx curves for muons, charged pions, charged kaons, protons, and
electrons in the OPAL jet chamber.

and typically deposit all their energy in narrow clusters since the thickness of
the electromagnetic calorimeter is sufficient to contain the electromagnetic showers.
A track pair were identified as an electron pair if

e the tracks had opposite charge.

e each track was associated to a cluster in the electromagnetic calorimeter to
within 20 mrad.

e 90% of the energy in each of the two clusters, was contained in less than 5
lead-glass blocks.

e any cluster in the hadron calorimeter associated with each track, was less than

4 GeV.

e the rate of ionisation (dE£/dx) for each of the tracks with momentum less than
15 GeV, was greater than 9.17 keV/cm.

e for each track satisfying | cos@ |< 0.72 or | cos 8 |> 0.84, the ratio of cluster
energy to track momentum (E/p) exceeded 0.7. The cut was not applied in
the region 0.72 <| cos 8 |< 0.84 (i.e. the overlap region) where the presence of
extra material degrades the energy measurement.
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Muons deposit little energy in the electromagnetic calorimeter, and depending
on their momentum, can travel as far as the last layers of the hadron calorimeter or
the muon chambers. A track pair was identified as a muon pair if

o the tracks had opposite charge.

e at least one track had two or more hits in the last five layers of the hadron
calorimeter, or two or more hits in the surrounding muon chambers.

e each track was identified as at least a ‘bronze hadron calorimeter’ muon by
the inclusive muon identification procedure [49]. Briefly, in this procedure, a
track is called a ‘bronze hadron calorimeter’ muon if its angles are fitted onto
those of a hadron calorimeter track segment which has more than 5 hits, with

the fit x% < 20. A track is called a ‘bronze muon chamber’ muon if its
angles are fitted onto those of a muon chamber track segment with a fit x? <
20.

e the energy in the electromagnetic calorimeter associated to both tracks was
less than 4 GeV.

The single lepton identification efficiencies obtained using the above procedure are
presented and discussed in Section 5.4.

5.3.2 Common Cuts

The events were subjected to the following cuts common to the electron and muon
channel analyses.

e Each lepton was required to have a momentum greater than 5.0 GeV and
scalar sum of the momenta of the lepton pair, greater than 25.0 GeV. Since
leptons produced by the semi-leptonic decay of hadrons are usually not very
energetic, the above requirements suppressed hadronic Z° decay events. The
cuts can be seen to have little effect on the signal leptons (Figure 5.4).

e Each lepton was required to have its polar angle, satisfying | cos@ |< 0.92.
This requirement ensured that the track was not close to the beam pipe, thus
enabling reliable isolation tests to be performed.

e The event was required to have more than four tracks excluding those within
15° of the lepton tracks.

e The event was required to have more than five clusters in the electromagnetic
calorimeter. This requirement together with the preceeding one, essentially
removed all Z® — 7+ 7~ events.
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tra for some Higgs events. The entries in the histograms, correspond to a luminosity
of 12500 (40000) pb~! for the 52 (62) GeV Higgs signal.
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Figure 5.5: A comparison between the lepton pair opening angles for some Higgs
events. The entries in the histograms, correspond to a luminosity of 12500 (40000)
pb~! for the 52 (62) GeV Higgs signal.

o The opening angle between the lepton pair must be greater than 30°. This
requirement was designed to eliminate pair-produced leptons. The cut was
expected to have a minimal effect on the lepton pairs from Higgs events (Figure
5.5).

e The event was required to have less than 2.0 GeV deposited in the forward
detectors. This requirement rejected Higgs events in which a reliable estimate
of the hadronic mass (see later) is unobtainable because of energy loss down
the beam pipe. The requirement also rejected two-photon events. -
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5.3.3 Lepton Pair Isolation Cuts

The lepton pair isolation cuts were expected to remove all the background from Z°
— qq events which contained at least two oppositely charged leptons produced by
semi-leptonic decays of heavy flavoured hadrons, since the leptons are embedded
in the hadronic jets in these types of events. Three groups of isolation cuts were
imposed.

In the first group of cuts, the fraction of the total sum of scalar momentum -
excluding those of the lepton pair — in a cone of half-angle 30° centered on each
lepton was required to be less than 0.2. The procedure was repeated using the elec-
tromagnetic clusters instead of the momenta of the charged tracks. These isolation
cuts were called the P3030 and E3030 cuts respectively. These cuts had a high
probability of selecting Higgs events for which the angle between the lepton pair
and the Z* flight direction in the Z* rest frame was close to 90° (Figure 5.6).

If the highest momentum lepton track had momentum greater than 20 GeV,
the P4515 and E4515 cuts were applied instead of the P3030 and E3030. Here,
the previous isolation test was repeated using a cone of 45° centered on the higher
momentum lepton track, and a cone of 15° centered on the lower momentum track.
These tests had a high probability of identifiying Higgs events for which the angle
between the lepton pair and the Z* flight direction in the Z* rest frame was close
to 0° (Figure 5.6).

In the third isolation cut (B2 cut), the sum of the scalar momenta of tracks
within 15° of each lepton was required to be less than 1 GeV. This cut was intended
to reject Z° — qg events where the leptons were produced in the decays of isolated
hadrons.

Higgs candidate events were required to pass the B2 cut, and P3030 and E3030
(or P4515 and E4515). The isolation fractions for the lepton pairs from Z° — qg
events, and simulated Higgs events are compared in Figure 5.7.

Hadronic and Lepton Pair Mass Calculations, and Cuts

The mass of the hadronic system was determined in two independent ways. The first
method involved using energy and momentum conservation to calculate the mass of
the hadronic system (M, coi) recoiling against the lepton pair. Ignoring the masses
of the leptons, the recoil mass is given by

Mrzecoil =S5— 2\/§(E1 + E'Z) + 2E1E2(1 — COS 9) (51)

where E; and F, are the momenta (cluster energies) of the muon (electron) pair, and
0 is the opening angle between them. The cluster energies were used in computing



5.3. THE MAIN SELECTION 99

He 7 BJORKEN DECAY
IN LABORATORY
—o o—» FRAME

4 .
J/ﬁ SECONDARY DECAY IN THE
> H® AND Z' REST

. 2 FLIGHT
% DIRECTION FRAMES

Higher momentum
lepton

EVENT TOPOLOGY IN THE
LABORATORY FRAME IF

g° 1S CLOSE TO 0°

lepton

lepton
EVENT TOPOLOGY IN THE
LABORATORY FRAME IF
1S CLOSE TO 90°
lepton
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the recoil mass in the electron channel because the cluster energy resolution was
better than the track momentum resolution.

The second method, involved calculating the invariant mass of the charged and
neutral particles of the hadronic system using the Globally Corrected Energy (GCE)
algorithm [12] which assumes all tracks not identified as muons or electrons to be
charged pions. The GCE mass (Figure 5.8) is given by

where
E= Y E+ Y (P -E), (5.3)
clusters tracks
P= Y Er+ ) (P -E.P/PY) (5.4)
clusters tracks

and ¢ = z, y and z denote the three cartesian components. E* and P*, are clus-
ter energy and scalar track momentum respectively. E}, which is the calorimetric
(electromagnetic) energy deposited by a charged pion as a function of its momen-
tum, is an energy subtraction made for each charged track in order to correct for
double counting of energy resulting from adding a track’s momentum to its associ-
ated cluster energy. The momentum dependence of EZ, has been determined from
a study [12] of simulated charged pions to be given by

E*(P) = —0.267025 + 0.611160.P + 0.000479.P? (5.5)

For an electron track, E7 is its scalar track momentum. For a muon with momentum
greater than or equal to 3 GeV, Ef = 3 GeV, whilst for a muon with momentum
less than 3 GeV, EX = P/2.

Figure 5.9 shows a comparison between the GCE mass distributions for samples
of simulated and real Z° — ¢g events. Since the two distributions compare well, the
GCE mass results for simulated Higgs events were taken to be valid for real Higgs
events. For simulated Higgs events, a comparison is made between the calculated
hadronic mass and the true Higgs mass in Figure 5.10. The recoil and GCE mass
resolutions, and scale factors (Mopserved/ Mirue) are compared in Figure 5.11. The
recoil mass calculation can be seen to have a superior mass resolution, and a scale
factor close to 1.

The combined average (muon and electron channels) mass resolutions, and scale
factors, are given repectively by

e 0.033 £ 0.008 and 1.011 & 0.001 for the recoil mass calculation and,
e (0.225 £ 0.008 and 0.810 £ 0.009 for the GCE algorithm.

The invariant mass (My) of the lepton pair was given by

M} = 2E,E5(1 — cos 6) (5.6)
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Figure 5.8: An illustration of the GCE algorithm. C™ is the calorimetric energy
deposited by a charged pion as a function of its momentum. Note that £ > E' +
E? + ... since hadrons do not usually deposit all their energy in the electromagnetic
calorimeter. Note also that by ignoring all clusters having associated tracks, we
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where all the variables are defined as in Equation (5.1).

Four-fermion events were further suppressed by mass cuts since in most four-
fermion events, one fermion pair originates from the decay of the Z° and so has large
mass, while the other pair originates from a virtual photon, and so is characterized
by a low mass (Figures 4.6(1) and 5.12). It was therefore required that,

¢ the invariant mass of the lepton pair be greater than 15 GeV.

o the GCE mass of all tracks and clusters lying outside 15° cones about the
lepton tracks be greater than 25 GeV.

The GCE algorithm was used in the previous searches for a Higgs of mass below
40 GeV since it had a better resolution than the recoil mass. In the interest of
maintaining a stable analysis, the GCE algorithm has been used in the present
analysis where it no longer gives the desired mass resolutions; this is because the
poor resolutions have no effect on the derivation of the mass limits.

5.4 Event Selection Efficiencies

The search algorithm was used in analysing a selection of simulated Higgs event
samples, and simulated Z® — gq events which contained at least two oppositely
charged leptons originating from semi-leptonic decays of heavy hadrons.

The number of simulated Higgs events successively passing the electron and
muon analyses cuts are contained in Tables 5.1 and 5.2. The decrease in the signal
identification efficiency versus My was mainly due to the decrease in the average
lepton pair mass and momenta as My increased.

Table 5.1: Number of simulated Higgs events remaining after successive cuts in the
muon channel.

Higgs mass (GeV) | 52 54 | 56 58 60 62 65
Number processed | 1000 { 1000 | 1000 | 1000 | 1000 | 1000 | 1000
Event filter 818 | 773 | 806 | 807 | 808 | 812 | 760
Common Cuts 791 | 748 | 779 | T78 | 784 | 783 | 731
p-pair identification | 688 | 654 | 661 | 664 | 648 | 653 | 472
Isolation Cuts 557 | 519 | 525 | 525 | 494 | 497 | 345
Di-lepton Mass Cut | 512 | 461 | 467 | 470 | 411 | 404 | 335
Hadronic Mass Cut | 505 | 455 | 460 | 465 | 407 | 402 | 330




5.4.

EVENT SELECTION EFFICIENCIES

o
(o]

[(o]
o

80

70

LEPTON PAIR INVARIANT/ GEV

60

50

40

30

20

10 | . .

)
- L] L]
0 bl AU B DY S S P T Y ?n.l..-..xga_.:h‘m_._._,_

0 10 20 30 40 50 60

70 80 90 100
HADRONIC MASS / GEV

107

Figure 5.12: The hadronic mass VS the lepton pair mass for four-fermion events
(black circles) and a 52 GeV Higgs signal (open circles). The number of Higgs
events and four-fermion events have been normalised to the same luminosity (78
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Table 5.2: Number of simulated Higgs events remaining after successive cuts in the
electron channel.

Higgs mass (GeV) | 52 54 | 56 58 | 60 | 62 | 65
Number processed | 1000 | 1000 | 1000 { 1000 | 1000 | 1000 | 1000
Event filter 796 | 778 | 802 | 778 | 770 | 786 | 740
Common Cuts 771 | 749 | 772 | 746 | 739 | 764 | 709
e-pair identification | 601 | 572 | 562 | 540 | 520 | 494 | 297
Isolation Cuts 486 | 476 | 458 | 436 | 409 | 390 | 229
Di-lepton Mass Cut | 448 | 426 | 406 | 389 | 348 | 333 | 220
Hadronic Mass Cut | 445 | 420 | 402 | 386 | 347 | 333 | 220

The number of simulated Z° — Gq events successively passing the electron and
muon analyses cuts are contained in Table 5.3. No events passed all the cuts.

During the time of this study, the generated four-vector data for four-fermion
events had not been fed into GOPAL, the OPAL detector simulation program, to
enable full event simulation. The search algorithm was thus adapted to analyse the
four-fermion events at the four-vector level. The adapted analyses consisted only of
lepton momentum, lepton isolation, lepton pair mass and recoil mass cuts. The four-
vectors were generated for the events of the type [T/~ qg where [ denotes a muon
or an electron, and q denotes all the known quark types. Table 5.4 contains the
number of four-fermion events successively passing the cuts of the adapted electron
and muon channel analyses.

At a luminosity corresponding to that of the OPAL data (i.e. 78 pb~1), 4.21 (1)
events with hadronic mass greater than 25 (50) GeV passed all the cuts.

Table 5.3: Number of Monte Carlo Z° — gq events remaining after successive cuts
in the electron and muon channels. The number of processed events corresponds to
a luminosity equal to that of the OPAL data (78 pb™1).

Cuts electron channel | muon channel
Number processed 1900000 1900000
Event filter 149129 149129
Common Cuts 74523 74523
lepton-pair identification 502 2187
Isolation Cuts 0 0
Di-lepton Mass Cut 0 0
Hadronic Mass Cut 0 0
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Table 5.4: Number of four-fermion events remaining after successive cuts in the
electron and muon channels. The numbers in the ‘Mass Cuts’ column, are the
number of events with hadronic mass greater than 50 GeV. The entries in the last
column have been scaled to the luminosity of the OPAL data (78 pb~1).

Four Fermion | Number |[Cross Sectien| Isolation | Momentum | Mass | Expected
Process Processed (pb ) Cuts Cuts Cuts | Number
eeuu 1405 0.05 1223 1144 86 0.24
eedd 1405 0.01 1223 1144 86 0.05
eecc 1415 0.05 1230 1142 90 0.25
eess 1408 0.01 1226 1143 85 0.05
eebb 1407 0.01 1243 1144 93 0.04
ppuu 1440 0.03 1243 1114 87 0.14
ppdd 1440 0.01 1243 1114 87 0.03
fujicc 1455 0.03 1258 1128 97 0.14
pLpLss 1447 0.01 1248 1118 88 0.03
pubb 1474 0.01 1299 1157 114 0.03

5.5 The Lepton Identification Efficiencies and Sys-
tematic Errors

To obtain an estimate of the signal selection efficiency (€) for real Higgs events,
the signal selection efficiency for the simulated events was corrected using a certain
factor. In previous OPAL searches, this correction factor (F) was taken to be
the difference in the lepton identification efliciencies of single beam energy lepton
tracks taken from simulated, and real lepton pair events. The corrected Higgs signal
selection efficiency (€) then becomes

e=(1—F).e (5.7)

The statistical error in this correction factor was taken to be the systematic error
in the lepton identification procedure of the search.

The results of a study of the momentum dependence of the lepton identification
efficiencies and the correction factor as a function of polar angle 8, and the determi-
nation of the probability of isolated hadrons to be identified as leptons are presented
in this section. The momentum bins for which the study was performed were: 0 to
25 GeV, 25 to 40 GeV, and 40 to 45 GeV. The bin boundaries were chosen such that
we had an adequate number of tracks in each bin from the track selection process
(see below). The polar angular regions were defined by the -
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e end cap regions, 0.96 > | cosf | > 0.84, referred to as regions ‘A’.
e overlap regions, 0.84 > | cosd | > 0.70, referred to as regions ‘B’.

e barrel region, 0.72 > | cosf | > 0.00, referred to as region ‘C’.

The study was possible for the first time due to the present size of the OPAL data
which gives a large sample of low momentum isolated leptons.

5.5.1 Selection of Lepton Tracks for the Study

Real and simulated electron/muon tracks, were selected from the real and simulated
lepton pair events. Lepton pair events are flagged as such by ROPE [46], the OPAL
event reconstruction program, where a 99.8 (99.9) % [48] event selection efficiency
at a 99.2 (99.9) % [48] purity level are claimed for electron (muon) pairs. To obtain
beam energy lepton tracks from the lepton pair events, these tracks were taken from

e the electron pair events with only two tracks with the opening angle between
them greater than 170 degrees, and each with momentum and associated clus-
ter energy greater than 40 GeV.

e the muon pair events with only two tracks with the opening angle between
them greater than 170 degrees, and each with momentum greater than 40

GeV.

In selecting low momentum leptons (defined as leptons with momentum less
than 40 GeV), final state radiative electron and muon pair events were used. In
the electron (muon) pair events, it was required that an event had only three good
electromagnetic clusters and two tracks. The most energetic of the two tracks was
required to have a momentum greater than 40 GeV, and associated cluster energy
greater (less) than 40 (3) GeV. It was also demanded that one of the two other
clusters had no associated tracks, and was completely isolated within a cone of half
angle 10°. Finally, it was demanded that the momentum of the most energetic
track, and the sum of the energy of the unassociated cluster and the momentum of
other track were equal to within 5 GeV. The other track which was required to be
associated to the last cluster, was taken as the low momentum lepton track. The
entire OPAL lepton pair data was analysed in order to obtain a sufficient number of
low momentum lepton tracks. Table 5.5 contains the number of real and simulated
electron/muon tracks studied.

In order to determine the probability that isolated hadron tracks were identified
as leptons a sample of isolated hadron tracks was taken from tau pair events. It was
required that only one of the taus underwent a 1-prong decay. The isolated hadron
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Table 5.5: Number of electron and muon tracks chosen from the real and simulated

(MC) data.

| Energy range (GeV) | MC electrons | Data electrons | MC muons | Data muons |

0to 25 670 933 756 262
25 to 40 1028 1111 1345 457
40 to 45 50000 10000 50000 10000

tracks were selected from the decay products of the other tau which was required
to have undergone a 3-prong decay. A hadron track was defined as being isolated if
it was completely isolated within a cone of half angle 10°. 1198 (251) such isolated
tracks were selected from the simulated (real) data.

5.5.2 The Lepton Identification Efficiencies

The lepton identification efficiencies are shown as a function of polar angle in Figures
5.13 to 5.16. A characteristic of the plots is the lower efficiency in the end cap regions.
This was mainly due to tracks failing the ‘minimum number of CJ hits of 20’ cut
(see Section 5.2). It was also noticed that the electron identification efficiencies for
tracks with momentum between 25 to 40 GeV, and 40 to 45 GeV, were higher than
those for tracks with momentum less than 25 GeV. This was because an additional
cut (dE/dz cut) was applied in the latter momentum range (see section on Lepton
Identification).

The identification of isolated hadrons as muons (electrons) was not expected to
exceed 5 (2) % (Table 5.7) in the momentum range below 25 GeV where most of
the Higgs signal leptons were expected to be. :

5.5.3 Determination of the Correction Factors (and System-
atic Errors) and their Momentum Dependence

Before merging all the efficiency differences from the whole four years of data when
computing the correction factors for the beam energy leptons, the data consistency
was checked. No systematic differences in the lepton identification efficiencies be-
tween the years were noticed. Table 5.6 contains all the differences between the
simulated and real data identification efficiencies for the three momentum bins.

In computing the correction factors and their statistical errors for each of the
three momentum bins, the difference between the simulated and real data efficiency
and its corresponding error were computed in each of the detector regions (see second
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columns of Figures 5.15 and 5.16). The correction factor and its error were taken
to be the weighted mean and error of all the efficiency differences in the detector
regions.

To determine the momentum dependence of the correction factor, each factor
was plotted on a graph as an ordinate, and the mean of the track momenta in
its corresponding momentum bin as the abscissa. A selection of curves were fitted
through the three coordinates (Figures 5.17), the curve having the smallest chi-
squared was chosen.

For the beam energy leptons, the values 0.50% and 0.10% were obtained for
the correction factor and systematic error respectively. Compared to the previously
quoted values of 7.0% and 0.8% [26], a significant improvement was seen. The
improvement in the sytematic error was due to the larger amount of data used in
the present study whilst the improvement in the correction factor was due to better
simulations for beam energy leptons.

The relatively larger co%rection factors for the low energy electrons (momentum
less than 40 GeV) were duerdifferences between the real and simulated data arising
from better electron track and cluster matchings in the simulated data.

For the low energy muons, the differences between the real and simulated data
were mainly due to more simulated tracks passing the inclusive muon identification
procedure.

Table 5.8 contains the summary of the results obtained for the correction factors

and the systematic errors, whilst the same information is shown as plots in Figures
5.17.

5.6 The Neutrino Channel Search

The author did not undertake a major part in the neutrino channel search, but a
brief presentation is given for completeness. This channel accounted for almost 75%
of the total search sensitivity because the decay rate of Z* to neutrinos is about
3 times its decay to muons and electrons. The experimental signature of events
containing Higgs bosons was expected to be a non back-to-back pair of jets (Figure
5.18). To identify events with this topology, the analysed events were split into two
hemispheres using the plane normal to the thrust axis (the thrust axis is the direction
which minimizes the sum of all the transverse momenta relative to it). The missing
energy vector and the momentum vectors of the hemispheres were calculated, then
the acolinearity angle (6,.0., the complement of the 3-dimensional angle between the
two momentum vectors) and the acoplanarity angle (6,c.p, the complement of the
angle between the projections of the momentum vectors onto the plane
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Table 5.6: The MC efficiency minus the data efficiencies and their corresponding
errors,in parentheses, are expressed in % for each of the detector regions for the
three momentum ranges.

End Cap | Overlap | Barrel | Overlap | End Cap
Beam energy electrons
8.11(1.47) | 4.92(0.92) | 0.45(0.11) | 2.60(0.75) | 4.94(1.41)

Electrons with momentum < 40 GeV and > 25 GeV

7.03(5.61) | 5.12(4.04) ]046(053 | 5.48(3.25) L043551)
Electrons with momentum < 25 GeV
0.87(4.04) ’ 7.22(10.16) ] -0.11(3.21) | 17.64(9.88) | 2.05(4.41)

Beam energy muons
-1.21(2.19) l 0.53(1.27) |-0.04(0.23) [ -0.00(1.24) | 2.43(2.17)
Muons with momentum < 40 GeV and > 25 GeV
15.00(11.50) L 5.66(7.95) |-1.66(0.87) [ 5.26(6.62) [ -8.37(9.61)
Muons with momentum < 25 GeV
24.60(11.40) |16.70(9.24) | 0.06(1.34) | 8.00(8.38) l—2.46(15.00)

Table 5.7: The number of hadron tracks (from taus) studied, and the number iden-
tified as electrons and muons in parentheses.

Data Number identified | Number identified
Type as Muons as Electrons
momentum < 25 GeV
Simulated data 1164 (28) 1164 (42)
Real data 238 (12) 238 (4)
momentum > 25 GeV
Simulated data 34 (2) 34 (4)
Real data 13 (1) 13 (2)

Table 5.8: Summary of the correction factor F and systematic error on F (in paren-
theses), are expressed in % for the three momentum ranges.

| Range /GeV | Muons | Electrons | Combined |
0 to 25 1.34(1.30) | 11.35(3.82) | 2.38(1.23)
25 to 40 -1.42(0.85) | 3.03(1.38) | -0.19(0.73)
Beam energy | -0.01(0.22) | 0.62(0.11) | 0.50(0.10)




114 CHAPTER 5. THE SEARCH ALGORITHM

BEAM ENERGY ELECTRON IDENTIFICATION EFFICIENCIES VRS COS THETA

CA|B c B Al o4fF  MC efficiency minus 1990 efficiency
= % ® % n
- @| o2F
0.75 :-q :
05 BEAM ENERGY .
5 O MC efficiencies -0.2|~
O 1 | @ 1990 efficiencies osF
o:llll]llllllllllllll ‘-lllllllllllllllllll
-1 -0.5 0 0.5 1 - -0.5 0 0.5 1
CA|B c Bl Al g4  MC efficiency minus 1991 efficiency
1 E— % ] N -
O 0.2F
0.75-* 8 oz A
u of—A4A A AA
05F- BEAM ENERGY -
E O MC efficiencies -0.2~
0251 ® 1991 efficiencies e
0: I | ‘ L1 1 1 l I I | l | S N s | I | I | I 11 1 1 l I |
-1 -05 0 0.5 1 - -05 0 0.5 1
FA|B c B Al g4  MC efficiency minus 1992 efficiency
= ® @ C
Y RS
0.75F C A
= O—A A A A
051 BEAM ENERGY -
- O MC efficiencies -0.21~
OBE | | @ 1992 efficiencies b
0: I | I | I - ' Lt 1 i I i 1 t J S N - I L 1 ! I 1 1. 1 1 | [ I W .
-1 -0.5 0 05 1 - -05 0 05 1
FA|B ¢ Bl Al g4  MC efficiency minus 1993 efficiency
1F- ® -
o @ C
-} ? @ 02
075 C
- tA A A A A
- oF h
0SE BEAM ENERGY -
» O MC efficiencies -0.21~
025 ® 1993 efficiencies o4 -
o:IIIIIIIIIII|IIIIIII .-llllllllllllllil|ll
-1 -0.5 0 0.5 1 - -0.5 0 05

Figure 5.13: These plots show the efficiencies and efficiency differences in the five
detector regions for beam energy electrons. The error bars are present but are too
small to be visible. ‘A’(‘B’) denotes the end cap (overlap) regions, ‘C’ denotes the
barrel region.
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Figure 5.14: These plots show the efficiencies and efficiency differences in the five
detector regions for beam energy muons. The error bars are present but are too
small to be visible. ‘A’(‘B’) denotes the end cap (overlap) regions, ‘C’ denotes the
barrel region.
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Figure 5.15: These plots show the electron efficiencies and efficiency differences in
the five detector regions for the three momentum bins. The non-existent error bars
for the lower momentum electrons are due to 100% efficiencies.
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Figure 5.16: These plots show the muon efficiencies and efficiency differences in the
five detector regions for the three momentum bins. The non-existent error bars for
the lower momentum muons are due to 100% efficiencies.
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The factors are plotted at the momentum points corresponding to the mean of the
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perpendicular to the beam direction) were computed. Since momentum con-
servation in hadronic Z° decays keeps the observed hemisphere momentum vectors
back-to-back, an event displaying a significant deviation from a back-to-back topol-
ogy and having a large and isolated missing momentum/energy vector is possibly
due to the process Z° — H%i.

The search in this channel, proceeded via an initial data reduction by selecting
only events having cos0,.,; < 0.98. A requirement that the track and cluster mul-
tiplicities were each greater than seven was also imposed to eliminate virtually all
leptonic Z° decays including 7+7~ events with a converting photon.

To ensure a reliable measurement of the acolinearity and acoplanarity angles,
the missing energy of an event needed to be accurately measured and its direction
~well contained. Events with large energy flow near the beam pipe were eliminated
by requiring that ’

e the energy deposited in the forward calorimeters was less than 2 GeV.

e the missing momentum vector was limited to polar angular range defined by
| cos§ |< 0.94.

e the forward energy flow, defined by (E% + E%)/EZ,, was less than 10. Eiy
is the total energy of the event, Ep and Ep are the total weighted energies
observed in the forward and backward cones defined by | cosd |< 0.80. The
momenta of the charged tracks and the energies of the electromagnetic clusters
with polar angle 8, were weighted by sin~2 §, thus giving more importance to
the energy of tracks and clusters near the beam pipe.

o the z-component of the total event momentum was less than 20 GeV.

A reliable measurement of the acolinearity and acoplanarity angles is also dependent
on the event shape since the angles are better measured for two—jet events than

for spherical events. Spherical events were rejected by demanding that the event
thrust was greater than 0.70.

Two photon events of the type shown in Figure 4.6(8) — where the fermions ¢!
and q? are lost down the beam pipe and k! and k? are quarks — were potential
background events. These events were suppressed by requiring that the GCE mass
of the event was greater than 25 GeV, and the total tranverse momentum relative
to the beam axis wa$ less than 10 GeV.

Hadronic Z° decays having the presence of high energy neutrinos from heavy
quark decays, or energetic and poorly detected neutral hadrons, are also backgrounds
to the signal. To suppress these events, it was demanded that the missing energy
vector satisfied the following isolation criterion:
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* The sum of the charged track energy and the cluster energy in the electro-
magnetic and hadron calorimeters must be less than 2.0 GeV in a cone of
half-angle 45° centered on the missing energy vector.

The full details of the analysis in the neutrino channel can be found in reference [12].
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Figure 5.18: A computer reconstruction of a simulated Higgs signal in the neutrino
channel.



Chapter 6

THE RESULTS OF THE
SEARCH

1,992,586 hadronic Z° decay events, corresponding to an integrated luminosity of
78 pb~! were recorded by the OPAL detector in the period 1990 to 1993. To ensure
the reliability of the event reconstruction, only events recorded when all the major
components of OPAL were operational were considered for analysis. The major
detector components were the central jet chamber, the electromagnetic calorimeter,
the hadronic calorimeter, the muon chamber, and the forward detector.

The Higgs mass limit obtained using the 1990 and 1991 data has already been
published in reference{53]. No Higgs candidate events were found in that study.
This chapter reports on the extension of the analysis onto the 1992 and 1993 data,
and on the combination of the results from all the four years’ data to produce a new
lower limit on the Higgs mass at 56.9 GeV, at 95% confidence level.

6.1 The Leptonic Channel Search

6.1.1 Data Consistency Checks

In order to combine data from the years 1992 and 1993, the consistency of the
two data sets was checked. Distributions were compared between each year for the
lepton-candidate track and cluster parameters on which cuts were applied during
the search. The results of the consistency checks are summarised in Figures 6.1 to
6.4. No significant differences between the data sets of each year were observed.

During some data-taking periods in 1993, the gamma-catchers of the forward
detector developed a problem resulting in the forward detector registering spuriously.

121
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Figure 6.1: Comparisons between the 1992 (stars) and the 1993 (histogram) distri-
butions for the electron-candidate track and cluster parameters on which cuts were
applied. The number of entries in the distributions have been normalised to one.
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Figure 6.2: Comparisons between the 1992 (stars) and the 1993 (histogram) distri-
butions for the electron and muon-candidate track parameters on which cuts were
applied. The number of entries in the distributions have been normalised to one.
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tributions for the muon-candidate track and event parameters on which cuts were
applied. The number of entries in the distributions have been normalised to one.
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high energies. The gamma-catcher energy was thus removed from the total
forward detector energy when analysing the data for those periods.

6.1.2 The Leptonic Channel Results

The distributions of the lepton-candidate isolation ratios (cf Figure 5.7) for the 1992
and 1993 events selected by the event filter, are shown in Figure 6.5. The lepton
pair mass versus GCE mass distribution for the events passing all but the mass cuts
is shown in Figure 6.6. In both Figures, the cut positions are indicated.

The number of the 1990 to 1993 real events, simulated hadronic Z° decay events,
and simulated Higgs (Mg = 60 GeV) events after the successive cuts in the electron
and muon channel analyses are summarised in Tables 6.1 and 6.2. One event -
event 15048, run 4353 — from the 1993 data, was accepted in the muon channel.
This was consistent with the expected number of background events with hadronic
mass greater than 50 GeV (see later).

Table 6.1: Number of events after successive cuts in the muon channel for the data,
for simulated hadronic Z° decay events, and for simulated Higgs (Mg = 60 GeV)
events. The number of events have been scaled so that the real and simulated
data samples have a luminosity of 78 pb~!. The numbers between parentheses give
efficiencies.

Cuts Data Z° - qq ppHO

Event filter 139481 (7.00%) | 149129 (7.49%) | 0.82 (81%)
Common 64754 (3.25%) | 74523 (3.74%) | 0.74 (74%)
p-pair identification | 1658 (0.08%) 2187 (0.11%) | 0.65 (65%)
Tsolation 15 (0.00%) 0 (0.00%) | 0.50 (49%)
Di-lepton Mass 15 (0.00%) 0 (0.00%) 0.41 (41%)
Hadronic Mass 1 (0.00%) 0 (0.00%) 0.41 (41%)

6.1.3 The Surviving Event

The surviving event (Figure 6.7) had two energetic and isolated muons of momenta
19.3 £ 0.7 GeV and 7.3 + 0.2 GeV, and a three-jet hadronic system. The muons
were clearly identified by both the muon chambers and the hadronic calorimeter,
and satisfied all the track isolation criteria.

The lepton pair mass, the recoil mass and the GCE mass (after correction for the
mass shift using Mopservea/Mirue) Were calculated to be 16.6 + 0.3 GeV, 61.2 + 1.0
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GeV and 57.11 £ 7 GeV respectively. The recoil and GCE masses were consistent
with each other.

Table 6.2: Number of events after successive cuts in the electron channel for the
data, for simulated hadronic Z° decay events, and for simulated Higgs (Mg = 60
GeV) events. The number of events have been scaled so that the real and simulated
data samples have a luminosity of 78 pb~!. The numbers between parentheses give
efficiencies.

Cuts Data Z% = qq eeH°

Event filter 139957 (7.03%) | 149129 (7.49%) | 0.78 (77%)
Common 64978 (3.26%) | 74523 (3.74%) | 0.68 (68%)
e-pair identification | 312 (0.02%) 502 (0.03%) | 0.53 (52%)
Isolation 14 (0.00%) 0 (0.00%) 0.41 (41%)
Di-lepton Mass 14 (0.00%) 0 (0.00%) ] 0.35 (35%)
Hadronic Mass 0 (0.00%) 0 (0.00%) 0.35 (35%)

The most energetic jet contained a secondary vertex with a statistical signifi-
cance of 4.4. This vertex contained four charged tracks, one of which was a 1.5 GeV
electron; these were indications that the jet contained a heavy flavoured hadron, as
expected from a Higgs event. There were no indications of the presence of secondary
vertices in the other two jets. The event properties are summarised in Table 6.3.
The jet reconstruction and beauty tagging algorithms used are described below.

Jet Finding in the Event

The Durham jet finding algorithm [50] was used. The jet finding was performed
by associating tracks to a direction of maximum energy flow. The number of jets
successfu‘[_yreconstructed by the algorithm depended on a user-defined minimum
value y,, for the quantity y;; for any pair of tracks 7 and j, defined by

2
m;;
yz'j = E2] (6.1)

where E, is the center of mass energy, and
m}; = Maz(E;, E;)(1 — cos 6;;). (6.2)
E; is the energy of the 7 th track and 6;; is the opening angle between the track pair.

The value y;; was calculated for all possible track pairs; the four-vectors of the
track pair with the lowest y;; were added to form a pseudo-track if y;; < ym and the
original tracks were not included in the subsequent y;; calculations. The calculations
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Figure 6.5: The isolation ratios for the lepton candidates in the 1992 and 1993 data.
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Figure 6.6: The lepton pair mass VS the GCE mass for the events, from the 1992
and 1993 data, passing all cuts except the mass cuts.

were iterated until the lowest y;; exceeded y,,. The number of jets was the number
of surviving single and pseudo-tracks. The actual jets were the the surviving single
tracks, and the collection of tracks making up the pseudo-tracks.

Beauty Tagging

The ‘Tear-Down Vertex Finder’ [51] was used in tagging jets containing heavy
hadrons. It exploited the decay vertices produced by heavy hadrons resulting from
their typical decay times. This vertex finder worked by fitting all the tracks in a
jet to a single vertex in the r-¢ plane. If any track contributed more than a certain
user-defined value x2, to the vertex x?2, it was discarded and the remaining tracks

fitted to a new vertex. This procedure was iterated until no tracks contributed more
than xZ to the vertex x?, or until there were fewer than 3 tracks remaining, in
which case the secondary vertex search was deemed to have failed. A secondary
vertex with a significance (radius of vertex divided by error on radius) greater than
4.0 was considered to be produced by a heavy-flavoured hadron. -
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Table 6.3: Properties of the event that passed all the cuts. Momenta, masses and
energies are expressed in GeV, angles in degrees, and distances in millimeters.

Property Cut Muon Anti-Muon Other
Values | Values Values Values

Momentum, p# >5 73 +£02 | 193 £ 0.7

Cluster Energy, e* — (065 +0.2] 0.70 £ 0.7

Isolation, P3030 < 0.2 0.0 0.0

Isolation, E3030 < 0.2 0.0 0.0

Isolation, B2 < 1.0 0.0 0.0

ptp~ opening angle > 30 89.0

P+ > 25.0 26.6 + 0.7

e’ +et” < 4.0 1.35 & 0.7

Muon pair mass, M,, > 15.0 16.6 £ 0.3

Mass of the hadronic system | > 25 57.11 £ 7

Recoil mass — 61.2 +£ 1.0

Radius of displaced vertex — 1.6 + 0.4

Significance of vertex > 4.0 4.4

Number of tracks in vertex >3 4

Centre-of-mass energy — 91.17

6.1.4 Leptonic Channel Background and Total Systematic
Error Estimation

The number of expected Higgs events (Nesp,) versus the Higgs mass (My) is given
by Nezp = €oL, where € is the signal detection efficiency, & is the Higgs production
cross section, and L is the integrated luminosity. The contributions to the total
uncertainty in Nz, for the leptonic channel were;

e 1.3% [2], for the luminosity (L).

o 2.0% [12], for the cross section (&). This uncertainty is due to the non-inclusion
of higher order processes such as final state radiative processes in the calcula-
tion of the Bjorken cross section.

e 1.23% for the lepton identification procedure of the signal selection. This
uncertainty was taken to be the uncertainty in the correction factor (F') for
the momentum range, 0 to 25 GeV, as discussed in Section 5.4.

When added in quadrature, the above uncertainties give an overall uncertainty of
2.7%.
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The expected background from foim-fermion events was estimated to be given
by NF = Nci, where N is the numberyjfour fermion events passing all the cuts at
the four-vector level (see Table 5.4) and ¢ is the mean lepton (muon and electron)
pair identification efficiency. The error in comprised mainly of the estimated
systematic QCD error of 20% [44] in since FERMISV, the four-fermion event
generator, does not incorporate any QCD effects in its generation of events. From
the muon and electron pair identification efficiencies given in the fifth rows of Tables
5.1 and 5.2, is estimated to be 60.47 + 0.02% after correction using the factor F.

For a hadronic mass greater than 25 (50) GeV, 2.0 = 0.7 (0.6 £0.1) four-fermion
events were expected.

Runjevenl 4353; 15048 Dale 930806 Time 32238Clrk(N= 25 Sunp= 46.3) Ecal(N= 41 Sunf= 39.9) Hcal(N=14 Surf= 27.2)
Ebean 45.587 Evis 100.7 Emiss -9.5 VIx ( -0.06.  0.05, 1.27) Wion(N=2) Sec VIx(N= 1) Fdel(N= 0 Sunf= 0.0)
Bz=4.350 ThrusU0.7510 Aplan=0.0550 OblaU0.1400 Sphef=0.2576

Status

Anti-muon

Energetic

Muon

510 20 SO G*V

Cantr« of icresn ii ( 0.0000, 0.0000, 0.0000) 30/01/95 18.06.05 AKA

Figure 6.7: The event passing all the muon channel cuts (event 15048, run 4353).
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6.2 Results For the Neutrino Channel

One event with hadronic mass 28.9 + 3.5 GeV was selected in the neutrino channel.
The number of events after successive cuts are summarised in Table 6.4.

6.2.1 Neutrino Channel Background and Total Systematic
Error Estimation

The dominant background was expected to be from hadronic Z° decays with final
states containing either very energetic neutrinos, or very energetic long-lived neutral
hadrons mis-measured in the hadron calorimeter. The expected number of events
from this source, with mass greater than 50 GeV, was estimated to be 0.15 events.

The contributions to the total systematic error in the neutrino channel were;

e Luminosity: 1.3% [2].
e Higgs production cross section: 1.0% [2].

o Higgs signal selection efficiency: 1.8% [2].
) this
When added in quadrature,Agives an overall uncertainty of 2.4%.

Table 6.4: Number of events after successive cuts in the neutrino channel for the
1990 to 1993 data, for simulated Z° decay events, and for simulated Higgs (Mg = 60
GeV) events. The number of events have been scaled so that the luminosities of the
real and simulated data samples are the same. The numbers between parentheses
give efficiencies.

| Cuts - | Data | Z2°—>4qq | wH* |
Event filter 63776 (3.30%) | 29830 (1.55%) 4 8 (83%)
Tau rejection 33909 (1.76%) | 29163 (1.51%) | 4.7 (82%)
Forward energy 17947 (0.93%) | 17716 (0.92%) | 4.1 (71%)
Two photon rejection 17265 (0.89%) | 17714 (0.91%) | 4.1 (71%)
Thrust and Missing momentum | 1984 (0.10%) | 2128 (0.11%) 2 6 (45%)
Acolinearity /Acoplanarity 1 (0.00%) 1.4 (0.00%) | 1.9 (33%)
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6.3 The Higgs Mass Limit

The total number of Higgs expected events (Nesp) versus the Higgs mass (Mpy)
for the leptonic and neutrino channels using the luminosity of the four years’ data
are summarised in Table 6.5. To avoid an over-estimation of N.;, due to systematic
effects, it was reduced by one standard deviation of the total systematic uncertainty.

To obtain a conservative lower mass limit at 95% confidence level, we assumed
that no background events were expected. The surviving leptonic channel event
which had its mass consistent with the range 50 GeV to 70 GeV, was considered
to be a Higgs event because of its proximity to the sensitivity limit of 59.5 GeV,
where 3 events were predicted. The choice of the above mass range was to account
for mass resolution and shift effects. The neutrino channel candidate did not affect
the determination of the mass limit.

The mass limit in the presence of the candidate event, was determined by finding
the value of My (Figure 6.8) for which N, = 4.7'. We arrived at a new mass limit of
56.9 GeV (Figure 6.8). Note that if background events had been taken in account,
the total number of expected events at each mass increases; the mass limit then
changes to a higher value. We give the lower limit as the conservative choice. As
at July 1994, just after our (OPAL) new mass limit was published, the DELPHI
collaboration also published their new mass limit as 55.7 GeV [52].

Table 6.5: Efficiencies and expected events in the neutrino and charged lepton chan-
nels. - The number of events have been reduced by one standard deviation of the
systematic error.

l MH (GeV) I vV (%) l N::p | E” (%) I NII | NTota,l

exrp exrp

30 43 75.8 27 16.7 | 92.6
40 53 35.1 49 11.7 | 46.8
50 45 10.0 49 3.9 13.9
%} 41 4.7 43 1.9 6.5
60 33 1.9 38 0.8 2.6
65 23 0.6 27 0.2 0.8

1The mean of a Poisson distribution for which observing zero or one events occurs 5% of the
time. )
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Figure 6.8: The new OPAL lower limit (arrow) on the Higgs mass of 56.9 GeV.

6.4 Conclusions and Outlook

A search has been made for the Higgs using the combined results from the previous
and the present study. The search looked for reactions of the type et + e~ — Z*H°
with

H°® — Hadrons, and
Z* —s vv or ete” or pp.

The search was sensitive to a Higgs signal in the mass range 25 to 65 GeV. One
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event with mass 28.9 + 3.5 GeV passed the neutrino channel selection, and one
event with recoil mass 61.2 + 1.0 GeV passed the leptonic channel selection. Since
the candidate with mass 28.9 GeV has a negligible effect on the final mass limit, the
limit was determined using the event observed in the leptonic channel as a Higgs
candidate. A new lower mass limit for the Standard Model Higgs boson was then
established at 56.9 GeV at 95% confidence level.

By the time the second phase of LEP (LEP-2), where beam energies of up to 90
GeV are envisaged, becomes operational, OPAL would have recorded an additional
amount of data which will only enable the mass limit to be extended to at most 65
GeV - provided the Higgs is not discovered.

At LEP-2, the Bjorken cross sections for My > 60 GeV are expected to be orders
of magnitude higher than they are at the present LEP energies (Figure 4.4). An
H® and a real Z° are expected to be produced in the final state at LEP-2 energies
(see Section 4.2). The neutrino channel search algorithm will be similar to that
at LEP-1. The leptonic channel search will be altered slightly, in that it will be
demanded that the mass of the lepton pair is consistent with that of a Z°.

The exploitation of the decay mode H® — gq, Z° — gq will also become feasible
beacause of its distinctive signature — four hadronic jets, two of which have an
invariant mass consistent with that of a Z°. The OPAL collaboration has conducted
simulation studies [54] to determine the Higgs discovery potential using the new LEP
machine. The indications are that the mass region 60 GeV to ~ 90 GeV will be
explored efficiently.
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