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Chapter ]_ What is the origin of mass?

Introduction

1.1 Motivation

This Habilitationsschrift is about the search for Higgs bosons, as predicted by various
theoretical models, which try to explain the origin of mass. In this section I want to
give some arguments why the search for Higgs bosons is one of the most important
subjects of present experimental as well as theoretical particle physics.

In the standard model of elementary particle physics the Higgs particle naturally
arises as a result of spontaneous symmetry breaking, which allows to give masses to
particles in a gauge invariant way. This is what is generally understood by the term
Higgs mechanism. While symmetry breaking is an experimental fact in the context of
the standard model (given through the existence of massive particles), the mechanism
which causes the symmetry breaking is still speculation. The Higgs mechanism is one
possibility and convincing alternative models do not yet exist. The discovery of the
Higgs boson would be the ultimate triumph of the standard model. However, since
this could also mean the end of interesting new discoveries in high energy physics,
many people would be excited, if no Higgs boson is found in the mass range up to
1 TeV/c? (see below). Therefore excluding the existence of the Higgs boson in certain
mass ranges is also important.

From a more mathematical point of view theorists do not like a light Higgs boson
(with a mass of the order of the electroweak scale). To make this look more natural they
have constructed the elaborate edifice of the supersymmetric standard model in which
all observed particles have (yet) unobserved superpartners. This model predicts one
Higgs boson to have a mass below ~ 130 GeV/c?. Therefore, excluding the existence
of Higgs bosons in this mass range would signify the collapse of this model.

Clearly, experimental input is needed to guide the development of theoretical mod-
els. This is the main motivation for building the LHC. Moreover, the so-called no-lose

theorem (cf. Sec. 2.5) says that if no Higgs boson is found in the mass range up to
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1 TeV/c?, then the standard model is not correct and new physics processes are ex-
pected in the TeV energy range — which LHC is able to cover with its centre-of-mass
energy of 14 TeV.

1.2 Overview

This section shortly describes to contents of the individual chapters. The basics of
the working of this Higgs mechanism, where particles aquire mass through the inter-
action with a scalar field ® pervading the vacuum, are detailed in Chapter 2 (cf. the
illustration in the upper right corner of the previous page).

Chapter 3 is devoted to a phenomenological description of the production and decay
modes of the standard model Higgs boson, which is the basis for an experimental search
for the Higgs particle. This chapter also contains the first paper to which I contributed,
entitled “Search for the Standard Model Higgs boson in e™e™ collisions at /s = 161, 170
and 172 GeV.” This was just the beginning of the search for Higgs bosons at LEP2.
It was planned to increase the centre-of-mass energy of the LEP collider each year,
as more and more superconducting cavities were available to replace to conventional
ones. The paper describing the analyses of the data taken at /s = 183 GeV finishes
this chapter.

An overview over the whole LEP2 period — concerning the collider, the various
centre-of-mass energies, the amount of data collected with the ALEPH detector and the
question on the ultimate energy achievable at LEP2 — are presented at the beginning
of Chapter 4. This is followed by a more general description of the physics of the
ALEPH detector relevant for the Higgs search analyses.

Chapter 5 introduces extensions to the standard model. First it discusses general
two Higgs doublet models (2HDM), then it specializes to the minimal supersymmetric
standard model (MSSM). This is followed by the presentation of the paper “Search for
the neutral Higgs bosons of the MSSM in ete™ collisions at /s from 130 to 172 GeV.”
The next paper summarizes the results of all ALEPH Higgs boson searches obtained
from data taken at the LEP collider up to a centre-of-mass energy of 189 GeV. Besides
new results on the mass bounds of the neutral Higgs bosons of the standard model
and the MSSM, it includes results on the searches for charged Higgs bosons and an
invisibly decaying Higgs boson.

As the energy of the LEP collider was increased during the years it became more and
more important to combine the results of the individual LEP experiments. Therefore
a (to become) standard procedure had to be found which ideally was expected to have
the best discovery and exclusion potential for particle searches. Chapter 6 is devoted

to explaining the statistical method that was finally used at LEP.
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Complementary to the direct search for the standard model Higgs boson an indirect
method based on a fit of the standard model parameters to precision electroweak data
exists. The physics input to this method is discussed in Chapter 7.

The final Chapter 8 gives an outlook of what can be expected in this field of research
in the short term future.

In Appendix A a graphical display of a Higgs boson candidate event as seen with
the ALEPH detector is presented. Appendix B contains an amusing explanation of the
Higgs mechanism for the layman.

1.3 Final results at the end of LEP2

Though an excess of events compatible with the production of a standard model Higgs
boson is found in the data of the last year of LEP running, this is not sufficient to
claim a discovery. As the LEP collider has to give way to the new LHC machine,
future experiments have to answer the question on the existence of the Higgs boson.
Table 1.1 displays the final ALEPH and combined LEP results for the 95% confi-
dence level lower limits on the masses of Higgs bosons as obtained in the context of
various models. For the MSSM also the excluded range for the parameter tan (3 is given
(for details see Chapter 5). It is interesting to note that the LEP combined exclusion
limit on the mass of the standard model Higgs boson (my > 114.4 GeV/c?) is very close
to the kinematic limit! E —myz = 206.7 — 91.2 = 115.5 GeV/c? for Higgs production,

which is an indiction that the search analyses have really been pushed to their limits.

Higgs boson model ALEPH limit (GeV/c?) | LEP limit (GeV/c?)
H standard model 111.5 114.4
h MSSM 89.8 91.0
A MSSM 90.1 91.9
H* 2HDM 79.3
invisible 2HDM 114.1
fermiophobic 2HDM 105.4 109.7
| | MSSM | 07<tanf<23 | 05<tanf <24 |

Table 1.1: Final 95% confidence level lower limits on the Higgs boson masses from direct
searches with the ALEPH detector. The corresponding limits from the combination
of the results of the four LEP collaborations are also shown. The limit quoted for the
invisible Higgs is for the standard model cross section and 100% branching ratio to
invisible decays. Fermiophobic Higgs bosons are the physical states of the Higgs sector
in 2HDM of type I with couplings only to gauge bosons, e.g. h — vy via W W™ loops.

!For the energy the highest value where still a substantial amount of data has been collected is
inserted (see Table 4.2).
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The Standard Model

2.1 History

The first theory of the weak interaction (in nuclear 3-decay) was the Fermi model [1],
which described f-decay as an effective four-fermion interaction. However, it turned
out that high energy behavior of this theory was not well defined, 7.e. the S-matrix was
not unitary. This was reminiscent of the ultraviolet catastrophe of the classical theory
of blackbody radiation. While the ultraviolet catastrophe went away by quantizing the
energy spectrum of the radiation, the S-matrix problem was tackled by introducing
massive vector bosons W and Z (see, for example, [2]). Further problems arose when
higher order corrections were calculated in this improved Fermi model. The results
turned out to be infinite. In quantum electrodynamics (QED) this problem had al-
ready been solved by the so-called renormalization procedure. A theory is called renor-
malizable if all infinities that occur in calculations (mainly of higher order processes)
can be absorbed in a finite number of constants! in each order of perturbation theory.
In other words, renormalizability of a field theory is important if the theory should
make sense beyond the Born level. QED was already known to be renormalizable since
the end of the 1940’s. By introducing the massive exchange particles, a theory with a
similar structure as QED was obtained, because in the high energy limit the exchanged
bosons can be regarded as being massless — like the photon. However, a detailed anal-
ysis showed that the intermediate vector boson theory of the weak interaction was not
renormalizable. For example [3], the amplitude of inelastic 2 — 2 scattering processes
violates unitarity at high energies through contributions from longitudinally polarized
vector bosons.

The reason for QED to be renormalizable was known to be its gauge invariance.

A consequence of the gauge symmetry is the masslessness of the gauge particles. On

!These constants are the parameters in the Lagrangian or associated with the fields, but also
certain operators need a renormalization constant.
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the other hand massive gauge particles (W,Z) were needed to explain the short range
of the weak interaction. Therefore, if the weak interaction was to be described by a
gauge theory the gauge symmetry had to be broken. Explicitly breaking the symmetry
via mass terms in the Lagrangian of a field theory destroys the renormalizability of the
theory. At the time (around 1960) another way of breaking the symmetry was found
by J. Goldstone, which came to be known under the term “spontaneous symmetry
breaking”, described in detail in Section 2.3. It was also found that in a field theory
with a spontaneously broken symmetry at least one massless spin 0 field must exist.
The particle associated with such a field is called a Goldstone boson. Since no massless
scalar particles were known at the time (the pion was and still is the spin 0 particle
with the lowest mass — more than 200 times heavier than the electron) gauge theories
with spontaneous symmetry breaking were not paid much attention.

It was only after the discovery of the so-called Higgs mechanism [4] that theorists 2
seriously tried to describe the electroweak interaction by models with a spontaneously
broken symmetry. The Higgs mechanism elegantly got rid of massless scalar particles by
putting these degrees of freedom into the longitudinal polarization states of the massive
gauge bosons, but it generated also at least one massive scalar particle, hereafter called
Higgs boson. One of the proposed models was the Glashow-Salam-Weinberg (GSW)
theory for leptons [5]. This unified theory of electromagnetic and weak interactions
became very popular when t’Hooft [6] demonstrated that spontaneously broken gauge
theories are renormalizable. Moreover, the Renormalizability of such theories requires
the existence of the Higgs boson. Referring to the above mentioned example of the
inelastic scattering process, it is found that with the addition of Feynman diagrams
with a Higgs boson the whole process is well behaved in the high energy limit.

After one of the predictions of the GSW theory, namely the existence of the weak
neutral current, had been verified by experiment (CERN, 1973), the three physicists
Glashow, Salam and Weinberg were awarded the nobel prize in 1979 “for their con-
tributions to the theory of the unified weak and electromagnetic interaction between
elementary particles.” This was 4 years before direct evidence for the existence of the
intermediate vector bosons W* and Z was found by the UA1 and UA2 collaborations
at the SPS proton-antiproton collider at CERN.

Together with quantum chromodynamics the GSW theory, extended to the hadronic

sector, forms today’s standard model of elementary particle physics.

2Higgs and Kibble extended the work of Goldstone to gauge theories. However, as mentioned in
the nobel lecture of S. Glashow, “these workers never thought to apply their work on formal field
theory to a phenomenologically relevant model.”
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2.2 The standard model is a gauge theory

At present, the standard model of elementary particle theory describes three of the
four known forces of nature (electromagnetism, weak and strong interaction, but not
gravitation). It is based on quantum fields that are generalizations of Yang-Mills [7]
gauge fields. Yang-Mills theories are based on the principle of local gauge symmetry,
that is, a symmetry believed to be present in a physical system is already built into
the Lagrangian density® of the system.

The electroweak part of the standard model is based on the gauge group SU(2),
x U(1)y, which consists of two independent sets of gauge transformations with gauge
couplings ¢g and ¢’. U(1)y is the gauge group of the weak hypercharge, and SU(2),, is
the gauge group of the weak isospin, where the index L reminds one that only the left
handed fields participate in the weak interaction (“parity violation”).

The gauge fields associated with the gauge groups are identified with the mediators
of the interactions between matter particles. These objects are called gauge bosons and
in order not to violate gauge invariance they should all be massless — in contradiction to
what is required by the experiment. The way massive gauge bosons can be introduced
into a gauge theory without spoiling the gauge symmetry will be explained in the next
section for the simple case of the U(1) gauge group?. This can then be easily extended
to the SU(2) x U(1) group.

2.3 The Higgs mechanism

Let ¢(z) = (¢1(z) + iga(x))/v/2 be a complex scalar field and A, (z) be the massless
gauge field of the U(1) gauge group, where = denotes the 4-dimensional space-time
coordinates. The Lagrangian of the theory is taken to be®

1

L= (Do) (D"¢) = V(I¢l) — L Fuu ™, (2.1)

where F), = 0,A, — 0,4, is the antisymmetric tensor of the gauge field and D, =
0, — igA, is the covariant derivative that ensures invariance of the Lagrangian under

the local gauge transformation
¢ — ¢ = eigx(x)qg
Ay — A=A, - 0.x(7) . (2.2)

An explicit mass term of the form m?/2 - A, A*, on the other hand, would break local

gauge invariance and is therefore not allowed in £. The potential V in (2.1) has the

3The Lagrangian density is the starting point of any field theory containing a symmetry.

4The non-Abelian nature of the gauge group of the electroweak theory is not relevant for the
working of the Higgs mechanism.

5The dependence of the fields on z in only shown the first time, i.e. when the field is introduced.
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Figure 2.1: A graphical illustration of the so-called Higgs potential. For a complex
scalar field ¢ there exist an infinite number of minima of the potential V, as indicated
by the dashed ellipse. The real field h(x) can be interpreted as an excitation of ¢
around the value at its minimum.

form
V(lgl) = —1*(¢"9) + A9 9)?, (2.3)

where the parameters u? and A\ are chosen to be positive (this choice results in the
potential to have the form shown in Fig. 2.1). To find the ground state of the field
¢ one has to calculate the minimum of the potential. The absolute value of ¢ at
the minimum is |¢| = \/u2/2\ =: v/v/2. The constant v/y/2 is called the vacuum
expectation value of the field ¢. Since ¢ is complex the ground state is degenerate and
the set of minima is described by ¢? + ¢3 = v2. One of these possible ground states
has to be selected as the true ground state (usually called the vacuum) of the theory.
Without loss of generality it will be taken as the real field ¢4 := v/ V2. Whereas the
Lagrangian of the theory is invariant under the gauge transformation, the ground state
is not ®. This is commonly referred to as spontaneous symmetry breaking”.

In the next step the fields are investigated in the vicinity of the ground state. Let
the field ¢ be expanded as follows:

1 .
P(2) = Pgs. + ﬁ[h(ﬂf) +16(x)]. (2.4)

When this is substituted into (2.1) one obtains the following expression

L= %(au —igA) (v 4 h —i€)(0" + igA*) (v + h +i€) — V(h,€) — iFWF"”a (2.5)

®Through a U(1) transformation the vacuum can end up anywhere on the circle of Fig. 2.1.
"The term spontaneous symmetry breaking was first used by Baker and Glashow in [8].
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with the potential

2

V(h,§) = % [(v+h)2+€] - % (v + h)? +&2]

2

. (2.6)
The masses of the field quanta (m?/2, to be precise) are given by the coefficients in
front of the quadratic terms of the fields. The first term on the right hand side of (2.5)
contains the expression ¢g*v?/2 - A, A", which can be interpreted as a massive gauge
boson with mass

ma = gu. (2.7)

To second order in the fields (2.6) can be written as V?) = const + 2\v?/2 - h2, which
yields a scalar boson with mass

mp, = V2. (2.8)

Since all terms proportional to £2 cancel this scalar particle is massless. To summarize:
for a simple parabolic potential V' = u?¢*¢ in (2.1) the theory contains two massive
scalar particles ¢; and ¢, and a massless gauge boson A. If the potential is deformed
(by whatever mechanism) to the form shown in Fig. 2.1 the mass of one of the scalar
particles shifts to the gauge boson. This is generalized in the Goldstone theorem [9,10]
which states that for each spontaneously broken dimension of the gauge symmetry
group there exists a massless scalar field, called a Goldstone boson.

Whereas the h field, called Higgs field after one of its inventors, is a real field and
should be observable in experiments, the £ field (and the Goldstone bosons in general)
can be eliminated from the Lagrangian by a special gauge transformation [12]. In other
words, the Goldstone bosons are unphysical states corresponding to the gauge freedom
of the theory.

This section will be concluded by listing some important properties of the dynamical
Higgs field (not to be mixed up with the constant field v that pervades space-time) and
in the next section it will be discussed how the Higgs mechanism works in the context
of the gauge group of the unified electroweak theory.

e The Higgs field cannot be gauged away and should therefore be observable as a

physical particle H.

e The mass of the Higgs particle is given through the parameters v and A. Whereas
v is determined by the gauge boson mass and the generalized charge quantum
number of the theory, the parameter A\ of the Higgs potential is unknown. As a
consequence the Higgs boson mass is not predicted by the theory.

e The interaction terms of the Higgs boson with other particles only depend on v

which means that the production cross sections and the decay rates are known.

e There are self-interaction terms of the Higgs boson (e.g. four h fields with the

coupling \).
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e The number of degrees of freedom of the fields is conserved. A massless gauge
boson has two degrees of freedom (the transverse polarization states) and a com-
plex scalar field also has two. When the Higgs mechanism comes into action we
are left with a massive gauge boson with three polarization states and one real
Higgs boson.

2.3.1 The Higgs mechanism for the SU(2) x U(1) gauge group
of the GSW model

The first attempts (Schwinger 1958) to unify the weak and the electromagnetic in-
teractions used the SU(2) gauge group. This group was chosen to accommodate the
three known gauge bosons, two vector bosons of the charged current of the weak in-
teraction and the photon. At the time parity violation of the weak interaction had
already been discovered and things had to be arranged so that the charged current,
but not the neutral (electromagnetic) current violated parity. This was not easily pos-
sible and it was concluded that a group of larger dimension was needed. Physicists
were led to the SU(2) x U(1) group in analogy to the approximate isospin-hypercharge
symmetry ® which characterized the strong interaction. Having one dimension more
than the SU(2) group alone this gauge theory predicted another neutral gauge boson,
known as the neutral current of the weak interaction. Since all the gauge bosons of the
weak interaction had to be massive, in a theory with spontaneous symmetry breaking
three dimensions of the symmetry group must be broken, thereby introducing three
Goldstone bosons. In the GSW model this is achieved by breaking SU(2),x U(1)y
to U(1)em, where U(1),,, is the gauge group of the electric charge (with the massless
photon as gauge boson). To obtain three Goldstone bosons one has to start out with
four degrees of freedom for the scalar fields. The four fields are arranged as an SU(2)
doublet ® in the following way:

I 22 W S G Sy T
q"(&)‘ﬂ(ﬁm@)‘ (29)

The superscript of the complex field ¢° denotes that it is neutral, in contrast to ¢+,
which is charged. The field ¢ must be charged in order to give masses to the charged
gauge bosons. Formally the Lagrangian of the theory is similar to (2.1), with the
additions of a kinetic energy term for the three SU(2) gauge fields W*(x) and terms
needed because the GSW model includes matter fermions® (Lggmion for the kinetic

8The SU(2) x U(1) isospin-hypercharge symmetry group was later extended to local SU(3)gavor
and then reinterpreted as SU(3)color-

9The original GSW model only described leptons, because the quark model only had been invented
three years before. The extension of the GSW model to the hadronic sector was straightforward after
more quarks had been discovered and when it became clear that the quarks could also be arranged in
weak isospin doublets.
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energy and the interaction with the gauge fields and Lyykawa for generating masses for

the fermions):

L = (D,®)(D"®) + p(0Td) — A\(TD)?

1 1
— ZBHJ/B“V — §tr(WWWW)
+ Eferrnion + EYukawa . (210)

This is the full Lagrangian of the electroweak sector of the standard model. Invariance
of £ under local SU(2) x U(1) gauge transformations requires the covariant derivative
to have the form

D, =0, —igT Wy — ig'%BM, (2.11)

where 7 (a=1,2,3) are the Pauli matrices and (7,Y") are the weak isospin and hyper-
charge 1 quantum numbers of the field in question. For doublets "= 1/2 and for sin-
glets T'= 0. The weak hypercharge Y has to be chosen such as to get the electric charges
correct for the fields. The electric charge is given by the relation Q = e(T? + Y/2),
where T° is quantum number of the z-component of the weak isospin. Since the Higgs
field is neutral and has T3 = —1/2 it follows that Y = Y3 = 1. With the definition !*
W, == W2 r*/2 the fields W, := W 7%/2 in (2.10) are given by

W, = 8, W, — 8, W, —ig[W,,, W, ], (2.12)

where the commutator is due to the non-Abelian character of SU(2). Spontaneous
symmetry breaking generates a 3-dimensional manifold of minima of the potential V'
given by
1 L 5 2 2 2 N2 v?
10 = (67 + 05 + 05 + i) = o = 5 (2.13)

The true vacuum is chosen as

Dy s = % ( 2 ) : (2.14)

i.e. o1 = v and o = ¢3 = ¢4 = 0. Expanding ® around this particular vacuum,

P — % ( . +0h(x) ) (2.15)

(where the unphysical Goldstone fields have already been gauged away), and inserting
this expression into the Lagrangian yields the masses for the Higgs boson and the gauge

bosons in the same way as before. Whereas the formula for my in (2.8) is also valid

10Tn the literature sometimes ¥ = Y/2 is defined as the hypercharge.
"The fields W, and W), are elements of the Lie algebra of SU(2) and the Pauli matrices are a
representation of the generators of this Lie algebra.
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here, the formula for the mass of the gauge boson is modified by a factor of 2 due to
the introduction of the quantum numbers in (2.11). (this is equivalent to a redefinition
of the couplings). By inspecting the quadratic term in the W fields one obtains

my = & (2.16)
2
for the mass of the charged gauge bosons. Together with the relation
Gr g9’
—_— = 2.17
V2 o 8miy’ (2.17)

which is obtained when muon decay is calculated in the context of the electroweak
theory, (2.16) can be used to calculate the vacuum expectation value from the Fermi

constant:

v = (V2Gr)™Y? ~ 246 GeV. (2.18)

The Lagrangian also contains trilinear AW W~ and quadrilinear hhWW W ™~ terms that
determine the Higgs boson coupling to W boson. The coefficients of these terms are

the so-called vertex factors and the results are

, 2m
Gy = Ggmwy =i—> (2.19)
and ) )
_ g My
gth+W— = ’lZ = ’l?. (220)

When calculating the masses of the neutral gauge bosons there is a complication be-
cause the neutral fields Wg and B, mix. In this case the masses of the observable
particles can be found by diagonalizing the mass matrix. As expected, one linear
combination of the fields has zero mass (to be identified with the photon) and the
orthogonal combination (the neutral Z boson) has a mass given by

my = g\/gQ + g7 (2.21)

Only the Z boson couples to the Higgs boson and the vertex factors g, ,, and g,,,, are
obtained by replacing m¥; with m2 in (2.19) and (2.20). The electroweak mixing angle
is calculated to be tanfy = ¢’/g and by building the ratio of the gauge boson masses
one obtains the important relation

mw

—— = cos Oy (2.22)
myg,

Since alle quantities in this equation are independently measurable, it serves as an
experimental test of the theory. To good precision measurements confirm the above
equation, however, it turns out that the right hand side (sin? fy, to be exact) is renor-
malization scheme dependent (as well as scale dependent), which makes the comparison

more difficult.
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Finally the question will be discussed, whether other multiplets than doublets could
have been chosen for the scalar field. For this purpose the above result is written in
the following form:

mw
p = p———— =1. (2.23)
It turns out [13] that doublets are the only case where p = 1 (triplets, for example, have
p = 1/2). This is another strong argument which supports the validity of the structure
of the GSW model and the Higgs mechanism. In particular, it says that extensions of

the standard model only should add doublets, as far as the Higgs sector is concerned.

2.3.2 DMass generation for fermions

A free fermion is described by the Dirac equation (iv*d, —m)y = 0. In QED the
mass m was put in by hand but after the discovery of the Higgs mechanism it was
natural to try to generate masses for the fermions by using the non-vanishing vacuum

expectation value of the scalar field. In the GSW model fermions are embedded as left-

handed SU(2); doublets and right-handed singlets, e.g. ¥, = < I;eL ) and er. Each
L

singlet or doublet © contributes a term
©iy*D,O (2.24)

t0 Liermion Of (2.10). For D,, of (2.11) the weak hypercharge has to be chosen correctly,
e.g. Y = —1 for left-handed lepton doublets and Y = —2 for right-handed lepton
singlets. Explicit mass terms of the form —mu1) are not allowed in Ligmion because
they break the gauge symmetry '2. Inspection of the Lagrangian reveals that terms
with an even number of SU(2) doublets are gauge invariant. Therefore the following
combination, called Yukawa coupling '3, of the scalar doublet ® with the fermionic
doublet ¥ and the corresponding right-handed fermion singlet as well as a coupling
constant (everything given for the case of the electron)

‘Ci(ukawa = —0e (Eeq)eR + 535\1’6) ; (225)

is invariant under local SU(2) x U(1) gauge transformations. It will be shown that
this expression contains a mass term for fermion e. Thus for each massive fermion a
term of this type has to be added to the Lagrangian. With ¥, = (7,,, ;) and (2.15)

12With a bit of algebra a mass term of the form —m.€e can be transformed into —m.(€rer +€rer).
Under an SU(2) transformation the right-handed fields are invariant, but the left-handed fields rotate
in SU(2) space, which means that an electron becomes a linear combination of a neutrino and an
electron.

13This expression is named after Yukawa, because he used a similar term to couple the pion to the
nucleon.
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one obtains

eV _ _ e _
‘Cifukawa = _%OQL@R + eReL) - %(eLeR + €R€L)h<,§(j>- (226)

The coupling constant g, is chosen such that the fermion mass is given by

gel

75

Substituting this into (2.26) and using the identity e er + €grer, = €e the final result is

me = (2.27)

LY jawa = —Me€E — M eeh. (2.28)
v

Besides the mass term there is an interaction term eeh, coupling the Higgs scalar to the
fermion with a coupling strength proportional to the mass of the fermion. This is in
contrast to the coupling of the Higgs to the gauge bosons, (2.19), which is proportional
to the mass squared of the gauge boson. Whereas the usage of the Yukawa coupling
allows to introduce massive fermions into the GSW model in a consistent way, it does
not predict the masses. It just shifts the ignorance of the mass of a fermion to the
ignorance of the strength of the coupling to the Higgs boson. On the other hand, this
coupling is proportional to the fermion mass which is a prediction that can be well
tested when the Higgs boson is discovered.

With (2.25) a mass can only be generated for the lower member of a doublet. The
reason being (2.14), which shows that the vacuum expectation value v also sits at the
lower component of the doublet. This is sufficient for lepton doublets (with massless

neutrinos), but in order to give a mass to the upper member of a quark doublet a scalar

doublet is needed that after spontaneous symmetry breaking is equal to % 8 . The
field &, = —im,®* has this property, and since it transforms identically to ® it can be

used to construct a gauge invariant contribution to the Lagrangian.

Finally it is anticipated how the Higgs mechanism works in the context of a mini-
mal supersymmetric theory (cf. the first section of Chapter 5). The added symmetry
implies that two SU(2),, doublets with hypercharge Y = +1 are required to give masses
to the fermions. Since there are no additional gauge bosons which need masses the
four new fields directly show up!* as two charged and two neutral Higgs bosons, so

that there are five Higgs bosons altogether in such a theory.

14 Actually it is a bit more complicated because the fields of the two doublets mix.
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2.4 Parameters and particles

For the case of massless neutrinos the standard model has 18 independent parameters:
3 gauge couplings for the 3 interactions (e, g, gg, or an equivalent set: «, sin? Oy, o s), 2
parameters in the Higgs sector (u?, A; or my, v) and 13 parameters in the flavor sector
(6 quark masses, 3 lepton masses and 4 parameters from the CKM-matrix: 3 angles
and one phase). All but one parameter, namely the mass my of the Higgs boson, have
been measured in experiments. For the values of the parameters see Ref. [15]. The

particle content of the standard model is displayed in Figure 2.2. Precise measurements

leptons ‘ quarks
0 w21 12 23 12[-U3 12
3| W T t b
0 1.78 GeV 175GeV  |4.7 GeV
g 0 v2[-1 12 +23  12[-U3 12
2 W M c | s
8 0 106 MeV | 15GeV  |05GeV
0 v2[-1 12 g +23  12[-U3 12
1]V e u d
0 0,511 Mev | 03GeV  |0.3Gev
0 1
g gluon
0
0 1
Y
0
1 1| [o
W Z
802GevV || [91.2Gev | >114 GeV |}

Figure 2.2: This chart shows the particles of the standard model. The matter particles
consist of three families of fermions (quarks and leptons). The gauge particles are
arranged such as to show the hierarchy of interactions (by means of the dotted lines):
eight gluons, differing in the color quantum numbers, mediate the strong interaction
and couple only to quarks; the photon is responsible for the electromagnetic interaction
and couples to quarks and charged leptons; the W and Z particles mediate the weak
interaction and couple to all fermions. Bosons of the same row also couple among
themselves and the charged W’s couple to the photon in addition. By definition the
Higgs particle (shown in the lower right corner) couples directly only to particles which
have a nonzero mass.
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of electroweak observables (cf. Chapter 7) are used to check the validity of the standard
model and to constrain its parameters, especially the mass of the Higgs boson, which
is contained in the electroweak observables through loop corrections. Since it is the
logarithm of the Higgs mass which enters the corrections (see Eq. 7.7), the constraint
is rather weak.

The standard model makes no prediction for the mass my of the Higgs boson.
In Section 2.5 it is shown that upper and lower limits for my as a function of the
energy scale A up to which the standard model should be valid follow from theoretical

principles (validity of perturbation theory and stability of the effective potential).

2.5 Mass bounds

It should be pointed out that the standard model is neither final nor fundamental,
but it is commonly viewed as an “effective” scale-dependent theory, which is valid
up to some energy scale A < Apjanck, Where Appnae = 101 GeV is the energy scale
when gravitation can no longer be neglected in quantum theories. Since the standard
model does not include gravitation at all it cannot describe the physics processes at
the Planck scale, or equivalently, the time up to 107%3 s after the big bang. However,
the breakdown of the standard model can already occur at some lower scale, defined as
A. In the following a relation between A and the upper bound on my will be derived
from theoretical considerations.

In the same way as the running of the gauge couplings of the standard model is
determined by renormalization group equations (RGE), this is also true for the quartic
coupling A of the Higgs potential (2.3), which is responsible for the self-coupling of the
Higgs field. The evolution of A with the energy scale Q? (starting from a fixed scale
Q3) is determined by the RGE [13]

dA 1
dt 1672
where ¢t = In Q?/Q3 and g; is the top quark Yukawa coupling constant defined according

(12)\% 4 6Ag? — 3g;) + electroweak corr., (2.29)

to (2.27), which accidentally gives g; ~ 1. First (2.29) is investigated in the limit of
large )\, where \ is expected to increase!® with Q?. Neglecting everything but the
leading term (which is equivalent to the pure ¢* theory) gives

dA 3 9
SRR d(In Q7). (2.30)
Integrating between the scales v and @) yields
1 1 3 Q?

ORI o 5. (2.31)

15This is in contrast to QCD, where the coupling ag decreases with increasing Q2 as a result of a
minus sign in front of the first term of the RGE.
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When the scale A is introduced, where A diverges, i.e. A(A) — oo (called the Landau
pole), the following result is obtained:

A(v) = 2%2 (m ﬁ)l. (2.32)

v

This equation relates the coupling A at the electroweak scale v to the scale A beyond
which the electroweak theory is no longer applicable (in the perturbative sense). It is
usually understood, that A is the scale of “new physics”, because the self-coupling of
the Higgs becomes so large when approaching the scale A that new physics phenomena
are unavoidable. Equation (2.32) implies that for all scales A’ > A one has X (v) <
A(v) =: AP**. Therefore Ay** is the maximum value allowed for the quartic coupling
if the standard model should be perturbatively valid at least up to A (c¢f. Fig. 2.3a).

O (b)

AQ)

Figure 2.3: Graphical illustration of the theoretical considerations on the evolution of
the quartic coupling leading to the mass bounds of the standard model Higgs boson as
a function of the energy scale A where \ (a) diverges (b) becomes negative.

Through (2.8) this can be directly translated into an upper bound on the Higgs boson

mass:

mu(A) = 2% (ln %)_1/2. (2.33)

An absolute upper bound of my independent of A can be derived from the scenario
where my itself approaches A. For my > A new physics would appear before the
Higgs boson can manifest itself. This is in contradiction to the assumption. Setting
mig*(A) = A in (2.33) on obtains m}*™ = 815 GeV, where the value should be regarded
as a rough estimate. As shown in Figure 3.5b for myg = 1000 GeV the width is 'y ~
600 GeV, and it becomes experimentally very difficult (if not impossible) to separate
the Higgs resonance pole from the continuum of VV finale states (V=W,Z).

The result on m*(A) from a calculation including higher orders [16] is shown in
Figure 2.4, together with bounds from direct (¢f. Sec. 6.1.5) and indirect (see Sec. 7.3)
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searches and a lower bound from considerations of vacuum stability [17]. For the
vacuum to be stable the Higgs potential is required to have an absolute minimum.
This is fulfilled if A > 0. But looking at (2.29) in the case of small A one can see that
the top Yukawa coupling drives A to negative values, thereby destabilizing the vacuum.
While A was not allowed to diverge before the scale A is reached, here )\ is not allowed
to be negative up to the scale A.

The stability bound on my is defined (for a given value of the top quark mass) as
the lowest value of A\(v) (called A{") for which A(A) > 0 for any value of ) below the
scale A. For a graphical illustration of this definition see Fig. 2.3b. Again the lower
bound on my is obtained through m"(A) = /2A\0" v. For my = 175 GeV and ag =
0.118 the absolute lower bound is m&® = 52 GeV/c?.

Present 95% confidence limit bounds from direct and indirect searches for the Higgs
boson are fully compatible with the possibility that the standard model is valid up to
the Planck scale — as can be nicely seen in Figure 2.4. While the theoretical upper
bound is irrelevant for LEP energies the lower theoretical bound would give a hint for
new physics at A ~ 100 TeV if my ~ 115 GeV/c%

600 m, = 175 GeV —
= |
L a (Mz) = 0.118
. 400 [ —]
= B _
| not allowed _|

<00 [ allowed —
|~ not allowed _|

0 1 | L | L | L | L | |

103 1089 1092 101R 1019 1018
A [GeV]

Figure 2.4: Bounds on the standard model Higgs boson mass as a function of the
scale A of new physics for perturbativity (upper curved band) and vacuum stability
(lower curved band) considerations. The width of the bands is an estimate of the
theoretical uncertainties. The region in between is theoretically allowed, but part
of it is experimentally excluded (upper and lower light shaded areas) by electroweak
precision measurements and direct searches. For 130 GeV/c? < my < 180 GeV/c? no
new physics is needed up to the Planck scale.



Chapter 3

The Search for the Standard Model
Higgs Boson at LEP2

Following the review of electroweak theory in Chapter 2, this chapter presents some
of the basic physics behind the experimental search for the Higgs boson at the LEP
collider. The cross section plot below gives an idea of the relative number of background

and signal events expected. Not all background processes are listed.

—_ et et
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Figure 3.1: Cross sections (for the quark final states) of various processes in ete™ an-
nihilation as a function of (LEP) energy. On the right side the corresponding Feynman
diagrams are displayed. The cross section for the Higgs-strahlung process (diagram on
the next page) with myg = 114 GeV/c? is the dashed curve in the lower right corner.
Here and in the following plots for the mass of the standard model Higgs boson a value
of 114 GeV/c? is used which corresponds approximately to the present lower limit from
searches at LEP.
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3.1 Production processes in e"e” annihilation

As explained in Sec. 2.3 the couplings of the Higgs boson to fermions and gauge bosons
are known. The only unknown parameter in the production cross sections and decay
rates of the Higgs boson is the mass myg. The Feynman diagrams for the Higgs bo-
son production processes relevant at LEP2, called Higgs-strahlung and gauge boson

fusion, are shown in Figure 3.2a-c. For comparison, Figures 3.2d represents a typical

production process at a pp collider.

Figure 3.2: Feynman diagrams for a) the Higgs—strahlung process, b) WW fusion and
¢) ZZ fusion in eTe™ collisions and d) HW production in pp collisions.

3.1.1 Higgs-strahlung

The cross section for Higgs-strahlung in ete™ annihilation can be written in compact

form as [18]
Pl B 12ms

tem—HZ) =
o(ete”~HZ) 3223mcost O s (1 —m2/s)? "’

(3.1)

where v, = —1 + 4sin®fy and a, = —1 are the vector and axial-vector electroweak
couplings of the Z to the electron, s is the centre-of-mass energy squared and g =
[1 — (myg + mgz)?/s][1 — (muy — myz)?/s] is the usual two-particle phase-space factor
(normalized to 1 for massless decay products).

This formula is only valid in lowest order and for /s > my + myz. Moreover, it does
not include the width of the Z boson. Higher order corrections have been calculated
and are implemented in the event generator HZHA [23], which is also used for cross
section calculations. The effects of higher order corrections to (3.1) are displayed in
Figure 3.3. While photon radiation gives the largest correction to the cross section
(cf. the 30% reduction of o(ete™— ff) at the Z peak due to initial state radiation),
the genuine electroweak corrections are small at LEP energies (less than 1.5% [20]).
Figure 3.3 also shows one of the main characteristics of the Higgs-strahlung process at
LEP2 energies, namely its threshold behavior. Whereas the threshold is sharp in (3.1),
the width of the Z boson (I'z ~ 2.5 GeV) allows for the cross section to be non-zero
below the threshold, i.e. for \/s < myz + my. The width of the Higgs boson, on the
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other hand, is negligible for masses myg < 150 GeV/c? (cf. Fig. 3.5b). After reaching a
maximum about 25 GeV above threshold (at LEP2 energies) the cross section falls off
at high energies according to the scaling law ~ g*/s asymptotically (as it should do
for this s-channel process of point-like particles).

§ 400 T L A [
~ 350 i ................... tree Ievel R
N . e + Z width, rad. corr.
. 300 |- F + ISR >
2L 250
L -
b% 200 |-
150
100 T
s0 [ Mg = 114 GeVIC? ]
0 { L n H L L L | L L L | | | | L L | L L L L %
150 200 250 300 350 400
highest energy achieved at LEP2 Vs (GeV)

Figure 3.3: Cross section of the Higgs-strahlung process as a function of the centre-of-
mass energy for a Higgs boson of mass my = 114 GeV/c?: the dotted line gives the
cross section according to (3.1); the dashed line includes the effect of the Z width and
all known QED, weak and QCD corrections, but without initial state radiation (ISR);
the full line, in addition, includes ISR to O(a?), called double ISR. The latter two
curves are obtained with the HZHA program.

3.1.2 The WW fusion process

The final state in which the Higgs particle is produced together with two neutrinos,
ete” — Huw (called the missing final state), consists of two different contributions:
Higgs-strahlung with the Z decaying into the three types of neutrinos and WW fusion
of the Higgs boson (cf. Fig. 3.2b). The cross section for the latter process is given
by [19]

o Plagd
_ — 9 x,Y)ay
ety = o [ >
olete = HnTe) = oo L Y, T (g = 2)Jaw]? (32)
20 143z 2+ z r 221 —y)
Flz,y) = [ - 1 —In(1 rzvY) .
s | (= MU | L S CEY

with g = m}/s, zw = m¥;/s and z = y(z — zg)/(zrw).
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For the ete™ — Hu.U, process the two amplitudes of Higgs-strahlung and WW-
fusion interfere. The three individual contributions to the total cross section are de-
picted in Figure 3.4. At energies above the HZ threshold for on-shell Z production,
Higgs-strahlung is the dominant process, while below the threshold the fusion process
is dominant. Correspondingly, the interference term is most important near the thresh-
old were the cross-over between the two processes occurs. For moderate Higgs masses
(around 100 GeV/c?) and at LEP2 energies the WW-fusion process, being O(g%), is
suppressed with respect to Higgs-strahlung by the additional electroweak coupling.
However, at higher energies the WW-fusion process becomes leading due to the log-
arithmic rise of its cross section — as expected for this t-channel exchange process:

o(eTe”— Huow,) ~ log(s/m¥).

2
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Figure 3.4: Individual cross sections for the Huvv final state as a function of the centre-
of-mass energy for a fixed value of my = 114 GeV/c?: Higgs-strahlung (solid), WW-
fusion (dashed) and the interference term (dotted). Calculations were done with the
HZHA program.

3.1.3 The ZZ fusion process

The cross section for ZZ fusion is reduced by an order of magnitude with respect to
WW fusion since the leptonic neutral current couplings are considerably smaller than
the corresponding charged current couplings. Therefore this process gives only a minor

contribution to the Hete™ final state.
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3.2 Decay modes

The decay modes of the standard model Higgs boson at LEP2 energies are defined by
the couplings gr of the Higgs boson to fermions. From (2.27) and (2.16) it follows that

m
g ~ g, (3.4)
mw

The decay width for H — ff is proportional to g? and in lowest order [20] is given by

2,,2

T(H — ff) = N¢ =L 33, (3.5)

32mrm3y,

where N! is the color factor (3 for quarks and 1 for leptons) and 3 = (1 — 4m?2/m?)/?
is the velocity of the fermion. When (3.5) is considered as a function of my one finds
the following peculiar behavior: due to the quadratic dependence on the fermion mass
the decay rate into a specific fermion pair ff always dominates as soon as my is raised
slightly above the threshold 2m¢. When the Higgs boson was searched for at LEP1
in the mass range 0 < my < my this effect resulted in numerous different search
strategies [22]. At the end of LEP1 all four LEP collaborations reported negative
search results, i.e. they quoted a lower limit of my 2 60 GeV/c?. Therefore the Higgs
boson mass range relevant at LEP2 is defined by 60 GeV/c?* < my < /s — myz, where
the upper limit follows from the threshold behavior of the Higgs-strahlung process
(cf. Sec. 3.1.1).
The relevant decay modes of the Higgs boson at LEP2 are

e H—bb (86.2-81.7%)

e H— 7777 (7.5 - 7.8%)

e H—-cc (3.9-3.6%)

e H—gg (2.3-55%),
where the two numbers in the brackets give the corresponding branching ratios at the
values of my = 60 GeV/c? and 100 GeV/c? (¢f. Fig. 3.5a, which shows the branching
ratios up to my = 1 TeV/c?). The bb decays are by far the leading decay mode, followed
by 7, charm and gluon decays at the level of a few percent. In the calculation of the
above numbers (by means of the HZHA program) QCD radiative corrections have been
included for the decay into bb and c¢¢ quark pairs. The bulk of these corrections can
be absorbed by defining the quark masses m, to evolve with the scale of the process,
which is my in this case. For quarks (3.5) is known to second order in ag and reads

2,2
B g*mz(my) 17 /ag ag\?
I'H — =3—9 2 ¥Bmy |1+ — (—) F - (—) .
( ) =3 32mm?2, Fm [ + 3\7m + T ’ (3.6)

where the expressions for mq(my) and F' can be found, for example, in Ref. [20].
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The total decay width of the Higgs boson I'y is given by the sum of all individual

contributions and presented as a double-logarithmic plot in Figure 3.5b in order to

easily recognize the power laws

o I'y ~my for mg < 100 GeV/c? and
o I'y ~m} for my 2 200 GeV/c?,

with a transition region in between defined by the onset of the decays H — WW and

H — ZZ. The scaling I'y ~ my?® in the high mass region (accessible only to future

colliders) reflects that the coupling of the Higgs boson to the longitudinal components

of W and Z becomes strong.
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Figure 3.5: (a) Branching ratios of the standard model Higgs boson into fermions (solid
lines) and gauge bosons (dashed lines) and (b) the decay width as a function of the
Higgs boson mass (plots taken from [21]).
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3.3 P1: Search for the standard model Higgs boson
in ete™ collisions at /s = 161, 170 and 172 GeV

[24] The search for the standard model Higgs boson in the Higgs-strahlung process is
based on the study of four distinct topologies determined by the decay products of the
H and Z bosons (see also Fig. 3.6):

a) HZ — (qq, 7777) ¢4~ (leptonic final state, £ = e,u),
b) HZ — qqvy  (missing energy final state),
c

(
(
(¢) HZ — qqqq  (four-jet final state),

(d) HZ — qqrtr~ or 7777 qq (tau channel).

With the exception of the HZ — qqf™¢~ and HZ — 777~ qq channels, all analyses are
optimized for the decay mode H — bb which dominates in the mass range of interest.

Below each topology is characterized briefly and it is mentioned how the mass of
the Higgs boson is calculated. This reconstructed Higgs boson mass is used to define
the estimator that is needed for the calculation of the confidence levels for the search
hypotheses. In paper 1 a method different from the one described in Chapter 6 is
used. However, in the context of the statistical method detailed in Chapter 6 the
reconstructed Higgs boson mass would be called the discriminating variable.

The leptonic final state is searched for in events which contain two isolated and
oppositely charged high energetic electrons or muons as well as two hadronic jets. In
this case the tau decay channel of the Higgs boson is also included. The mass of the
Higgs boson is calculated as the mass recoiling to the lepton pair and the invariant
mass of the lepton pair is checked for its consistency with the Z boson mass.

(c) (d)

I~ Y
H-qgTtT H - bb H - bb

6.7% 20% 64.6% 8.7%

Figure 3.6: The standard model Higgs boson is searched for in these four characteristic
event topologies. The branching ratios of the HZ decay topologies are determined by
the Z decay branching ratios which are shown below the figures, with the small subtlety
that the 5.3% from (c) where H — 77~ have been moved to (d).
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The HZ — qquv signal topology is characterized by large missing energy due to the
undetectable neutrinos and two acoplanar hadronic jets containing the decay products
of B-hadrons. While naively the mass of the Higgs boson would be calculated from all
reconstructed tracks, here one can do better by using the constraint that the missing
mass ! should be equal to my.

The signature of the pure hadronic final state, HZ — qqqq, is four high multiplicity
hadronic jets and the presence of B-hadron decay products, in particular, in the jets
assigned to the Higgs boson. All combinations of jet pairings are tried and the one
is chosen where the invariant mass m, on one di-jet system is closest to my. In this
channel the mass of the Higgs boson is defined as mis + mg4 - myz, where mgy is the
invariant mass of the other two jets, assumed to come from the Higgs boson decay.

Finally, the tau channel is characterized by four jets, two of which have low multi-
plicity as expected for tau jets. Since the tau’s can originate either from the H or the
Z two subanalyses are used in this channel.

All the analyses presented in the paper extensively use Monte Carlo simulations
of the signal and the background processes, e.g. for setting cuts, for the training of
the b-tag neural net and for testing the performance of discriminating variables. The
analyses in the individual channels are optimized in order to get the best combined

analysis, 7.e. the best Higgs mass exclusion limit in case there is no hint for a signal.

!The missing mass is defined as mpiss = sign(z)y/|z| with x = E2,  — p2 ..., where ppmiss is the
momentum unbalance of the event and the missing energy Fss is defined as /s — Eyis, Eyis being

the visible energy.
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Abstract

The reaction e "e ™ — HZ is used to search for the Standard Model Higgs boson. The data sample consists of integrated
luminosities of 10.9pb~!, 1.1pb™', and 9.5pb ' collected by the ALEPH experiment at LEP during 1996, at centre-of-mass
energies of 161, 170 and 172GeV, respectively. No candidate events were found, in agreement with the expected
background of 0.84 events from all Standard Model processes. This search results in a 95% C.L. lower limit on the Higgs
boson mass of 69.4 GeV / c?. When combined with earlier ALEPH searches performed at energies at and around the Z peak,
this limit increases to 70.7 GeV /c2. © 1997 Elsevier Science B.V.

N Supported by the Direction des Sciences de la Matiere, C.E.A.

? Supported by the US Department of Energy, grant DE-FG03-92ER40689.
o Supported by the US Department of Energy, grant DE-FG0295-ER40896.

1. Introduction

In the minimal Standard Model, the spontaneous
breaking of SU(2), X U(1), is achieved at the ex-
pense of the introduction of a doublet of complex
scalar fields ¢ in self-interaction. As ¢ develops a
vacuum expectation value, the W and Z bosons
acquire their masses while three of the four initial
degrees of freedom are absorbed. A single neutral
scalar particle remains, the Higgs boson H. The mass
of the Higgs boson is not specified by the theory, but
for a given mass the theory predicts its production
rates and partial decay widths unambiguously [1].

At LEP 1, the Higgs-strahlung process e*e™ —
HZ* — Hff (Fig. 1a) was the dominant Higgs boson
production mechanism. This process was investi-
gated by ALEPH [2] in the Hy# and H/"/~ chan-
nels (throughout this paper # denotes an electron or
a muon) with the whole data sample collected at
centre-of-mass energies in the vicinity of the Z peak.
This sample corresponds to over 4.5 million hadronic
Z decays. Three events were observed, in agreement
with the expected background, and a 95% C.L. lower
limit on the Standard Model Higgs boson mass was
set at 63.9GeV/c’. Excluded domains up to
60.2GeV /c? were also reported by the other LEP
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experiments [3]. The LEP 1 analyses, however, were
slowly reaching their limit in terms of search sensi-
tivity, because the production cross section rapidly
vanishes with increasing my (see Fig. 1b).

During 1996, the LEP centre-of-mass energy was
increased to 161 GeV, and subsequently to 172 GeV.,
Due to the possibility of producing an on-shell Z
boson in association with a Higgs boson, still via the
Higgs-strahlung process e “e™ — HZ, the production
cross section is sizeable for Higgs boson masses up
to my = Vs — m5. The production cross sections at
the Z peak and at the higher energies are displayed
in Fig. 1b as a function of the Higgs boson mass,
including a small contribution from WW and ZZ
fusion (Fig. la). A sensitivity to my ~ 60 GeV /c?
has already been achieved by OPAL [4] with an
integrated luminosity of 10pb™' collected at
161 GeV.

With the integrated luminosity recorded by
ALEPH at 161.3GeV (109pb™"), 170.3 GeV
(I.1pb™') and 172.3GeV (9.5pb™'), about ten
events are expected to be produced if my=
70GeV /c?. To be able to select a significant frac-

e Z(‘)

e vore

WorZ

W orZ

e vore'

Cross section (pb)
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tion of these ten events, all the final states are
considered. These final states depend on thz decay
modes of the Z (/'/”, "7, v7 and qq) and the
Higgs boson (bb, 7*77, cc and gg). These final
states are addressed by five selections, namely
H/*/", Hvp, Hqg, Hr' 7 and 777 qq. The
7777 qq analysis supplements the Hqq selection in
cases where the Higgs boson decays to 771, The
Hr*7™ and 7777 qq selections are treated together
due to the similar topology.

Several differences between the situation at LEP 2
and at the Z peak can be pointed out. Due to the
larger number of channels, the statistical treatment of
analysis optimization and combination is more in-
volved. Also, at LEP 1 the background to the Higgs
boson search in the Hvy channel consists mainly of
e e — qq events with extreme energy losses due to
detector effects or exotic heavy quark semileptonic
decays. Since the production cross section of these
processes is several orders of magnitude smaller at
LEP 2 than at the Z peak, background of this type is
no longer significant. Instead, the background is due
mainly to calculable physics processes. Conse-

5
; (b)
A\ _ Signal cross sections
at91, 161 and 172 GeV
3
2
1 : ;
0 T t
40 50 80 90
my, (GeV/c?)

Fig. 1. (a) Feynman diagrams for the Higgs-strahlung process (top) and for the WW or ZZ fusion process (bottom); and (b) corrzsponding
production cross sections as a function of the Higgs boson mass at LEP | energies, at 161 GeV and at 172GeV.
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quently, the prediction of the background no longer
depends upon details of the detector simulation or
the knowledge of rare physical processes. It is there-
fore more reliable at LEP 2 than at LEP 1, and the
analysis can be designed to exploit this good theoret-
ical knowledge. A similar situation holds in the other
decay channels as well. The lower cross sections for
the background processes also allow Monte Carlo
samples to be produced with an equivalent luminos-
ity much larger than the actual recorded luminosity.

Finally, the Z boson produced in association with
the Higgs boson via the Higgs-strahlung process is
produced on-shell at LEP 2 energies, while it was
highly virtual at LEP 1. This additional mass con-
straint allows the Higgs boson mass to be recon-
structed with a good resolution in all channels, thus
enhancing the discriminating power of all analyses
with respect to simple event counting.

This letter is organized as follows. After a brief
description of the ALEPH detector in Section 2, the
important issues relevant for the search strategy, the
selection optimization and the analysis combination,
are addressed in Section 3. In Section 4, the back-
ground studies and the searches for the various final
states are presented in detail. The combination and
the final results are described in Section 5.

2. The ALEPH detector

A detailed description of the ALEPH detector and
its performance can be found in Refs. [5] and [6].
The only major modification to the apparatus took
place in October 1995 when the vertex detector was
replaced by a new device [7], twice as long as the
previous one. The new device extends the acceptance
to lower polar angles and has less material in the
active region. Charged particle tracking is achieved
with the new vertex detector, a cylindrical drift
chamber and a large time projection chamber. A
1.5 T axial magnetic field is provided by a supercon-
ducting solenoidal coil. A 1/p, resolution of 6 X
107*(GeV/c) ' @5 X 1073 /p, is achieved, and
the three-dimensional impact parameter resolution
can be parametrized as (34 + 70/p) X (1 +
1.6cos*9) um, with p in GeV /c. Hereafter, charged
particle tracks reconstructed with at least four hits in
the time projection chamber and originating from

within a cylinder of length 20cm and radius 2cm
coaxial with the beam and centred at the nominal
collision point are called good tracks. Throughout
this letter, events with at least five good tracks
accounting for more than 10% of the centre-of-mass
energy are referred to as hadronic events.

Electrons and photons are identified in the elec-
tromagnetic calorimeter by their characteristic longi-
tudinal and transverse shower developments [6]. The
calorimeter, a lead /wire-plane sampling device with
fine readout segmentation and total thickness of 22
radiation lengths at normal incidence, provides a
relative energy resolution of 0.18 /VE + 0.009 (E
in GeV).

Muons are identified by their characteristic pene-
tration pattern in the hadron calorimeter [6], a 1.2 m
thick yoke instrumented with 23 layers of streamer
tubes, together with two surrounding layers of muon
chambers. In association with the electromagnetic
calorimeter, the hadron calorimeter also provides a
measurement of the energy of charged and neutral
hadrons with a relative resolution of 0.85 /VE (E in
GeV).

The total visible energy, and therefore also the
missing energy, is measured with an energy-flow
reconstruction algorithm [6] which combines all of
the above measurements, supplemented by the en-
ergy detected at low polar angles by two additional
electromagnetic calorimeters which are used princi-
pally for the luminosity determination. In addition to
the total energy measurement, the energy-flow re-
construction algorithm also provides a list of charged
and neutral reconstructed objects, called energy-flow
particles, allowing jets to be reconstructed with a
typical angular resolution of 20mrad both for the
polar and azimuthal angles, and a relatively uniform
energy resolution over the whole detector accep-
tance. The latter can be parametrized as o=
(0.60YE + 0.6) GeV X (1 + cos?9) where E (in
GeV) and 6 are the jet energy and polar angle,
respectively.

Finally, jets originating from b quarks are identi-
fied from lifetime b tagging algorithms [8], from
high transverse momentum leptons coming from
semileptonic decays [9], and from jet shape variables
such as charged multiplicity, boosted sphericity, and
sum of the transverse momenta squared with respect
to the jet axes. These quantities are combined with a
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neural network into a single variable 7, for each jet
i, where 7, is near unity for tagged b jets and near
zero for other jets. The neural network b tagging is
described in detail in Ref. [10].

In the data sample used for the analysis reported
here, all major components of the detector were
required to be simultaneously operational, and all
major trigger logic had to be enabled.

3. Search strategy
3.1. Monte Carlo samples

To design the selection algorithms, large Monte
Carlo samples were generated for all background and
signal processes, and processed through the complete
detector simulation and event reconstruction. To fully
benefit from the good theoretical knowledge of the
background, a luminosity equivalent in most cases to
about 100 times the luminosity recorded in ALEPH
was simulated for each process. The samples avail-
able at 172 GeV are summarized in Table 1.

Signal events were generated with the HZHA
program [13]. At least 2000 events were simulated
for each of the various final states, for Higgs boson
masses varying from 45 to 80GeV /c?, and at each
centre-of-mass energy.

Table 1

Number of events generated (in thousands) for each background
process, and the equivalent luminosity (with the corresponding
scaling factor with respect to the actual data sample), at a centre-
of-mass energy of 172GeV. A private generator was used for the
process e*e” — Zvw [11]. All other processes were generated
with PYTHIA [12]. In this table, Z is used to represent Z or y *.
Cuts of 0.2GeV /¢? and 12GeV / ¢? are placed on the Z mass for
the ZZ and Ze* e~ final states, respectively. The mass of the
hadronic system was required to be larger than 30GeV / ¢? for the

process yy — qq.

Process No. Events (10%) Z(fb™hH
ete” —qq 325 2.68 (253)
ete  SWTW™ 12 1.02 (96)
ete” »ZZ 3 0.98 (92)
e e —Wer 1 2.07 (193)
ete” > Zete” 7 1.07 (101)
ete” > Zvp 0.1 10.0 (943)
¥y —qq 200 0.25 (24)

3.2. Selection optimization

The above Monte Carlo samples are first used to
identify variables discriminating signal and back-
ground events. These quantities are described in
detail in the following sections, for each of the final
states. As had already been the case for LEP 1
analyses [2], the locations of the cuts on the most
critical variables are placed in such a way that, if the
Higgs boson is too heavy to be produced at LEP (the
null hypothesis), the highest 95% C.L. lower limit on
its mass is achieved, on average.

To do so, an estimator, inspired by Ref. [14], is
built to rank all possible experiment outcomes from
the least to the most signal-like, using both the
number of selected events and their distribution of
reconstructed Higgs boson candidate masses [15].
For any experiment outcome, a confidence level
¢(my) is determined as a function of the Higgs
boson mass hypothesis: this is the fraction of out-
comes of all possible experiments with signal only
of mass my; for which the estimator value would be
smaller than or equal to that of the experiment under
consideration.

The expected confidence level for the null hy-
pothesis, {c)<(my), is the average value of c(my)
for experiments with background only. The mass for
which {c).(my) crosses the 5% level represents the
mass value which, on average, is ‘‘excluded at the
95% confidence level’’ if the true Higgs boson mass
is out of reach. The optimization of an analysis is
achieved by minimizing {c).{my) with respect to
the selection cut values, with my; chosen at the edge
of the expected sensitivity domain.

When several analyses are to be combined, the
individual optimization of each of them following
the method described above does not guarantee that
the combination is in turn optimal. In general, this
depends on how the combination is performed. The
optimal combination method can be defined, as
above, as the combination leading to the smallest
expected combined confidence level. Therefore, the
expected confidence level (¢, has to be computed
for each analysis i as a function of the selection cut
values, and the expected combined confidence level
simultaneously minimized with respect to the selec-
tion cuts of all analyses. The combination procedure
is briefly described in the following subsection.
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3.3. Analysis combination

To merge the analyses, the prescription of Ref.
[15] is chosen. Let ¢,(my), i = 1,...,n, be the confi-
dence levels determined on the actual data sample
from the n analyses, as a function of the Higgs
boson mass hypothesis. If no other information as to
the intrinsic capabilities of each of the n analyses is
known, it can be shown [15] that the optimal way to
combine the n confidence levels is to use the product

f(my) = nci(mﬂ)-

i=
The combined confidence level is obtained by calcu-
lating the fraction of outcomes of experiments with
signal only that would lead to a value of f less than
or equal to the measured one.

Although optimal when the qualities of the vari-
ous analyses are unknown, this democratic approach
can lead to an average dilution of the performance of
a superior analysis by an inferior one.

100

R. Barate et al. / Physics Letters B 412 (1997) 155-172

According to the prescription that the expected
combined confidence level has to be minimized, the
poor analysis would have to be rejected and ignored
in the combination.

To keep such an analysis in the combination, this
approach can be refined into an elitist approach by
merging the different confidence levels, taking into
account the intrinsic capabilities of each of the anal-
yses:

f(my) = En[]Cla(mH)

The optimal ‘‘weights’* a, are obtained by minimiz-
ing the expected combined confidence level, calcu-
lated from the individual expected confidence levels
Cepelimy).

These weights guarantee that the confidence level,
and hence the mass limit, is never degraded, on
average, by the inclusion of additional analyses.

The Higgs boson mass hypothesis mi" that leads
to a value of 5% for the measured compound confi-
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Fig. 2. The reconstruction efficiency as a function of the Higgs boson mass at (a) 161 GeV and (b) 172 GeV. (¢) The number of expected

events for all energies as a function of the Higgs boson mass.
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Table 2

The Higgs-strahlung branching ratio, background, signal effi-
ciency, and the number of signal events expected for a Higgs
boson mass of my =70GeV/c?. The left-hand entries are for
161GeV and the right-hand entries are for 170-172GeV. The
expected number of signal events takes into account the small
contributions from WW and ZZ fusion

Final State Br.(%) Background Efficiency(%)  {n,)
HA 6.7 006 011 642 748 0.08 040

Hwvy 200 006 0.09 263 429 0.11 070
Hqg 646 017 023 21.1 219 024 1.2
Hr 1™ 3.4 0.02 0.02 188 204 001 005

77T qg 5.3 005 0.03 174 174 0.02 007

Total 100 036 048 247 296 046 234

dence level is the 95% C.L. lower limit on the Higgs
boson mass.

4. Event selection

The selections of the various final states are de-
scribed in the following subsections. The expected
background, efficiency and expected number of sig-
nal events for each channel are summarized in Table
2 for a 70 GeV /c* Higgs boson. The variation of the
efficiency and the expected number of signal events

(a) ALEPH
¢ Data
L MC Background
71, MC Signal

—
o
(S
|

Events / 2.5 GeV/c®
b=

0 20 40 60 80
My (GeV/cz)

with the Higgs boson mass is shown in Fig. 2. In the
e"e” — Hqq channel, events in which the Higgs
boson decays to tau leptons are explicitly removed,
as this final state is selected by the 7% 77 qq analysis.

In the following subsections, the distributions of
simulated data are normalized to the collected lumi-
nosity and the distributions for the simulated signal
are for a Higgs boson mass of 70GeV /c?, unless
otherwise indicated.

4.1. The H/ '/~ final state

The H/'/  final state represents 6.7% of the
Higgs-strahlung cross section. Most of the signal
events are characterized by two leptons with an
invariant mass close to m, and a large hadronic
recoil mass. The case in which the Higgs boson
decays to a tau pair is also considered. Although this
channel has a low branching ratio, the experimental
signature is clean and the Higgs boson mass can be
reconstructed with a good resolution.

4.1.1. Selection

Events are required to have at least four good
tracks with |cos@] < 0.95 (@ is the polar angle with
respect to the beam axis), with a total charged energy
larger than 10%Vs . The selection procedure attempts

02 15 ALEPH
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%
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3
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P
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Fig. 3. (a) The £/ (y) mass distribution for the data (points), the background (solid histogram), and the expected signal (dashed
histogram), with loosened selection criteria. (b) The distribution of the mass recoiling to the lepton pair after all the selection criteria are
applied. The solid histogram is the background and the dashed histogram is the signal.
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to reconstruct the Z boson by finding pairs of oppo-
sitely charged particles, hereafter referred to as *“lep-
tons’’, which are either identified as electrons or
muons [6] or isolated. The isolation angle of a parti-
cle is defined as the half-angle of the largest cone
around the particle direction containing less than 5%
of the total energy of the other particles in the event.
In this analysis a particle is isolated if the isolation
angle is larger than 10°. To account for possible
Bremsstrahlung photons, neutral energy-flow parti-
cles within 2° of the directions of the lepton mo-
menta are excluded from the isolation calculation. In
events with an identified electron, the energy of
these neutral particles is added to the electron en-
ergy. Combinations with no identified lepton, or with
an identified e-u pair, are rejected.

The Higgs boson mass is calculated as the mass
recoiling to the lepton pair. The resolution is im-
proved by including a possible radiative photon from
the decay of the Z boson. Such a photon must be
isolated and have an energy greater than 2 GeV. The
isolation angle is determined in the same way as
above, but excluding the leptons from the calcula-
tion. If more than one photon is identified, the
photon which forms with the leptons the invariant
mass closest to m, is chosen. The reconstructed
/7 (y) mass is required to be greater than
80GeV /c®. Fig. 3a shows the #"/ (y) invariant
mass distribution for the data and the simulation.

To reject events with an energetic photon from a
radiative return to the Z, the most energetic isolated
photon must have an energy less than 40GeV at
Vs = 161 GeV, and 45GeV at Vs = 172GeV. These
values correspond to about 75% of the most probable
energy of the photon in e*e™ — qqy events.

After selection of the lepton pair, the remaining
particles are clustered into two jets using the Durham
algorithm. To reject e*e™ — qf events where the
leptons are close to the jets, the sum of the transverse
momenta of the leptons with respect to their nearest
jet is required to be greater than 20 GeV /c.

The visible mass, excluding the particles at-
tributed to the Z decay, must be larger than
15GeV /c?. This rejects e*e”y~ and Zy~* pro-
cesses with a low y* mass. To further reduce this
background in events which have only one identified
lepton, the track closest in angle to each lepton
candidate must lie within 110°.

Events with exactly four good tracks are candi-
dates for (H— 77 77)/"/" and are required to have
a missing energy of at least 7% Vs .

In events with only one identified lepton, both
leptons are required to be isolated and their invariant
mass should be greater than 85GeV /c?. Further-
more, the background from WW — qq/v events is
rejected by explicitly reconstructing the W’s. The
missing four-momentum (neutrino) and the lepton
are assigned to the leptonic W, and the remaining
energy flow particles to the hadronic W. Events
where the mass sum of the reconstructed W’s is
greater than 150GeV /¢? and where the mass of the
hadronic W is less than 90 GeV /¢? are rejected.

The background expected with a mass recoiling
against the lepton pair larger than 50GeV /c? is 0.06
and 0.11 events at 161 GeV and 170-172GeV, re-
spectively. Fig. 3b shows the Higgs boson mass
distribution for the simulation. No events are ob-
served in the data.

4.1.2. Systematic uncertainties

Potential sources of systematic uncertainties in-
clude lepton identification, lepton isolation, and en-
ergy and momentum reconstruction. The lepton iden-
tification efficiency has been studied and the effect
on the selection efficiency is less than 0.2%. The
lepton isolation criterion is tested by studying
hadronic events with identified leptons. Good agree-
ment is observed between the data and simulation
and no uncertainty is assigned. The energy resolution
of photons and electrons in the electromagnetic
calorimeter and the momentum resolution for muons
are studied using e*e~ =/ events and are found
to be slightly better in the simulation. Corrections are
applied and the uncertainty on the efficiency is esti-
mated to be less than 0.3%. Taking the aforemen-
tioned uncertainties as independent, the total relative
systematic uncertainty on the selection efficiency is
0.4%.

4.2. The Hvv final state

The Hvv final state comprises 20.0% of the total
Higgs-strahlung cross section. These evernts are char-
acterized by large missing mass compatible with the
Z mass, and two acoplanar jets.
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4.2.1. Selection

The event selection requires hadronic events with
a missing mass larger than 80 GeV /c?, and a visible
mass less than 75GeV /c?. Background from two-
photon collisions is reduced by requiring the visible
mass to be larger than 30% Vs or the total transverse
momentum to be larger than 5% Vs .

Events with undetected energetic particles at low
polar angles are rejected by requiring the angle
between the missing momentum and the beam axis
to be larger than 25°. Also, the longitudinal missing
momentum must be less than 20GeV/c and
30GeV /c, respectively, at 161 GeV and 170—
172 GeV.

Background from radiative returns to the Z is
further reduced by means of the event acoplanarity.
Events are first divided into hemispheres using the
plane perpendicular to the thrust axis and non-zero
energy is required in each of the hemispheres. The
event acoplanarity is defined as the absolute value of
the triple product of the normalized momentum vec-
tor of each hemisphere and the unit vector along the
beam axis. This can be expressed as
Isin®,sin6,sin(¢, — ¢,)|, where 0, and ¢,, are
respectively the polar and azimuthal angles of the

(a) ALEPH
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71 MC Signal

Events / 0.05
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Acoplanarity

momentum vectors. The acoplanarity is required to
be larger than 0.12. Fig. 4a shows the distribution of
the acoplanarity for the data and the simulation.

Events from processes such as Wev, Zee and
two-photon collisions where energetic electrons are
scattered into the detector are removed by the re-
quirement that the observed energy within 12° of the
beam axis be less than 3% Vs .

To remove background from hadronic events with
energetic neutrinos from semileptonic decays of b or
¢ hadrons, the energy contained in an azimuthal
wedge of half angle 30° with respect to the plane
defined by the beam and the missing momentum
direction must be less than 10% Vs .

The remaining background is reduced using b
tagging. The b tagging algorithm described in Ref.
[10] is slightly modified, however, to avoid associat-
ing a hadron jet from one W in WW — qq /v events
with the lepton from the other W, and possibly
tagging the hadron jet as a b quark jet. Leptons with
P> 1.5GeV /¢ with respect to the associated jet are
not considered for the purposes of b tagging. The
sum of the neural network outputs for the two hemi-
sphere jets is required to satisfy n, + 7, > 1.1.

To further reduce background from WW — qqrv
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Fig. 4. (a) The event acoplanarity distribution for the data (points), background (solid histogram), and signal (dashed histogram). (b) The
distribution of the reconstructed Higgs boson mass for background (solid histogram), and signal (dashed histogram). All selection criteria

are applied except the requirement on the visible mass.
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events, jets are reconstructed using the jade cluster-
ing algorithm with a y, of m2/s. The most isolated
jet is required to have an energy less than 5GeV.

The expected background is 0.06 and 0.09 events
at 161 GeV and 170-172 GeV, respectively. Fig. 4b
shows the reconstructed Higgs boson mass distribu-
tion for the simulation. No events are observed in the
data.

4.2.2. Systematic uncertainties

The requirement on the maximum observed en-
ergy within 12° of the beam axis was studied in
random trigger events and is found to reduce the
signal efficiency by 0.5%.

The effect of the underlying physics distributions
on the b tagging is studied by varying the momenta
and lifetimes of the b hadrons in the simulation
within their uncertainties. The b hadron momentum
spectrum in the simulation is varied within the uncer-
tainties quoted in Ref. [16] and the effect on the
selection efficiency is 0.4%. The lifetimes of the
weakly-decaying b hadrons are varied about the
world-average lifetime of 1.55 4+ 0.02ps [17], and
the effect is found to be negligible. The uncertainty
on the b tagging efficiency due to the simulation of
the detector response is investigated by studying the
track impact parameter resolution, since it provides
the bulk of the b tagging information. An additional
smearing of the track parameters, described in Ref.
[10], is introduced in the simulation to correct for
discrepancies in the impact parameter resolution.
This decreases the efficiency in the simulation by
0.4%, and a systematic uncertainty corresponding to
half of this variation is assigned.

Uncertainties coming from the simulation of non-b
tagging variables have been extensively studied [2].
The overall uncertainty was found to be less than
1%.

Taking these uncertainties as independent, the
total relative systematic uncertainty on the selection
efficiency is 1.1%.

4.3. The Hqq final state

The Hqq final state accounts for 64.6% of the
Higgs-strahlung cross section, not including the case
where the Higgs boson decays to tau leptons. The
events are characterized by two jets from the Z

decay accompanied by two jets from the Higgs
boson decay. The main sources of background are
efe”—>qq(y),ete > W'W™ andete™ - ZZ.

4.3.1. Selection

The standard hadronic event selection criteria are
tightened to at least eight good tracks satisfying
lcos 8| < 0.95. The events are forced to form four jets
by the Durham jet-clustering algorithm and the y,,
value where the transition from four to three jets
occurs ( y5,) must be larger than 0.004.

Radiative returns to the Z with energetic unde-
tected photons at low polar angles are ramoved by
requiring the missing momentum along the beam
direction to be smaller than 1.5(m , — 90), where
m,; is the invariant mass in GeV/c? of all the
energy-flow particles. Radiative returns to the Z
where energetic photons are observed in the detector
are removed by identifying the electromagnetic clus-
ters due to these photons. The electromagnetic en-
ergy is computed from identified photons and elec-
trons, charged particle pairs consistent with photon
conversions, neutral particles passing through an
electromagnetic calorimeter crack region and de-
tected in the hadron calorimeter, and particles de-
tected in the luminosity monitors. If the fraction of
electromagnetic energy in a one degree cone around
any energy flow particle in a given jet is larger than
80% of the jet energy, the event is rejected. Each jet
is further required to contain at least one good track.

In order to reject background events in which
three of the jets are close in angle, as expected in
e*e”™— qq events, the sum @ of the four smallest
jet-jet angles must be larger than 350°.

Near threshold the Higgs and Z bosons decay into
a pair of approximately back-to-back jets. The sum
of the cosines of the opening angles of the two jet
pairs, therefore, discriminates between a signal close
to threshold and the background from Z decays to
hadrons. Since the correct pairing is not known a
priori, the minimum value over all possible jet-jet
combinations is used: y = min(cos6,; + cos8,,) for
all permutations of ijkl. Events are required to sat-
isfy y< —1.2 at 161GeV and y< —0.9 at 170-
172 GeV.

The energies of the four jets are rescaled by
imposing energy-momentum conservation, fixing the
four jet velocities to their measured values. If any of
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the rescaled energies is negative because the mea-
sured jet directions are not compatible with a four-
body final state, the observed momentum and energy
of all four jets are used instead.

At 161GeV, at least one of the six possible jet
pairing combinations is required to satisfy either of
the following sets of criteria, referred to as a) and b):
a) -+ y3, >0.008

- m, > 82GeV /c* (Z boson candidate)
- my, > 45GeV /c* (Higgs boson candidate)
+ min(n;,n,) > 0.6
(1=l —-m)<8x1073
b) 1.9 y;, + 0.14 ¢ m, > 0.48.

The variables m,, and m;, are respectively the
invariant masses of jet pairs corresponding to the Z
and Higgs boson candidates and {n} are the b tag-
ging neural network outputs [10]. The requirement b)
is similar to that used in Ref. [10] and is designed to
select four b quark final states.

At 170-172GeV, the requirements on the Z bo-
son mass and the b tagging are modified to take into
account the different level and composition of the
background:

a) - y; > 0.008
- m,>80GeV/c?
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+ min(n;,n,) > 0.6

- (1=l —m)<4x1073
b) 1.9 y;, +0.14 % ;> 0.52.

Fig. 5a shows the distribution of the b tagging
variable (1 — n,)(1 — 7,). The expected background
is 0.17 and 0.23 events at 161GeV and 170-
172GeV, respectively. Fig. 5b shows the recon-
structed Higgs boson mass distribution. No events
are observed in the data.

An alternative event selection based on a neural
network has also been developed. Its performance is
similar to the standard analysis described above,
though it is not used to derive the final result pre-
sented in this letter because it leads to a minimum
value of {c). slightly larger than the standard selec-
tion.

In the neural network analysis, the selection of
hadronic events, the determination of the jet four-
momenta, and the rejection of background from ra-
diative returns to the Z are adopted from the standard
selection. Only events satisfying y,, > 0.008 are
considered.

The neural network inputs include the following
variables, used in the standard analysis: {n,}, ys,, @,
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Fig. 5. (a) The distribution of the b tagging variable (1 — 1:)(1 — n,) at 170-172GeV, for the data (points), the simulated background
(solid histogram), and the signal (dashed histogram). All cuts are applied except the b tagging criteria in ). If more than one combination in
an event is selected, the combination with the smallest value of (1 — 13 X1 — 71,) is plotted. (b) The distribution of the reconstructed Higgs
boson mass my, +my, —91.2 GeV /c? for the background (solid histogram) and the signal (dashed histogram), summed over the
centre-of-mass energies. The plot shows only the combination for which m,, is closest to the nominal Z mass.
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0.7 ALEPH ciency is shown for the standard analysis and the
neural network analysis in Fig. 6. This selection also
06, Standard Selection does not select any events in the data.
o Neural Network Selection
- 0.5 1 4.3.2. Systematic uncertainties
§ The determination of the systematic uncertainty
B 04 arising from the b tagging follows the prescription of
9 Section 4.2.2. The variation of the b hadron momen-
a 031 tum spectrum in the simulation results in a 1.0%
uncertainty. The lifetime uncertainty is negligible, as
0217 was the case previously. The uncertainty due to
impact parameter resolution is 0.8%.
The modelling of the non-b tagging variables is
0'120 75 30 studied using the sample of events obtained after the

Efficiency (%)

Fig. 6. The expected background as a function of the efficiency
for the two four-jet analyses for a Higgs boson of mass 67 GeV / ¢2
and a centre-of-mass energy of 172GeV. The dashed and dotted
lines indicate the working points of the standard and the neural
network analyses, respectively. The curve for the standard analy-
sis (solid points) is obtained by varying the cuts on m,, and the b
tagging variables. The curve for the neural network analysis
(hollow points) is obtained by varying the cut on the neural
network output.

and y. The reconstructed Higgs boson mass variable
m,, is not used, to avoid biasing of the neural
network selection toward a given my value. Addi-
tional inputs to the neural network include the proba-
bility that the impact parameters of the tracks in the
event are consistent with zero lifetime [8], the event
thrust and sphericity, the track multiplicity, the mini-
mum dijet mass, and the minimum values of the
following jet properties: mass, energy and track mul-
tiplicity.

These variables discriminate between signal and
background without assigning the jets to the Higgs
or Z boson candidates. This information is used
together with the mass m,, of the Z boson candidate
and the b tagging information for each of the six
possible jet pairings. The neural network discrimi-
nates signal from background and selects the most
probable H and Z candidates among the six combina-
tions in each event. Events are selected by placing a
cut on the output of the neural network.

The expected background is 0.12 and 0.32 events
at 161GeV and 170-172GeV, respectively. The
background as a function of the reconstruction effi-

selection of hadronic events and the rejection of
radiative returns to the Z. The signal distributions are
reweighted using weights calculated from a compari-
son of the data and the background simulation. No
statistically significant deviations are found and a
systematic uncertainty of 1.2% is attributed to this
source.

Adding the above uncertainties in quadrature re-
sults in an overall relative systematic uncertainty on
the selection efficiency of 1.8%.

44. The Hr* v~ and 7" 17 qq final states

The Hr"7~ final state accounts for 3.4% of
signal decays, including final states with four tau
leptons. The v+ 77 qqg channel has a branching ratio
of 5.3%, including the hadronic branching ratio of
the Z. Non-hadronic decays of the Z are not consid-
ered here as they are addressed by other channels
described in this letter.

The selection procedure begins with a common
set of criteria sensitive to 77 7~ qq final states pro-
duced via either process. This preselection is similar
to the track based selection developed for hA —
7777 qq [10], but with looser criteria. Further criteria
are then applied, tailored to the channel under con-
sideration.

4.4.1. Preselection

Hadronic events are selected by requiring at least
five good tracks with |cosf| < 0.95 which account
for at least 10% of Vs . Radiative returns with unde-
tected photons at low polar angles are rejected by
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requiring the longitudinal missing momentum to be
less than 40 GeV /c. The signal events are also char-
acterized by missing energy due to the undetected
neutrinos. This is exploited by requiring the mea-
sured missing energy to be positive.

The identification and reconstruction of tau lepton
candidates is identical to that of Ref. [10]. Events are
required to have at least two tau candidates of oppo-
site charge, and at least one of the tau jets is required
to have unit charged multiplicity. The sum of the
isolation angles of the tau candidates is required to
be larger than 50°. The isolation angle is defined as
the half-angle of the largest cone about the tau
candidate direction containing less than 5% of the
total energy of the particles in the event excluding
the particles (neutral and charged) making up the tau.

In events with one identified lepton, background
from WW — qq/v events is rejected using the
method described in Section 4.1. The cuts on the
mass sum and the hadronic mass are set to
140GeV /¢ and 85GeV /c?, respectively.

Energy-flow particles not included in the tau jets
are clustered into two jets with the Durham algo-
rithm. A x? fit is performed on the event using a
modified version of the method described in Ref.
[10]. Here, a constraint on the compatibility of the
7777 or qq pair masses with the nominal Z mass is
imposed, depending on the channel under considera-
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tion. If more than one combination passes the selec-
tion criteria, the combination with the smallest y? is
kept. The fitted mass of the pair assigned to the
Higgs boson decay is required to lie between
40GeV /c? and 80GeV /2. Fig. 7a shows the distri-
bution of the y? variable for the data and the
simulation after the preselection.

442 Hr 7~

Two further criteria are applied to select signal
decays in this channel. The y? of the fit is required
to be less than 20 and the neural network b tag
values for the non-tau jets are required to satisfy
mtm> L

The expected background for the collected lumi-
nosity is 0.02 and 0.02 events at 161 GeV and 170-
172 GeV, respectively. No events are selected in the
data.

443 771 qq

The inapplicability of b tagging in this channel
leads to a tightening of the preselection requirements
and a larger set of additional selection criteria.

To reduce background from low multiplicity
hadron jets misidentified as tau jets, no good tracks
are allowed to fall within a 30° cone around the tau
candidate direction. Furthermore, the sum of the
masses of the tau candidates must not exceed
1.5GeV /c?.
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Fig. 7. (a) The fit x? variable for the H - 7+ 17,7 — qq channel after the preselection. The points are the data, the solid histogram is the
expected background, and the dashed histogram is the signal. (b) The distribution of the fitted Higgs boson mass for both channels after the
selection criteria have been applied. The solid histogram is the expected background and the dotted histogram is the signal. The cuts on the

reconstructed Higgs boson mass are relaxed.
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The x* of the fit is required to be less than 10
and the fitted energies of the non-tau jets must be
larger than 85% of the measured values. The angle
between the two tau candidates is required to be
larger than 120°. To reduce the background from the
process e"e” —>e’e”Z where typically one high
momentum electron is unobserved due to its low
polar angle, the missing energy is required to be less
than 75 GeV.

The expected background for the collected lumi-
nosity is 0.05 and 0.03 events at 161 GeV and 170~
172 GeV, respectively. No events are observed in the
data.

Fig. 7b shows the reconstructed Higgs boson mass
distribution for the simulation. The results of the
selections of both channels contributing to this final
state have been added.

4.4.4. Systematic uncertainties

The main sources of systematic uncertainty are
energy flow reconstruction and b tagging. Inaccura-
cies of the simulation of the reconstructed energy
flow particles can cause systematic differences in the
simulated efficiency. In particular, they might affect
the efficiency of a cut on the reconstructed Higgs
boson mass and also the requirements on the value
of the fit x?. This is studied by introducing addi-
tional smearing to the measured momenta of the
reconstructed tau and non-tau jets and redoing the fit.

1
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The effect is found to be negligible even when the
additional smearing is much larger than the effect of
any possible inaccuracies of the simulation.

The simulation of the b tagging affects only the
H7" 77 channel. The determination of the system-
atic uncertainty has already been described in Sec-
tion 4.2.2 and results in a 3.0% relative error on the
efficiency.

Therefore, a relative uncertainty of 3.0% for the
H7"7" channel results, with no significant uncer-
tainty for the ¥ 1~ qq channel.

5. Combined results

No candidate events are retained in any of the
selections presented in the previous section, in agree-
ment with the 0.84 events expected from Standard
Model processes. In the absence of any signal, the
results of the five selections are combired as out-
lined in Section 3.3 to set a 95% C.L. lower limit on
the Higgs boson mass.

The measured and expected confidence levels are
computed at both centre-of-mass energies (161 and
170-172GeV) for each of the five analyses. Since
no candidate events are selected by any analysis, the
measured confidence levels are simply exp(—s,),
where s; is the number of signal events expected to
be selected by the i-th analysis. The two centre-of-

2"

5%

e G T T s e—

Confidence Level

Aeasured C.L.

--- ExpectediC.L.

ALEPH

65 70 75
my, (Ge V/cz)

Fig. 8. The measured (full curves) and expected (dashed curves) confidence levels for each of the final states, and their comb:nation, (a) at
high energy and (b) at LEP 1. The H7" 7~ and 7" 7~ qg analyses are combined into a single 7+ 77 qq result.
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mass energies are first combined for each of the final
states, and then the five analyses together. In these
two successive combinations, the democratic (a; = 1)
and the elitist (optimal a,’s) approaches give essen-
tially identical results. This is due to the analysis
optimization procedure that optimizes the expected
combined confidence level rather than the individual
ones, as already described in Section 3.2. The result
is displayed in Fig. 8a. While no single analysis
allows a confidence level smaller than 5% to be
reached in a significant mass domain, the combina-
tion excludes the whole range between 45 and
69.4 GeV /c? at more than 95% C.L.

The same procedure is then applied to the three
selections (for the He"e™, Hu* u™ and Hvv final
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states) developed for the LEP 1 data analysis [2].
Here, three candidate events were observed in the
Hp"p™ channel. They can be seen as bumps in the
measured confidence levels displayed in Fig. 8b. The
weight assigned to the Hvw final state turns out to
be about five times smaller than the weights assigned
to the H/"/ final states, mainly due to the supe-
rior mass resolution achieved in the leptonic chan-
nels. A 95% C.L. lower limit on the Higgs boson
mass of 63.9GeV /c? is found, the same as in Ref.
[2].

Finally, the LEP 1 and LEP 2 results are com-
bined. The weight assigned to the high energy part is

Confidence Levels

.. LEP 1 Data
o LEP 2 Data,
—— All data combined
... ExpectediC.L.

ALEPH

65 70 75
my, (GeV/c?)

Fig. 9. Measured confidence level curves for the high energy data
(dash-dotted), the LEP 1 data (dashed), and the combination (full).
The dotted curve shows the expectation for the combination.

Fig. 10. Number of events expected for signal from high energy
data (dash-dotted curve), LEP 1 data (dashed curve), and the
combination (full curve). The dotted curve indicates the number of
signal events needed to reach a confidence level of 5%. The
bumps are cue to the three candidate events found at LEP 1 in the
Hptu™ channel.

found to be at least 20% larger than that assigned to

LEP 1, slowly increasing with the Higgs boson mass

hypothesis and becoming very large above

71GeV /c?, where the HZ"/~ LEP 1 selection has
no efficiency. The resulting confidence levels (mea-
sured and expected) are shown in Fig. 9. Higgs
boson masses below 70.7GeV /c? are excluded at

more than 95% C.L.

This result can also be viewed in Fig. 10, where
the number of signal events expected is displayed as
a function of the Higgs boson mass, together with
Nys, the number of signal events needed to exclude
the corresponding mass hypothesis at 95% C.L.

The sources of systematic uncertainties on the
number of signal events expected are
- An uncertainty of +0.5% from the total inte-

grated luminosity measurement.

- The centre-of-mass energy is affected by an un-
certainty of +0.054 GeV [18], which corresponds
to a 1-0.3% variation in the signal cross section.

- The knowledge of the top quark mass, m,,, = 175

+ 6 GeV /c? [19], the simulation of the initial

state radiation, and the comparisons between dif-

ferent Monte Carlo programs [20] result in an
uncertainty of + 1% in the signal cross section.



3.3. PAPER 1

43

172 R. Barate et al. / Physics Letters B 412 (1997) 155-172

- The ambiguities on the values of the b and ¢
quark masses entering the calculation of the (H
— bb) and (H — c&) decay partial widths intro-
duce a +1% uncertainty on the corresponding
branching ratios. This translates into +0.7% for
the number of signal events expected.

+ The limited signal Monte Carlo statistics induce
an uncertainty of 0.5%.

+ The uncertainty related to the selection proce-
dures, detailed in the previous sections, is smaller
than 2%.

The overall systematic uncertainty is therefore
below +3%. Following the method of Ref. [21], this
results in a small increase of the measured confi-
dence level, corresponding to a change of the mass
limit by about 10MeV /c?.

6. Conclusion

The reaction e*e”™ — HZ was used to search for
the Standard Model Higgs boson. The data sample
consists of integrated luminosities of 10.9pb~',
1.1pb~! and 9.5pb™!, collected at centre-of-mass
energies of 161 GeV, 170GeV and 172 GeV, respec-
tively. No candidate events were found in any of the
final states, in agreement with the 0.84 events ex-
pected from all Standard Model processes. The 95%
CL. lower limit on the Higgs boson mass is
69.4GeV /c2. When combined with earlier ALEPH
searches performed at LEP 1, the limit increases to
70.7GeV /2.
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3.4 P2 [25]: Search for the standard model Higgs
boson at the LEP2 collider near /s = 183 GeV

In the previous section a search for the standard model Higgs boson in LEP data taken
at centre-of-mass energies of 161, 170 and 172 GeV was presented. Since no candidate
events were found that matched the selection criteria of any of the HZ final states, a
lower limit of 70.7 GeV/c? was set on the mass of the standard model Higgs boson. For
the analyses presented in this paper new data collected at the upgraded LEP collider
are used. For an overview of the centre-of-mass energies of the collider and the amount
of data that have been collected with the ALEPH detector at LEP see Sec. 4.1.

While the adaption of the analyses to the higher centre-of-mass energy is straight-
forward the new analyses contain several improvements. For example, the two final
states with the largest branching ratio (qqqq and qquv) are each supplemented by an
additional analysis. While the original analyses are all cut based the new analyses are
mainly based on neural networks. These supplemental analyses are not complemen-
tary but overlap with the cut analyses. Therefore a more involved procedure is needed
for the combination of a cut analysis and a neural net analysis of the same final state,
which shortly can be described as follows: let A and B denote the sets of events selected
by the two overlapping analyses, then the three statistically independent sub-analyses
which select the events AAB, A\B and B\ A are combined, where the symbols have the
same meaning as in the theory of sets.

A comment is also due on background subtraction. In the previous as well as in this
paper no background subtraction is performed in deriving the final result. This means
that in the context of the confidence level calculation all candidate events selected
by the analyses are interpreted as signal events, even when the probability is high
that they are background events. In a simple event counting experiment this would
on the one hand degrade any exclusion limits that are set, and on the other hand
make a discovery impossible. However, here a more elaborate method is used for
setting limits. Confidence levels are calculated by using information on the number
of candidates and on the values of a discriminating variables for each candidate (the

rec

reconstructed Higgs mass mjf° is one of them). As long as the candidate events do not
cluster at a specific value of m{i¢ the limits are only slightly degraded. Not performing
background subtraction means that the resulting limit is conservative and not affected
by systematic uncertainties related to the poor knowledge of the residual background.

In the analysis of 57 pb~! of data collected at /s = 183 GéV seven candidate events
were found, equally distributed in mj{°. Though the centre-of-mass energy was only
increased by 11 GeV compared to the previous year, the exclusion region for the Higgs

mass could be extended by 17 GeV/c?, namely from 70.7 up to 87.9 GeV/c2.
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Abstract

During 1997 the ALEPH experiment at LEP gathered 57pb~! of data at centre-of-mass energies near 183 GeV. These
data are used to look for possible signals from the production of the Standard Model Higgs boson in the reaction
e"e”— HZ. No evidence of asignal isfound in the data; seven events are selected, in agreement with the expectation of 7.2
events from background processes. This observation results in an improved lower limit on the mass of the Higgs boson:
m,, > 87.9GeV /c? at 95% confidence level. © 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

The Standard Model is very successful in describ-
ing the interactions of elementary particles. How-
ever, the origin of the particle masses remains an
open question. The Higgs mechanism directly ad-
dresses this problem, with the W* and Z gauge
bosons acquiring mass via spontaneous symmetry
breaking. A consequence of the Higgs mechanism is
the addition of a neutral scalar particle, the Higgs
boson, to the spectrum of elementary particles. While
the Higgs boson mass m, is not predicted by the
theory, recent results of fits to experimental elec-
troweak data favour low mass values [1].

At LEP2, the Higgs boson can be produced
through the Higgs-strahlung process, e"e” — HZ,
with smaller contributions to the H¥v and He"e™
channels from W- and Z-fusion processes. In the
Standard Model, the Higgs boson production rate

2 supported by the Direction des Sciences de la Matiére, C.E.A.

2 Supported by the US Department of Energy, grant DE-FG03-
92ER40689.

% supported by the US Department of Energy, grant DE-
FG0295-ER40896.

and decay branching ratios are calculable as a func-
tion of my [2]. In the mass region relevant to LEP2
searches, the Higgs boson decays mostly into bb and,
to a lesser extent, into 7" 7. The searches described
in this paper cover most of the topologies arising
from the HZ process, with H — hadrons or 7777,
andZ—-e e ,utu 7 7 ,0p, or g6.

The LEP Collider has been operating at centre-
of-mass energies above the W*W~ production
threshold since 1996. The ALEPH Collaboration has
searched for the Higgs boson with ~20pb~! of
data accumulated at v's = 161 and 170-172 GeV: no
evidence of a signa was detected, and a lower limit
of 70.7GeV /c? at 95% confidence level was set on
the Higgs boson mass [3]. The other three LEP
experiments have reported similar results [4—6].

A total integrated luminosity of 57pb~! was
accumulated by ALEPH in 1997 at centre-of-mass
energies near 183 GeV: 0.2pb~! a 180.8 GeV,
3.9pb~! at 181.7 GeV, 51.0pb~* at 182.7 GeV, and
1.9pb~! at 183.8 GeV. In this letter, these data are
referred to as ‘‘the 183 GeV data’. The higher
centre-of-mass energies and the larger total luminos-
ity increase the experimental detection sensitivity for
the Higgs boson to a mass around 85GeV /c2.
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Therefore a reference signal with m,, = 85GeV /c?
and /s =183 GeV is used when optimizing the
event selections and quoting signal detection effi-
ciencies. The total production cross section for the
reference signal is 0.37 pb.

To improve the discriminating power between
signal and background processes, the previously pub-
lished selections [3] are updated, and new event
selections based on artificial neural networks are
introduced. Another new feature of Higgs boson
searches at Vs ~ 183 GeV is the higher and partly
irreducible ZZ background; since these centre-of-
mass energies lie on the threshold for ZZ production,
a significant fraction of these events have only one
on-shell Z boson.

This letter is organized in the following manner.
Section 2 provides a brief description of the ALEPH
detector and the b-tagging scheme used in the
searches. An overview of the search strategy and of
the method used to combine the event selections in
all the channels is presented in Section 3. The event
selection criteria for each of the signal fina states
are described in Section 4.1 through 4.4; new devel-
opments with respect to the previous publications
[3,7] are emphasized and systematic uncertainties
specific to each channel are also summarized. In
Section 5 the combination of all search channels is
presented and the final result is derived. A summary
follows in Section 6.

2. The ALEPH detector

In this section the ALEPH detector parts which
are most relevant for the analyses that follow are
succinctly described. A more comprehensive descrip-
tion of the detector and its performance is given in
Refs. [8] and [9].

Three coaxial tracking devices surround the beam
line. The innermost device is a silicon microstrip
vertex detector (VDET) [10]. It consists of two cylin-
drical layers of silicon wafers situated at average
radii of 6.3 and 11.0 cm. Charged particles with
polar angle in the range |cosf| < 0.88 traverse both
VDET layers. The VDET is surrounded by a 2 m
long inner tracking wire chamber (ITC) which pro-
vides up to eight hits between radii of 16 and 26 cm.
Outside of the ITC is the main tracking detector, a

large time projection chamber (TPC) which mea
sures up to 21 three-dimensional coordinates per
charged particle. The TPC also measures up to 338
samples of the specific energy loss per track, allow-
ing charged particle identification. A superconduct-
ing solenoid immerses the central tracking volumein
al5 T axial magnetic field.

In this letter, charged particle tracks reconstructed
with at least four hits in the TPC and which originate
from within a cylinder of 2 cm radius and 20 cm
length centred on the nominal interaction point are
called good tracks. The tracking ensemble achieves
a momentum resolution o(p)/p, of 6 X
10 %(GeV /)"t p, @ 0.005. The three-dimensional
resolution on the impact parameter of tracks can be
parameterized as (34 + 70/p) X (1 + 1.6cos*9) pm,
with p in GeV /c.

The precise measurement of track parameters
plays an essential role in the identification of jets
containing b hadrons. Weakly decaying b hadrons
are long-lived, typicaly flying several millimetres
before decaying. The tagging of b-quark jets relies
on six variables reflecting the impact parameter of
tracks in the jet, reconstructed secondary vertices,
identified electrons and muons with large transverse
momentum with respect to the jet axis, and jet shape
and multiplicity variables. A neural network is used
to combine this information into an output n for
each jet. The network is trained to have a response
near zero for light quark jets and near one for b
quark jets [7].

A lead /proportional-chamber electromagnetic
calorimeter (ECAL) is also situated inside the super-
conducting coil. It isfinely segmented into projective
towers of 0.9° X 0.9°, alowing the identification of
electrons and photons within jets. Luminosity
calorimeters are installed between the ECAL end-
caps and the beam pipe. These calorimeters are of
similar construction to ECAL and are treated as an
extension of it. A relative energy resolution of
0.18/E(GeV) + 0.009 is achieved. A silicon-
tungsten sampling calorimeter completes the electro-
magnetic calorimeter coverage down to 34 mrad.

The ECAL is surrounded by a hadron calorimeter
(HCAL) consisting of 5 cm thick iron slabs instru-
mented with streamer tubes; this structure serves as
the return yoke for the magnetic field. The HCAL
has the dual purpose of measuring hadronic energy
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deposition as well as acting as a filter for the identi-
fication of muons. When used in conjunction with
the ECAL, a relative energy resolution of 0.85/
VE(GeV) is achieved for hadrons. The outermost
detectors are two double layers of muon chambers.
Muons are identified as charged particles which pen-
etrate the whole depth of the HCAL or which have
associated hits in the outer chambers.

The measurements of charged particle tracks and
of energy deposition in the calorimeters, combined
with the identification of photons, electrons, and
muons, are used to produce a list of charged and
neutral energy flow particles which are used in all
the analyses which follow. Hadronic jets are clus-
tered from these objects with a resolution approxi-
mately described as o (E) = (0.60VE + 0.6) GeV X
(1 + cos?), where E is the jet energy in GeV and 6
is its polar angle. The resolution on the jet angles is
approximately 20 mrad in both 6 and ¢.

The total uncertainty on the integrated luminosity
of the accumulated data is less than 0.6%.

3. Search strategy

Event selections have been previously developed
[3] for the various topologies arising from the HZ
process. These selections address the H/Z "/~ chan-
nel (here and in the following, # denotes an electron
or amuon, collectively referred to as *‘ leptons'”), the
Hvp channel, the Hqgq channel where H — 77 7~
decays are not included, the Hr" r~ channel, and
the ¥ 77 qgg channel which complements the Hqg
channel when H decays to a 757~ pair. These
selections are reoptimized for the increased centre-
of-mass energy and integrated luminosity and are
supplemented with new event selections. In the
H/'/~ finad state the selection is improved to
extend the acceptance into an angular region not
considered previously. In final states with 7 leptons,
the previous track-based 7 candidate selection is
replaced by a minijet-based selection, and the previ-
ous cut-based event selection algorithms are replaced
with new selections based upon neural network (NN)
combinations of discriminating variables. In the Hvv
and the HqQq channels, new NN-based event selec-
tions complement the published cut-based selections
[3].

The various selections are optimized to maximize
the sensitivity to a Higgs boson signal with mass 85
GeV /c?, which is near the expected experimental
sensitivity. The expected combined confidence level
on the signa hypothesis that would be obtained on
average if no signal were present [11] is minimized
with respect to the position of the cuts on the most
relevant selection variables:

- the reconstructed Z mass in the H/ "/~ sdlec-
tion;

- the b-quark content of the event and the event
acoplanarity in the Hvv cut-based selection;

- the b-quark content of the jets from a candidate
Higgs boson and the invariant mass of jets from
the Z boson in the HOQq cut-based selection;

- the neural network outputs in the Hyv and the
Haqg neural network selections, and in the H7" 7~
and 7+ 77 g selections.

The confidence level for each channdl is com-
puted without performing any background subtrac-
tion. All channels are subsequently combined using
the elitist prescription described in Ref. [11]. This
combination prescription assigns different weights to
the various search channels in an optima manner
according to their sensitivities to the signal hypothe-
Sis.

When two selections are available for a given
final state, their results are combined instead of
keeping only the selection leading to the (often
marginally) better expected confidence level. The
gain from this combination procedure is significant
since, when two analyses are aimed at selecting the
same signal and have similar performance, they often
have a large overlap in signal efficiency but not so
large an overlap in terms of background. Signal
events are, unlike reducible background events, sig-
nal-like in many variables. The selection of a back-
ground event by both selections is therefore less
probable, as it depends on the specific choice of
variables in each of the selections. The two four-jet
final state selections illustrate this point, as is sum-
marized in Table 1. The two origina selections are
therefore separated into three statistically indepen-
dent and thus easily combinable sub-selections. The
first sub-selection, corresponding to the overlap of
the two original analyses, is very pure. The two less
pure exclusive selections contain additional informa-
tion and are combined with the first, decreasing
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Table 1

Signal efficiency and the number of signal and background events
expected to be selected by each of two four-jet event selections
(cuts and neural network), by the two selections simultaneously,
and by each of the two exclusively. In this table the selection
criteria of the cut-based and neural network selections are opti-
mized independently of one another, and together with al other
channels

Selection Efficiency (%) Signa Background
NN 25.7 3.53 1.50
Cuts 24.1 331 1.48
Cutsand NN 19.8 2.72 0.88
Cuts only 4.3 0.59 0.60
NN only 59 0.81 0.62
Total 30.0 412 2.10

further the overall expected confidence level. The
combination of the three sub-selections is also done
with the elitist prescription. As a result, the events
selected by both original analyses receive a larger
weight (being more signal-like) than those selected
exclusively by one of the two (being more back-
ground-like).

Systematic uncertainties related to the knowledge
of the residual background shape and normalization
do not affect the results presented in this letter since
no background subtraction is performed. As is also
the case in Ref. [3], the reconstructed Higgs boson
mass for al final states is a discriminating variable
entering the calculation of the confidence levels.
Here, the power of the confidence levels determined
from the various searches is improved by including
more discriminating variables in the test statistic.
These new variables are
- the b content of the event in the Hwv channel for

the cut-based selection;

- the neural network output in the Hvv channel for
the NN selection;

- the b content of the hadronic jets for the H/ "/~
channel.

A global optimization is performed in the manner
described above with the criteria of the two Hqg, the
two Huvw, the H/ "/, and the 7" 7 qf and Hr" 7~
selections varied simultaneously. The final sets of
selection cuts, leading to the overall smallest ex-
pected combined confidence level for m, =85
GeV /c?, are described in the following section.

4. Event selections

In addition to the cut-based analyses described
below, NN-based analyses are introduced for the
Hqgg, Hvp, Hr 7~ and 77 qg channels to en-
hance the event selection performance. Variables
which aone show margina separation between sig-
nal and background and would be difficult to incor-
porate into a cut-based analysis can be effectively
used in the neura network framework [12].

In the following subsections, the distributions of
simulated background processes are normalized to
the collected integrated luminosity, and the distribu-
tions of the simulated signal are for a Higgs boson
mass of 85 GeV /c2. The background processes were
simulated as described in Ref. [3], with sample sizes
typically exceeding the collected data luminosity by
a factor ~ 100. Samples of 10000 signal events are
simulated at several Higgs boson mass values using
the HZHA program [13]. In the case of the Hvw fina
state, the W-fusion process as well as its interference
with the Higgs-strahlung process are taken into ac-
count. Independent training and performance evalua-
tion samples are used for the neural network selec-
tions.

The selection efficiencies quoted in this letter are
aways calculated as the fraction of events in the
given channel that pass the selection cuts. Table 2
shows, for each event selection, the variation of
efficiency for several Higgs boson masses as well as
the expected number of signal events for m, =85
GeV /c?, the expected number of background events
and the number of events selected in the data.

Although the selections differ between the various
analyses, they share common systematic uncertain-
ties. For the Hgg, Hvv, and H7" 7~ analyses these
common systematic effects relate to the tagging of
b-quark jets. Systematic effects related to the simula-
tion of track reconstruction and to the modelling of
b-hadron physics are the dominant source of uncer-
tainty in both the cut-based and NN-based analyses.
The systematic effect arising from the uncertainty on
the b-quark fragmentation hardness (modelled with
the Peterson function [14]) is determined by
reweighting signal events to cover the experimental
uncertainty on the parameter e, = 0.0045 + 0.0014
[15]. Differences in the b-hadron lifetimes and decay
multiplicities between the simulation and the world
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Table 2

Signal detection efficiencies (in percent) for different Higgs boson mass values. For the Hqg and Hvw channels three independent
sub-selections are used: events selected by both the cut-based and the neural network-based selections, and events selected exclusively by
either of them. The number of expected background events (n,), the number of events selected in the data (n,,,), and the number of

expected signal events for m,, = 85 GeV /c? (n,) are also given

my, H/ /™ Huw Hag Hrt 7 77 qg
(GeV /c?) Cuts+ NN Cuts NN Cuts+ NN Cuts NN

60 79.6 8.8 8.7 4.7 9.3 54 8.1 18.1 0.93
70 77.8 15.8 4.4 7.9 124 8.6 9.0 229 29
80 78.3 20.9 2.8 10.9 235 74 5.2 227 9.8
85 76.2 17.9 4.0 12.2 26.1 7.8 5.2 20.7 12.6
90 71.9 111 52 7.0 24.6 94 4.6 174 13.6
95 311 9.5 2.6 7.2 19.1 7.6 6.0 12.7 11.6
100 4.0 6.0 17 5.7 14.2 6.6 6.9 6.8 5.7
Numbers of events

n, 2.0 0.16 0.08 0.18 1.4 2.1 1.00 0.17 0.16
Nobs 3 0 0 0 1 2 1 0 0

n 11 0.82 0.18 0.56 3.6 11 0.71 0.14 0.16

S

averages are also incorporated in the systematic un-
certainty. The uncertainty due to the modelling of the
detector tracking is estimated by varying track pa-
rameters in accordance with the experimentally mea-
sured resolution.

Systematic effects from possible uncertainties in
the simulation of the non-b-tagging selection vari-
ables are estimated by recomputing the detection
efficiency with reweighted signal event samples. The
weights are determined from a direct comparison of
data and simulated background event distributions at
a preselection level with suitably large statistics.
Further studies of systematic uncertainties specific to
each selection are given below in the corresponding
sections.

4.1. The leptonic final states

The H/Z'/~ channel represents 6.7% of the
Higgs-strahlung cross section. The signal events are
characterized by two leptons with an invariant mass
close to m, and a recoil mass equal to the Higgs
boson mass. Although the branching ratio of this
channd is small, the experimenta signature is very
clear and the Higgs boson mass can be reconstructed
with high resolution.

The event selection follows closely that of Ref.
[3]. To be considered as lepton candidates charged

particles must either be identified as electrons or
muons, or else must be isolated from other particles
by more than 10°. All accepted combinations of
oppositely charged lepton candidates must have at
least one identified lepton. Mixed e-u pairs are not
considered. Final state radiation photons from the Z
boson decay products are identified and added to
isolated lepton candidates to improve the Higgs bo-
son mass resol ution.

The analysis agorithm has been simplified with
respect to [3] regarding the treatment of events with
only one identified lepton. In such cases, the require-
ment on the angles of the tracks closest to the lepton
candidates as well as the requirement that both lep-
ton candidates be isolated have been dropped.

The definition of lepton candidates has been im-
proved with respect to [3] to include Ieptons below
the main tracking acceptance of |cos6|< 0.95. Low
angle muons are identified down to 7.5° from the
beam line by finding hit patterns in the hadronic
calorimeter consistent with a muon. The momentum
of such a low angle muon is calculated from an
over-constrained fit to the event using energy and
momentum conservation. Low angle electrons are
identified down to 12.4° from the beam line by
finding large isolated energy deposits in the electro-
magnetic calorimeters. To separate these electrons
from photons, an electron candidate must have at
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least two consistent hits in the ITC. The new defini-
tion of lepton candidates improvesthe H/ "/~ sig-
na efficiency by approximately 4% for the same
purity.

The selection criteria remain unchanged with re-
spect to those published in Ref. [3] with the sole
exception of the requirement on the reconstructed Z
boson mass which is reoptimized from m, ;- >
80GeV /c? to My > 82.75GeV /c?.

4.1.1. Systematic uncertainties

Several potential sources of systematic uncer-
tainty are investigated. These include the identifica-
tion of electrons and muons, the isolation criterion,
and the simulation of the energy and momentum
resolution of jets and leptons [3]. Some limitations
are found in the simulation of the background to low
angle electrons which, however, do not contribute
any systematic effect. The tota relative systematic
uncertainty in the signal detection efficiency is 0.4%.

4.2. The missing energy final state

The HZ signal where the Z boson decays invisibly
to two neutrinos constitutes 20% of the total Higgs-
strahlung cross section. A large missing mass and
two b jets from the Higgs boson decay characterize
this final state. Two independent analyses are used to
search for a signal in this final state: a cut-based
analysis modelled on the previous selection [3] and
an analysis based on a neura network.

Both anayses share a common hadronic event
preselection. The plane perpendicular to the thrust
axisis used to divide the event into two hemispheres.
All energy flow particles in a hemisphere are consid-
ered to belong to a jet, and both jets are required to
have nonzero energy. To reduce background from
vy interactions, the preselection requires either P, >
5%y's or m,, > 30%s, where P, isthe total trans-
verse momentum of the event and m,, is the visible
mass. Finally, the missing mass of the event must be
larger than 80 GeV /c?.

4.2.1. Event selection with cuts
In order to reject radiative returns to the Z, the
missing momentum vector is required to point into

the apparatus (6; > 20°), and its component aong
the beam line is not allowed to be large (| p,| < 26
GeV /c). The event acoplanarity [3] is used to reduce
further the contamination from radiative return events
(A> 0.13). The energy deposited within a 12° cone
around the beam axis is required to be small (E;, <
1.2%s) to reject Wer and Zee events with an
energetic electron deflected at a low angle into the
detector. In order to suppress background from
W*W™ - qgrv decays, the whole event is reclus-
tered into = minijets [3], and the most isolated jet is
required to have alow energy (E. < 7 GeV). Finaly,
b-tagging information from the jets (Fig. 1a) is used
to enhance the signal-to-background ratio (n; + 7,
>1.1).

4.2.2. Event selection with a neural network

The analysis described above is complemented
with a neural network selection using the six vari-
ables of the cut selection and five additional ones.
The new variables include the fraction of the energy
deposited beyond 30° of the beam line, the tota
energy within a 30° azimutha wedge around the
missing momentum direction, the acollinearity of the
jets, and an additional combination of the b-tagging
variables, log,,(1 — m,7m,/2). Finaly, the isolation
angle of the most isolated track (with p> 1 GeV /c)
provides additional discriminating power against
W*W~ - qgrv background.

Further details of the Hvv neural network are
discussed in the Appendix. Fig. 1b shows the neural
network output. Events are selected if the neural
network response exceeds 0.983.

4.2.3. Systematic uncertainties

Based on deviations between data and Monte
Carlo simulation of the kinematic variable distribu-
tions, a relative systematic uncertainty of 2.4% on
the signal efficiency is determined. The events from
Monte Carlo simulation of the HZ signa are
reweighted to simulate changes in b fragmentation,
lifetime, and decay multiplicity, giving a relative
systematic uncertainty of 3.0%. The relative system-
atic uncertainty from discrepancies between the
tracking in the simulated data and real data is 6.1%.
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Fig. 1. The distributions in the missing energy channel of (a) the sum of the two neural network b-tag outputs and (b) the output of the
neural network used for event selection. The distributions are shown for the data (points), the total simulated background (solid histogram)
and the reference signal sample (dashed histogram) after the preselection cuts. The signal distributions have an arbitrary normalization.

The total relative systematic uncertainty on the sig-
nal selection efficiency is 7.2%.

4.3. The four-jet final state

Although the bbqg final state is not as distinctive
as the leptonic and missing energy final states, its
large branching ratio, 64.4%, compensates for this
drawback. The dominant background processes
ete"—>qg, W"W~, ZZ are reduced using event
topology, kinematic criteria, and b-tagging informa-
tion. Two analyses are used to search for this final
state: a cut-based analysis [3] and a neural network
based analysis.

Common event preselection criteria are used for
both the cut-based and neural network analyses.
Events are required to have at least eight good tracks
satisfying |cos6| < 0.95. Radiative returns to the Z
resonance are rejected when the initial state photon
is observed in the apparatus as well as when it
escapes down the beam pipe. The events are then
forced to form four jets with the Durham jet-cluster-
ing algorithm [16]. The y,, value where the transi-
tion from four to three jets occurs (y,,) must be
larger than 0.004. Each jet is required to contain at
least one good track. The energies and masses of the
four jets are then rescaled in accordance with energy

and momentum conservation. The measured jet ve-
locities are preserved in this process.

4.3.1. Event selection with cuts

The analysis agorithm and the selection criteria
are identical to those found in Ref. [3] except where
explicitly stated otherwise.

The sum @ of the four smallest interjet anglesin
the event (Fig. 2a) must be larger than 350°; this
significantly reduces the background contribution
from qQ events where an energetic jet recoils against
three softer jets. Since the sensitivity of this analysis
approaches the HZ kinematic limit, signal events are
expected to have two nearly back-to-back pairs of
jets. This event topology is selected by requiring
y = min(cos;; + cosh,,) < —1.30, where the mini-
mum is over al possible ijkl jet permutations.

Further event selection criteria are based upon the
six possible jet-pairing combinations. An event is
selected if at least one of the jet-pairing combina-
tions conforms to either one of the two following
sets of criteria (labelled a and b).

For the first case, events with four well-isolated
jets are required. One di-jet system is required to
have an invariant mass consistent with the Z mass.
The other di-jet is required to have an invariant mass
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Fig. 2. The four-jet channel distributions for preselected events of (a) @, and of the outputs of (b) the anti-qg and (c) anti-W* W™~ neural
networks. The points are the data and the solid histogram is the simulated total background normalized to the data integrated luminosity.
The signal distributions (dashed histograms) are shown with an arbitrary normalization.

within the Higgs boson mass range of interest and
aso to have well b-tagged jets. Hence the selection
criteria are the following:
(@ -+ y, > 0.008;

- my, > 78GeV /c? (Z candidate jets);

- m,, > 55GeV /c? (Higgs candidate jets);

+ min(xn,,m,) > 0.30 (Higgs candidate jets);

- (L— 1)1 —1m,)<6x10"* (Higgs candi-

date jets).

Selection criteria for the second case are designed
for the HZ — bbbb final state. These events are
almost background free and are selected by requiring
that the event as a whole has a high b-quark content
and a clear four-jet structure:

(b) 9.5y, + X 1m, > 2.90.

4.3.2. Event selection with neural networks

Two neura networks are trained to identify the
HZ — bbog signal while rejecting the g and W+ W™
backgrounds: one network is specifically designed to
reject g events, while the other is designed to reject
W*W~ events. Details related to the training of the
neural networks are discussed in the Appendix.

The input patterns to the neural networks consist
of the different di-jet pairing combinations within
each event. Only pairings that survive the preselec-

tion criteria described in Section 4.3 as well as the
requirements ©*_,n, > 1.0 and m, > 45GeV /c? are
input to the neural networks.

The inputs for both neural networks include sev-
eral of the selection variables used in the cut-based
selection: Ya,, v, My,, Min(ng,m,), (1 — 1n3)(1 — n,),
and ©}_,m,. The invariant mass of the Higgs candi-
date jets m,, is not included to avoid biasing the
selection efficiency towards the signal mass hypothe-
ses used for training.

The average QCD four-jet matrix element squared
[17] and O are especialy powerful discriminating
variables for eliminating qq background events and
hence are also used as inputs to the anti-qq neural
network. A vast majority of four-jet events from
e"e” — g are qqggg. The following observables of-
fer additional discriminating power between light
quark and gluon jets and are included as inputs to the
anti-qq neural network: the boosted aplanarity and
the boosted sphericity (both calculated in the rest
frame of the jet), and the multiplicity of tracks with
large rapidity with respect to the jet axis, for the two
Z candidate jets. Additional kinematic variables
(eg., jet energies and di-jet masses, smallest interjet
angle and angle of the missing momentum with
respect to the beam axis) are aso included to im-
prove the overal discriminating power. The com-
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plete list of input variables for the anti-qg neural
network is given in the Appendix.

Important characteristics of W*W~ events com-
pared to HZ — bbaq signal eventsinclude the lack of
b jet production and the comparative abundance of ¢
jets. In order to exploit these differences, the com-
mon neural network input variables listed above are
complemented with the b-tagging information from
the two Z candidate jets (n; and n,) and with charm
rejection variables for the Higgs candidate jets (
and p,). The charm rejection variables are computed
in a similar way to the track impact-parameter-based
uds-jet probability P, [7] but using only tracks with
low rapidity with respect to the jet axis (y < 4.9)
[18]. Thisrapidity criterion is effective since charmed
meson decays result in particles with transverse mo-
mentum lower than those from b-hadron decays. The
lowest di-jet mass, the lowest jet energy in the event,
and the event broadening variable (defined in the
Appendix) are also used. The complete list of input
variablesfor the anti-W*W ™ neural network is given
in the Appendix.

The neura network output distributions are shown
in Fig. 2b and Fig. 2c for signal, background, and
data. An event is selected when at least one of its jet
pairing combinations has neural network outputs
which satisfy both NNg; > 0.940 and NN+, ->
0.964.

4.3.3. Systematic uncertainties

The systematic uncertainties affecting the signal
detection efficiency are determined using the method
outlined in Section 4. The relative uncertainty from b
tagging is 6.5%. The systematic uncertainty corre-
sponding to possible limitations in the description of
the most important non-b-tagging selection variables
(Y34,7,0,my5,mMgy NN, and NNy« -) is deter-
mined to be 2.5%. Conservatively increasing the jet
angular resolution in 6 and ¢ by 10% in the Monte
Carlo simulation results in an additional uncertainty
of 0.8%. The correlations between &l pairs of vari-
ables used in each of the neura networks are com-
pared between the data and the simulated back-
ground event sample used for training; no significant
discrepancies are observed.

Adding the above contributions in quadrature, the
total relative systematic uncertainty assigned to the
signal detection efficiency is 7.0%.

4.4. The final states with 7 leptons

Two signal channels contribute to final states with
at least one 7~ pair. The process HZ » Hr* 7~
corresponds to 3.4% of the total Higgs-strahlung
process, and H — 7" 7~,Z — g corresponds to an
additional 5.5%. These events are expected to have
two oppositely charged low multiplicity jets in asso-
ciation with missing energy from the v decays. The
main background processes are ZZ and W*W ™.

Multihadronic events are selected by requiring at
least eight good tracks. The total charged track en-
ergy in the event is required to exceed 20% of the
centre-of-mass energy.

Events from radiative returns to the Z peak, qg(yy),
are rejected with the requirement |P,|+ E i <
1.8, Here, P, and E; are the total longitudinal
momentum of the event and its missing energy. The
mean of the initial state radiation (ISR) photon spec-
trum peak is denoted as 7y, and is defined as
Yoo = VS /2— M2 /2Vs. In addition, |P,| is re-
quired not to exceed 0.6y, IN order to exploit the
missing energy expected in this final state, the total
missing transverse momentum of the event is re-
quired to be at least 2.5%s.

A new method for identifying = lepton candidates
replaces the previously published track-based ap-
proach [3]. The event is clustered into a large number
of jets, referred to as minijets, with mass consistent
with m_. The = candidates are then selected from
these minijets according to the procedure described
in detail in Ref. [19]. This minijet method offers a
performance similar to the track-based selection but
is simpler.

Events with at least two oppositely charged 7
candidates are selected. At least one of the candi-
dates must be single-prong. The remainder of the
event is forced to form two jets using the Durham
clustering algorithm. Events which have more than
one 7-pair candidate yield multiple 7+ 7~ g combina
tions. A x2 is determined for each event combina-
tion with a kinematic consistency fit [19]. This fit
reguires energy-momentum conservation while keep-
ing the four jet directions fixed. In the fit, the mass
of the candidate = jets is fixed to the nomina r
lepton mass, and the energy resolution of the two
non-7 jets is taken into account. The invariant mass
of either the 7" 7~ or the q pair is constrained to be
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compatible with the Z mass, depending on the chan-
nel. In addition, the non-7 jet momenta are con-
strained to be larger than 75% of the measured value.
The combination with the lowest y?2 is chosen and
presented to the neural networks described below.

4.4.1. The HZ - H7 "7~ channd

To discriminate between H7" 7~ and background
events, a neural network is used with five input
variables: the total missing transverse momentum of
the event, the sum of the two 7 jet isolation angles,
the sum of the fitted transverse momenta of the =
jets with respect to their nearest hadronic jet, the
kinematic consistency x?2, and (n, + n,). The jet
isolation angle definition for the second variable is
the same as for the H/ "/~ sdlection [3]. The last
variable reflects the b-quark content of the two non-7
jets. Details of the neural network are discussed in
the Appendix.

Fig. 3a shows the response of the H7" 7~ neural
network in the data and in simulated signa and
background events. The optimal point for this selec-
tion corresponds to neural network output values
larger than 0.979.

4.4.2. The HZ - 7 * 7~ g channel
A neural network is aso used to select HZ —
777 (g events. The input variables are identica to

o7
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those described in the previous subsection except
that the b-tagging variable is not used. This is a
limiting factor in the performance of the selection.
Fig. 3b shows the neura network output in the data
and simulated signal and background events. Events
which have a neura network output larger than
0.980 are selected.

4.4.3. Systematic uncertainties

The main sources of systematic uncertainty in the
final states with = leptons are the reconstruction of
the kinematic variables, the clustering of jets and the
tagging of jets containing b quarks.

From a comparison of multihadronic events with
an identified lepton, in the data and in simulated
events, a dight discrepancy in the total transverse
momentum distribution is observed which trandates
into an absolute uncertainty of 0.3% (0.2%) in the
signal detection efficiency for the H7* v~ (r* 7~ qQ)
channel. The effects from jet reconstruction are eval-
uated by smearing the reconstructed jet angles and
energies according to the expected measurement er-
rors. The systematic effect on the detection effi-
ciency is 0.4% (0.1%) from the jet directions and
0.1% (0.1%) from the jet energies, in absolute terms.
Uncertainties arising from the tagging of b-quark jets
affect only the Hr" 7~ selection and are evaluated,
as is described in Section 4, to be 0.9%. Therefore,

2 D 102
§ 10 “4 ALEP? g 10 ALEPH
@ 1 ®)
& a9
10
1 > o
0 T
1
10 A
; . . x 10 . ; ] .
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
NN Output NN Output

Fig. 3. The distributions of the neural network outputs for (a) the H7" 7~ channel and (b) the 7+ 7~ qg channel. The distributions are shown
for the data (points), the total simulated background (solid histogram), and the reference signal sample (dashed histogram) after the
preselection cuts. The signal distributions have an arbitrary normalization.
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total relative systematic uncertainties of 5.0% and
1.9% are respectively assigned to the H7"7~ and
" 77 qq signal detection efficiencies.

5. Combined result

Seven events are selected in the data by the
various selections, in agreement with the 7.2 events
expected from al Standard Model background pro-
cesses. Four of these events are selected in the
four-jet final state. One event, selected by both the
selection with cuts and the selection with neural
networks, has a reconstructed Higgs boson mass of
71.5GeV /c? while the other events selected with
cuts (neural networks) only, have mass vaues of
76.1 and 85.0GeV /c? (85.2GeV /c?). The other
three candidate events are found in the leptonic final
state, with masses of 67.0, 82.2, and 96.5GeV /c?.
Fig. 4 shows the reconstructed Higgs boson mass
distribution for the selected events in all channels.

The result obtained when all sub-selections are
combined is displayed in Fig. 5. This result includes
the lower energy ALEPH data taken at LEP1 [20]

Entries/(2 GeV/c?)

O G NN Y
55 60 65 70 75 80 85 90 95 100105
MH(GeV/cz)

Fig. 4. The distribution of the reconstructed Higgs boson mass of
the selected events in al search channels. The histogram shows
the expected distribution, with the contribution from background
processes (shaded) and from the reference signa (m, =85
GeV /c?), normalized to the collected data luminosity. The data
events are indicated with arrows. The selected events do not have
equal weights in the combination procedure but have been plotted
here with unit weight for convenience.

ALEPH

5%

A g A

Confidence Level
=

60 65 70 75 80 8 90 95
my, (GeV/cz)
Fig. 5. The observed (solid line) and expected (dashed line)

confidence level curves after al channels are combined, using the
183 GeV data as well as the results obtained at lower energies.

and a Vs = 161,170, and 172 GeV [3]. The lower
energy data has an impact on the confidence level
only for mass values lower than ~ 75GeV /c2. The
HZ searches exclude all Higgs boson masses below
88.0GeV /c? at the 95% confidence level. The aver-
age limit expected in the absence of signa is
85.3GeV /c2. With this expected limit, the probabil-
ity to observe a limit at least as high as 88.0GeV /c?
is 22%.

As explained in the previous sections, a number
of possible systematic effects are studied and their
impacts evaluated. The uncertainties related to the
selection procedure and to the inadequacies of the
Monte Carlo dominate, trandating into uncertainties
on the selection efficiencies ranging from ~ 0.5% to
7%, depending on the final state. Following the
method of Ref. [21], a small increase of the confi-
dence level results, corresponding to a change in the
mass limit of —0.1GeV /c?.

The mass of the Standard Model Higgs boson
therefore exceeds 87.9GeV /c? at the 95% confi-
dence level. Had background subtraction been per-
formed — with the same set of selection criteria and
ignoring the related systematic uncertainties — a
95% confidence level limit of 88.3GeV /c? would
have been derived, with 88.3GeV /c? expected.
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Table 3

A summary of the architecture and the HZ signal and background process training samples used for the neural networks described in the text
Final Network my in signal Background

state architecture training samples (GeV /c?) training samples

Haq (anti-qg) 22-10-10-1 70, 80, 85 qa(y)

Hqg (anti-W*wW™) 14-12-10-2 80 WHw-

Huvw 11-20-3 80, 85 W*W~, qa(y)

Hr™ 7~ 5-10-1 80, 85, 90 W*wW-, zZ

g 4-10-1 80, 85, 90 WHw-, 2z

6. Summary agreement with 7.2 events expected from Standard

A search for evidence of the production of Higgs
bosonsin e*e” collisions at centre-of-mass energies
between 181 and 184 GeV has been performed with
the ALEPH detector. The major event topologies
have been covered: the leptonic and missing energy
final states as well as the final states with four
hadronic jets and those including 7 leptons. The
previously published search agorithms have been
improved and new selections using artificial neural
networks were introduced.

In the collected data sample, corresponding to a
total of 57pb~!, seven events were selected, in

Table 4
The complete list of inputs to the anti-qg neural network

Variable

1 Ya T

2. yt

3. my, T

4. min(ng,m,) T

5. A—n)A—nyt

6. oot

7. ot

8. (M ), average four-jet QCD matrix element.

9-10. Boosted aplanarity of Z candidate jets.
11-12. Boosted sphericity of Z candidate jets.
13-14. Multiplicity of tracks with rapidity larger
than 1.6, in the Z candidate jets.

15. min(6;;), lowest interjet angle.

16. cost, cosine of the polar angle of the

event missing momentum vector.

17. min(m;; + my, ), lowest di-jet mass sum.
18-19. Miins Miinz, the two lowest jet masses.
20-21. Eins Eminz, the two lowest jet energies.

22. Eax, largest jet energy.

Model background processes. From this observation,
a 95% confidence level lower limit on the mass of
the Higgs boson is set at 87.9GeV /c?. A similar
result has been reported by the L3 experiment at
LEP [22].
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Appendix A

This Appendix offers more details on the neural
networks used for the Hvp, Hqg, Hr 7, and

Table 5
The complete list of inputs to the anti-W* W~ neural network

Variable

1 Yaq T
2. vt
3. my, T
4-5, min(ns,m,),max(ns,m,) T
6. A-n)1-m)t
7. oot
8-9. min(ny, m,),max(ny,m,)
10-11. min( pg, i) max( g, i4)
12. B, event broadening.
13. Ein, lowest jet energy.
14. min(mij), lowest di-jet mass.

The variables marked with T are common to the NN-based and
cut-based selections and are described in Sections 4.3 and 4.3.1.

The variables marked with T are common to the NN-based and
cut-based selections and are described in Sections 4.3 and 4.3.1.
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77 qq selections. All of the neural networks are
fully-connected muilti-layer feed-forward networks
trained with back-propagation algorithms using exist-
ing programs [23]. During an initial training phase,
patterns composed of sets of discriminating variables
are presented to the neural network, and the network
weights are optimized to produce an output near one
for signal patterns and near zero for background
patterns.

The architecture and training details of the neural
networks are summarized in Table 3. These parame-
ters are chosen based upon optimal performance in
Monte Carlo simulation. Each network is trained
with Monte Carlo simulation of HZ signal samples
as well as samples of background processes.

For the four-jet final state, only the correct pairing
in HZ — bbaq events is presented to the neural
network as the signal pattern during the training
phase.

The input variables used for the anti-qg neural
network in the Hgq channel are listed in Table 4.

The input variables used for the anti-W*W ™ neu-
ral network in the Hqq channel are listed in Table 5.
The event broadening is computed using the two
event hemispheres defined by the plane perpendicu-
lar to the event thrust axis, the quantity B, iS
computed for each hemisphere:

N(racks

2 Ipyl
i=1
Bhemi = ’I\llra:ks !

Y Inl

i=1
where N, IS the number of tracks in the hemi-
sphere, p; is the momentum of the ith track, and p;
is the transverse momentum of the ith track with
respect to the thrust axis. The event broadening B is
the smaller of the two B, values.
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Chapter 4

The ALEPH Experiment

4.1 LEP

LEP (1989-2000), the Large Electron—Positron storage ring at CERN, has been built
in order to make precision studies of the electroweak interaction and, if possible, to
discover new physics phenomena. It can be looked upon as a factory for the production
of the electroweak gauge bosons Z and W= through e*e™ annihilation. LEP was
operated in two phases. During phase 1, also called LEP1 (1989-1995), when LEP
was mainly ! running at a centre-of-mass energy of 91.2 GeV (~ my), the Z boson was
mass-produced with up to about ten thousand 7 particles created per day. During
phase 2, also called LEP2 (1996-2000), when the centre-of-mass energy was increased
beyond the threshold for the pair production of the W boson, of the order of ten W=
pairs were produced per day. For the cross sections of these and other processes see
Figure 3.1. Because electrons and positrons have opposite charges they can circulate in
opposite directions in the same arrangement of focusing and bending magnets. Hence,
LEP consisted of a single ring, with the shape of an octagon with rounded corners
(eight straight sections of about 500 m each and eight arcs alternating around the
circumference of 27 km). The 3368 dipole magnets in the arcs bend the et and e~
beams, whereas the focusing is done with 808 quadrupole and 504 sextupole magnets
installed both in the straight sections and in the arcs. The e™ and e~ beams are
concentrated in 4 bunches?, where a bunch of particles is about 1 cm long, has a width
of ~ 350 pum and a height of ~ 10 um. For counterpropagating beams this gives 8
collision points which are arranged in the centers of the straight sections. Detectors
measuring the products of the collisions were installed at every second collision point
(see Fig. 4.1).

'In the years 1989, 1990 and 1991 energy scans were performed at 1 GeV intervals over a 7 GeV
range centred at the Z peak, whereas in the years 1993 and 1995 the scans were limited to running at
energies of 91.2 and 91.24+2 GeV.

2 Also other schemes have been tried, like using bunch trains.
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Figure 4.1: The layout of the CERN LEP collider at the French-Swiss border near
Geneva. The ALEPH experiment was situated near the Jura mountains, 140 meters
below surface.

During phase 1 the acceleration was performed using a copper radio-frequency (RF)
system working at room temperature and consisting of 128 five-cell RF cavities with
a potential voltage of 400 MV. In parallel with the successful operation at the Z peak
until 1995, research and development was being carried out to provide the technology
and production techniques for high gradient superconducting (SC) cavities. In 1995
few test modules of SC cavities were installed which allowed the energy to be raised to
70 GeV/beam (LEP1.5).

Phase 2 officially began in 1996 when the energy reached the threshold for the
production of W* pairs for the first time, after about half of the SC cavities forseen
had been installed. Physics data was taken at centre-of-mass energies of 161 and
172 GeV. During the winter shutdowns of the next two years most of the remaining
superconducting cavities were installed, raising the total number to 272. In the year
1998 LEP was operated at the single energy of 94.5 GeV per beam and delivered
a record integrated luminosity of almost 200 pb~! per experiment. One year later,
in August 1999, LEP achieved its unofficial design energy for phase 2 when it was
running at 100 GeV per beam, i.e. at a collision energy of 200 GeV. At this energy
LEP operated at the limit on many fronts; in particular the radio-frequency system

which, optimistically designed for accelerating gradients of 6 MV /m, had to operate all
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Figure 4.2: The integrated luminosity collected with the ALEPH detector at LEP in
the years 1989-2000 as a function of the centre-of-mass energy (the histogram is in
bins of 1 GeV). The total integrated luminosity is ~ 179 pb~! around the Z peak and
~ 715 pb™! at LEP2 energies. The increase of the centre-of-mass energy during the
LEP2 phase is indicated by the year numbers.

288 cavities at an average gradient of 7 MV /m. The total RF voltage per turn needed
was 3400 MV, and the synchrotron radiation beam power at this energy was 18 MW.
An overview of the various energies, the number of SC cavities installed and the total
RF voltage available is given in Table 4.1. The steps of increase in energy during the
years can also be seen in Figure 4.2, which shows the integrated luminosity collected
by the ALEPH experiment as a function of 4/s.

In the final year of LEP running, 4.e. the year 2000, with the utmost effort ® more
than 200 pb~! of data were collected at centre-of-mass energies greater than 205 GeV
and the highest energy achieved for a short time was 209.2 GeV. Despite a request from
the physics community to continue in 2001, CERN’s Director General decided to shut
down LEP forever on November 17", 2000.

4.2 The cavity story

A significant increase in energy in the year 2001 would not have been possible (though
there was space for putting more cavities), because the production of SC cavities was
stopped * already in 1997, and no spare ones were available. It was estimated that an

energy of 220 GeV could have been reached, if all the space available would have been

3For example, the nominal radio-frequency of 352 MHz was reduced by about 100 Hz to benefit
from the dipolar magnetic field seen by the beams in the focusing quadrupoles, effectively increasing
the bending radius of LEP (cf. next section). Using (otherwise unused) orbit correctors to act as
magnetic dipoles had a similar effect.

4The production was stopped mainly as a result of the pressure on getting LHC approved and
because it was claimed (¢f. Chapter 7 on indirect searches) that the Higgs boson would most probably
be lighter than 100 GeV anyway. To get new SC cavities produced would have taken more than a
year, as stated by the CERN accelerator director [28].
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filled with SC cavities. Since for the discovery of the Higgs boson at LEP it is crucial
to run at the highest possible energy, in the remaining part of this section the theory

behind the question on the maximum energy of a collider is briefly discussed.

A relativistic charged particle with energy E moving on a circle with radius r loses

energy by synchrotron radiation according to the formula [29]

1 4me?p3yt E[GeV])*
— dm "%y %8.85-1072M
dweg 3 7 r[m]

OE

, (4.1)

where 0F is the energy loss per turn (in units of MeV for the term on the right hand
side). Using the bending radius 7 = 3.1 km in the dipole magnets at LEP, the relative
energy loss F/FE for typical beam energies at the two LEP phases is given in the
following table:

LEP 1:

5 45.6 GeV 0.27%
LEP 2: beam

= 100 Qev O Fbeam/Bieam = 92.85%.

This means, for example, that in order to maintain stable beams at /s = 200 GeV in
theory a minimum RF voltage of 2850 MV is necessary to compensate for the energy
losses. In reality, with this RF voltage the LEP accelerator was only operated at an
energy of /s = 189 GeV (¢f. Table 4.1), with a safety margin of 200 MV (allowing two
klystrons to trip without losing the beams). In the final year of LEP running the beam
energy was increased slightly by reducing this safety margin to 100 MV, with only a

moderate reduction of the average fill duration.

| Year | /s (GeV) | # Cu cavities | # SC cavities | RF (MV) |
1989-1995 my, 128 none 400
1996 161, 172 128 144, 176 1600, 2000
1997 183 52 240 2500
1998 189 52 272 2850
1999 192 — 202 48 288 3000 — 3550
2000 205 — 209.2 o6 288 3650

Table 4.1: Number of copper and superconducting cavities installed in the LEP tunnel
in various years of running at the energies given in column two. The last column shows
the total RF voltage available.
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4.3 The ALEPH detector

The papers presented in this Habilitationsschrift are based on data taken with the
ALEPH detector®. This general-purpose detector for measuring particles created in
ete™ collisions is shown in Fig. 4.3 and described in detail in [30-32]. It can briefly be
characterized as a universal detector fitted with a very large-diameter track chamber,
a high magnetic field from a superconducting coil and gas calorimeters.

Interesting physics events are selected using a flexible three stage trigger system.
The Level-1 trigger makes a decision within 5 us based on analog signals from the main
detector components (energy deposition in the calorimeters, track segments from the
tracking devices). Since the time between two successive beam crossings is 22 us (with
four bunches per beam), this trigger level operates with no dead time. If the Level-1
answer is positive, the Level-2 trigger, based on hard-wired processors, looks for tracks
in the time projection chamber (TPC) coming from the beam interaction region. It

has to make a decision whether the event should be thrown away or kept for further

7.
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e : 8.
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§ =
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Figure 4.3: The ALEPH detector: 1. silicon vertex detector, 2. drift chamber, 3. time
projection chamber, 4. electromagnetic calorimeter, 5. superconducting magnet coil,
6. hadron calorimeter, 7. muon chambers, 8. luminosity monitors.

5By the time of this writing the ALEPH detector has already been dismantled and parts of it have
been distributed to various institutes that have participated in the ALEPH experiment.
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inspection by the Level-3 trigger system within 50 us. Finally, the Level-3 trigger tries
to identify genuine e*e” interactions with the help of information from all detector
components. If positive, the event is read out and written on a storage medium, where
is it then available for offline reconstruction.

Event rates were already low at LEP1 (with a rate of ~ 0.5 Hz for Z events at the
peak), but they are even lower at LEP2. Therefore the trigger system just has to reduce
the background, mainly coming from beam gas interactions and off momentum beam
particles hitting the vacuum pipe or the collimators somewhere close to the detector,
to a manageable level. The trigger efficiency for hadronic Z decays was measured [31]
to be practically 100%. As a consequence at LEP2 the efficiency for triggering events
which contain a standard model Higgs boson of a mass comparable to my is also
close to 100%, mainly because in about 92% of these events the Higgs boson decays
hadronically (c¢f. Sec. 3.2) and because for the majority of the remaining events (where
H — 7777) there is a Z particle that decays hadronically. These are practically the
only topologies that the standard model Higgs boson is searched for at LEP2 anyway
(except for HZ — 77 ¢1¢~; for details see Sec. 3.3).

4.3.1 Energy flow

Offline reconstruction of an event yields the 4-momenta of charged and neutral particles
that best fit the signals registered with the detector. Charged particles reconstructed in
the tracking devices are assumed to be pions if they are not identified as electrons (by
their shower profile in the electromagnetic calorimeter) or muons (with the help of the
hadron calorimeter and the muon chambers). Neutral particles are reconstructed from
energy deposits in the calorimeters. However, also charged particles lose energy in the
calorimeters. To solve this problem, but also in order to calculate the total energy of an
event (which ideally should be 2Fyc.p ), the so-called energy flow algorithm [31] has been
developed. It subtracts the energy that the charged particles are expected to deposit in
the calorimeters from the energy of the measured calorimeter objects. The remaining
energy in the calorimeters is used to identify photons (neutral electromagnetic energy)
and neutral hadrons.

The output of the energy flow algorithm is a set of energy flow objects (electrons,
muons, photons, charged and neutral hadrons). These energy flow objects in turn are
the input to the Higgs search analyses, e.g. they are used to define jets, calculate event
shape variables and invariant masses, or any other event characteristic. In the context
of the energy flow algorithm the ALEPH detector as a whole effectively behaves like a
single big calorimeter with a relative energy resolution of [31]

o(E) 0.60 0.6

B = ﬁ + T (E in GeV) (4.2)
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as obtained for well contained ¢ hadronic Z decays (cf. Fig. 4.4). This lies in between
the ideal performances (particles at normal incidence) of the electromagnetic and the
hadron calorimeters, where the corresponding coefficients in front of the 1/v/E term
are 0.18 and 0.85, respectively, but is a factor of two better then the energy resolution

obtained by simply summing up all the energy deposits in the calorimeters.
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Figure 4.4: Distribution of the total energy for hadronic Z decays as calculated with the
energy flow algorithm in the context of an analysis [33] of ALEPH data taken in 1992 at
the Z peak. A Gaussian fit (shown on top of the histogram) has been performed in the
range 86 GeV < E < 100 GeV, giving a mean value 7 of 90.14 GeV (vertical line) and a
width of 6.3 GeV, in agreement with Eq. (4.2). This range has been chosen because for
E £ 86 GeV the distribution quickly gets asymmetric due to energy losses, not due to
the detector or the algorithm, but due to physics processes like initial state radiation
or neutrinos from heavy quark decays. This distribution is nicely reproduced [31] with
the Monte Carlo simulation of the ALEPH experiment by using events from an event
generator.

6Well contained means: no energy deposit within a cone of 12° around the beam axis and less than
10% of the total energy within a cone of 30° around the beam axis.

"The mean value of the fit is lower than the nominal centre-of-mass energy used in 1992 by about
1 GeV. A Monte Carlo study shows that half of this is due to the neutrinos and the other half is due
to energy escaping undetected at very low angles to the beam axis. The latter can be improved by
requesting well contained events (which was not done in [33]).
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4.3.2 b-tagging

For masses 10 < my < 130 GeV/c? the standard model Higgs boson decays predom-
inantly into a pair of b-quarks. Therefore a key element for finding the Higgs boson
at LEP2 is a tool (hardware and software) that allows the detection of B-hadrons,
1.e. particles containing a b-quark. B-hadrons can manifest themselves in several ways.
Their mean lifetime of about 1.5 ps, for example, allows them to travel (on average) a
few mm away from the interaction point before they decay at a separate vertex. An-
other indication for the presence of a B-hadron in an event is a lepton with a relatively
high transverse momentum with respect to the jet axis (as a result of a semileptonic
B-decay).

On the hardware side a so-called vertex detector (VDET) serves the purpose of
detecting B-hadrons by very precisely ® measuring charged tracks near the interaction

point, which allows to reconstruct the displaced vertices of the B-decays. Motivated

[ ALEPH SILICON VERTEX DETECTOR |

2 LAYERS wth
2l FACES
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RERDOUT ELECTRONICS

Figure 4.5: VDET2, the upgraded ALEPH silicon vertex detector.

Left: The cylindrical detector consists of two concentric shells of so-called VDET faces,
with average radii of 6.3 cm (9 faces) and 11 cm (15 faces). Right: Two views of a
VDET face. Each face consists of 6 double sided silicon strip detectors with dimensions
52.6 x 65.4 x 0.3 mm.

8The hit resolution of the upgraded VDET is 12 pm in the azimuthal direction and 15-50 um in
the z-direction (along the beam line) for incident angles between 0° and 70°.
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by the desire to increase the efficiency for the detection of the Higgs boson decay
into pairs of b-quarks, the ALEPH collaboration decided to upgrade the previously
installed VDET for the LEP2 data taking. The new silicon vertex detector, called
VDET?2 (see Fig. 4.5), was installed during the spring of 1996. VDET2 extended the
angular coverage up to | cosf| < 0.95 (being twice as long as before) and reduced the
material present in the tracking volume by about a factor of two.

On the software side so-called b-tagging algorithms have been developed that give
a measure of the probability that a jet originates from a primary b-quark. They use
information available through special detector components (like the VDET), but also
global event information (like the multiplicity and the transverse momenta of particles
in a jet) available through the energy flow objects. To benefit from all the information
simultaneously, in the searches for the Higgs bosons up to six variables discriminating
between b-jets and light quark jets are combined into one global variable. The task
of deciding how much weight to give to each discriminating variable is performed by
a so-called Neural Network on an event by event basis. Details of this procedure are

given in the paper of Sec 5.4.



Chapter 5

General Two Higgs Doublet Models

One Higgs doublet is the minimum number needed for the Higgs mechanism to work,
but there is no strong theoretical argument which favors this minimal choice. On the
other hand, given the fact that at the moment there is no experimental information
concerning the Higgs sector, it is difficult to judge how the standard model should
be extended. To be clear: from an experimental point of view at the moment there
is no reason to be unhappy with the standard model since it successfully describes
all measurements within the statistical scatter. Arguments that try to “discredit” the
standard model are mainly of a theoretical nature. As a consequence, in deciding which
options are worthy of discussion theoretical arguments must be a guideline.

As mentioned earlier, doublets are the only SU(2) representations of the Higgs fields
that lead to mw = my cosfy at tree level, as favored by the experiment. Therefore
this chapter will be restricted to the discussion of the implications of models with
just one more Higgs doublet, called two Higgs doublet models (2HDM). A special case
of a 2HDM is the so-called minimal supersymmetric extension of the standard model
(MSSM), which explicitly requires two doublets of scalar Higgs fields (cf. next section).

Two Higgs doublet models are usually built in such a way as to guarantee the
absence of tree level flavor-changing neutral currents, which have not been observed
experimentally. This is achieved by requiring that all fermions of a given charge couple
to no more than one Higgs doublet. With this restriction there are basically four
different ways [13] in which the Higgs doublets can couple to fermions in the framework
of 2HDM. The most common choice, called type II models (which is also the structure
assumed in the MSSM), is where one of the Higgs doublets couples both to down type
quarks and to leptons, and the other doublet couples to up type quarks. Another
choice is the type I models, where only one of the Higgs doublets is allowed to couple
to fermions (a special case of such a model leads to a so-called fermiophobic Higgs
boson, which is also searched for in the ALEPH experiment). The remaining two types

are of minor importance.
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Given the two complex SU(2) doublet scalar fields ®; and ®, one has to define the
Higgs potential, which in the most general gauge invariant form is given by [13]

V(DB @) = M(P[D; —02)2 + Ay(PLD,y — 02)?
A [(@10) — o) + (@)dy —03)]”
+4 [(@]01)(@5D5) — (@]0,)(B)y)]
25 [Re(®]®) — vvg cosé]”

2

+X6 {Im(CDICI)Q) — 109 SN ﬂ (5.1)

Here the \; are real parameters and the v; are the vacuum expectation values of the two
doublets. The phase £ has to be introduced if the Higgs sector should accommodate CP-
violation, which is not considered further here. To have a non-trivial absolute minimum
of the Higgs potential the \; are required to be non-negative. At this minimum the
two doublet fields are given by

0 0
(I)l,g.s. = ( vy ) and (I)Q,g.s. = ( Vs ) > (52>

where there are no factors of /2 compared to (2.14) because of the special parametriza-
tion of the potential V' in terms of the v;. The Higgs and Goldstone fields are obtained
by expanding the fields ®; around the minima. One of the most important parameters
in the phenomenology of 2HDM (especially in the MSSM) is the ratio of the vacuum
expectation values for the two scalar fields, defined as

tan § := ey (5.3)

(%1

vi= v} 403, (5.4)

where v has the same meaning and the same value as in the standard model, i.e. it

It is also convenient to define

is fixed by the W mass through (2.16). The next step, namely extracting the masses
and the couplings of the fields, closely follows the procedure outlined in Sec. 2.3.1 for
the standard model, though in the case of two doublets it is more complicated. For
details see Ref. [13]. Here only the most important results are quoted. Spontaneous
symmetry breaking puts three out of the eight degrees of freedom of the scalar fields
into the longitudinal polarization states of the W and Z bosons. The remaining five
give rise to the following scalar particles:

— a pair of charged Higgs bosons H,

— a CP-odd neutral Higgs boson A

— and two CP-even neutral Higgs bosons h and H, with the usual convention that

h is the lighter of the two.
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The physical Higgs mass eigenstates h and H are orthogonal linear combinations of the
neutral CP-even Higgs fields (Re ¢ — v;) and (Re ¢ — vy), where ¢? is defined as the
lower component of the scalar doublet ®; (c¢f. Eq. 2.15):

H = V2 {(Regb? — 1) cosa + (Re @) — ) sina} ,
h = V2 {—(Re ¢! — v)sina + (Re ¢ — vy) cos Oz} . (5.5)

Whereas the standard model has only one unknown parameter, CP-conserving 2HDM
have six free parameters in the Higgs sector, which are

e the four Higgs boson masses my,, my, ma and my+,

e the ratio of the vacuum expectation values tan 3

e and the mixing angle « of (5.5).
The angles o and [ are chosen such that —7/2 < a <0 < 8 < 7/2. Fermion masses
arise due to Yukawa coupling. Equations similar to (2.27) hold, where v has to be
replaced by either v or v, depending on which Higgs doublet couples to the fermion
in question. As mentioned above, the CP-even neutral Higgs fields mix. Rotating
the weak eigenstates to the mass eigenstates one obtains the dependence of the Higgs
boson couplings to the fermions and gauge bosons on the parameters a and (. In the
case of the gauge bosons the Higgs couplings follow from gauge invariance and thus are
model independent. Here we are interested in the hZZ vertex (cf. Fig. 5.1a), which is
the relevant one for the experimental Higgs boson searches at LEP2 (the Higgs boson
H is too heavy to be produced at LEP2). The vertex factor is given by (leaving out

possible factors of 7)
gmg

cos Oy

sin(f — «). (5.6)

thZ =

There are no tree level couplings of A or H* to WW or ZZ. However, trilinear couplings
of two different Higgs bosons to one gauge boson exist. At LEP2 the hAZ vertex is
relevant (cf. Fig. 5.1b). Also in this case gauge invariance determines the strength of

b) c)
e’ A e’ H*

Figure 5.1: Tree level Feynman diagrams for Higgs boson production in 2HDM: a) the
Higgs—strahlung process, b) associated production and c) pair production of charged
Higgs bosons.
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the coupling:

-9 cos(ff — ). (5.7)

Inaz = 5 cos Ow

In (5.6) and (5.7) one of the couplings can be suppressed if either sin(5—«) or cos(f—«)
is small, but they cannot both vanish simultaneously. This feature is exploited in the
search for the neutral Higgs bosons h and A. The tree level Feynman diagram for the

production of charged Higgs bosons in given in Fig. 5.1c.

5.1 Supersymmetry and the MSSM

As shown above, it is relatively straightforward to extend the minimal (one-doublet)
Higgs sector of the standard model. However, there are a number of theoretical reasons
to suppose that the standard model itself is only part of a more general theory. Indeed,
it is some deep-rooted problems in the Higgs sector of the standard model, referred to as
naturalness, fine tuning and hierarchy problems (reviewed e.g. in [34,35]), that have led
people to look beyond the standard model. Another shortcoming of the standard model
comes from its inability to include in a consistent way gravity. Attempts to include
gravity within the framework of quantum field theories lead to a non-renormalizable
theory. Radiative corrections become more and more divergent in higher orders of
perturbation theory, which is also at the heart of the problems mentioned above.
Symmetries have proven to be very useful in physics. As mentioned in Chapter 2,
the symmetry of gauge theories allowed to get rid of divergencies when calculating
higher order processes (“renormalization procedure”). Below it will be shown that
introducing a new symmetry can solve the hierarchy problem, thereby restoring natu-

ralness.

5.1.1 The hierarchy problem of the standard model

In the standard model, the calculation of first order corrections to the Higgs boson mass

squared yields the following quadratically divergent expression arising from standard
model particle loop graphs (c¢f. Fig. 5.2):

A Ak

dm¥ ~ gz/ o~ g*A? (5.8)

Here g is the coupling between the Higgs boson and the fermion and A acts as a

cut-off parameter for the effective standard model theory, which is assumed to be

embedded in a more complete theory at scale A. As mentioned in Sec. 2.5, A can be

smaller than the Planck scale. For example, calculations using renormalization group

equations show [36] that the three gauge couplings approach each other at the energy
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Figure 5.2: Feynman diagrams of loop graphs contributing to quantum corrections to
the Higgs boson mass.

scale Agur ~ 10 —10'° GeV (cf. Fig. 5.3-left), therefore it is tempting to assume that
a so-called grand unifying theory (GUT) sets in there.
GUTs (including the standard model) have two energy scales:
e the electroweak scale v ~ 10? GeV, which is also the scale where the mass of the
Higgs boson is expected (cf. Sec. 2.5 on mass bounds),

e and the GUT scale Agur ~ 106 GeV,

but radiative correction destabilize the Higgs mass, trying to make it of the order of
Agur. Keeping the radiative corrections small with respect to much larger energy
scales requires a procedure known as “fine-tuning”, which implies iterative adjustment

of the model parameters when going to higher order in perturbation theory. Of course

60 -1/, 60 1/a,

I 0 | 1
0 10 0 10
log,,(Q/GeV) log,,(Q/GeV)

Figure 5.3: Running of the three gauge couplings in the standard model (left) and the
MSSM (right). In the MSSM gauge coupling unification is possible due to threshold
corrections from supersymmetric particles.
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renormalization could be applied here. However, in each order of perturbation theory
a fine tuning of O(107*) would be needed, which is assumed to be “unnatural”.

These consideration have led to the invention of supersymmetry® (SUSY) [14],
which says that for each standard model particle there exists a so-called superpartner
with the same mass and couplings, but with half a unit of spin less (or more, as in
the case of scalar particles like the Higgs bosons). Table 5.1 displays the relationship
between ordinary particles and their superpartners. Obviously this symmetry can not
be exact since no scalar electron is known. Breaking the symmetry can be achieved by
introducing additional terms, called soft supersymmetry breaking terms, into the La-
grangian of the theory. For the phenomenology of supersymmetry breaking (mSUGRA,
GMSB) see Refs. [40,41].

Anyway, a theory based on supersymmetry has to be structured in such a way as
to maintain the success of the standard model in describing precision electroweak data.
Consequently, this model is called the supersymmetric extension of the standard model
(MSSM).

Among others, the MSSM has the following properties:

e gauge coupling unification becomes exact (cf. Fig. 5.3-right);

e it can be extrapolated up to the large energy scales in a well defined way;

e the Higgs mass is stabilized by the introduction of superpartners; fermion and

boson contributions to dm? cancel in exact SUSY and naturalness is recovered.

In broken SUSY the correction to the Higgs mass is given by
Sm¥ ~ g° (fnZ - mZ) : (5.9)

where 77 is the mass of the supersymmetric particle f (see Fig. 5.4). Therefore, for
m < O(1 TeV) any fine tuning is avoided.

The conclusion is that it is natural to have a light Higgs boson in the MSSM
(my ~ v) because of the presence of a higher symmetry that cures the fine-tuning and
hierarchy problems. Moreover, the Higgs sector is stable at the electroweak scale even
in the context of high energy GUT scales.

Figure 5.4: Feynman diagram in SUSY canceling the quadratic divergent contribution
to dm? from the first diagram of Fig. 5.2 (the sfermion f is a boson).

Very elementary, supersymmetry is defined as a symmetry that connects bosons and fermions.
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5.2 The MSSM — its parameters and particles

As there is a section on the parameters and particles of the standard model (Sec. 2.4),
the equivalent section for the MSSM is given here. Not counting the standard model
paramters, the MSSM has 105 free parameters. With the assumption of universal
masses 2 for superparticles of the same spin, the 105 parameters can be reduced to
five free parameters. Usually they are chosen as the gaugino mass my/, (unifying the
mass parameters for the three types of gauginos — corresponding to the three gauge
couplings), the scalar mass mg (unifying all squark and slepton masses), the (unified)
trilinear Higgs-sfermion coupling Ay, tan # and the sign of the Higgs mixing parameter
. In the literature this model is referred to as the constrained MSSM. The particle
content of the MSSM is displayed in Table 5.1.

particles spin || superpartners spin
quarks q % squarks dr.ar | O
leptons l % sleptons (1.lr 0
gauge bosons ,Z,W*.g 1 gauginos %
Higgs bosons h,H,AH* | 0 | higgsinos :

Table 5.1: Particle content of the MSSM. Since SU(2)xU(1) gauginos (photino, bino,
winos) and higgsinos of the same electric charge have the same quantum numbers they
can mix. The linear combinations forming the mass eigenstates are called neutralinos
(Y, i = 1,4) and charginos (Y7, i = 1,2).

5.3 The Higgs sector of the MSSM

The minimal supersymmetric extension of the standard model requires® two doublets
of scalar Higgs fields to provide masses for the charged fermions. The first doublet
®; (with hypercharge Y = —1) exclusively couples to charged leptons and down type
quarks, whereas the second doublet ®5 (Y = +1) couples only to up-type quarks.
Therefore the MSSM is a 2HDM of type II. Furthermore, supersymmetry imposes
constraints on the Higgs sector of this model. For example, the terms of order four in
the Higgs potential have to respect supersymmetry. This imposes relations between
the A; of (5.1). Also the quartic couplings are not free but identical to the electroweak
gauge couplings (in contrast to the quartic coupling A of the Higgs potential in the

2Most models assume the masses of the particles to be identical (unified) at high energies (GUT)
and only to differ at low energies.
3This requirement arises from a technical property of supersymmetric models.
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standard model, which is a free parameter). As a consequence of the new symmetry
two parameters are sufficient to parameterize the Higgs sector of the MSSM at tree
level, e.g. my and tan 3 (also the combination m;, and tanf is used). Consequently,
the other four parameters my, my, mp+ and « are calculable as a function of m and
tan 3 [13]:

1
mﬁvH =3 <mi +mi F \/(mi + mZ)? — 4mimZ cos? 26) (5.10)
mis = mi +miy (5.11)
2 2
sin2 = —sin2g <%> (5.12)
H— My

The mixing angle « is uniquely defined through (5.12), because by construction it lies
in the range —7/2 < a <0.
5.3.1 Tree level mass bounds

A number of important inequalities can be derived from the expressions for the tree
level Higgs boson masses given in (5.10) and (5.11):

o my < my (my, < min{mz, ma})
® myg > My, (mH > max{mz,mA})
® my+ > My (mu > max{mw,ma}).

From the first line it follows that at least one light Higgs boson should exist in the
MSSM. An interesting limiting case occurs when my gets large (ma > my at fixed
tan (3), then from the above relations it follows that also my and my+ get large and
the three Higgs bosons A, H and H* effectively decouple from the theory. Only the
single CP-even scalar h is left in the Higgs sector, and it is found to be identical to
the Higgs boson of the minimal standard model . This scenario [38], referred to as the
decoupling limat, is not restricted to the MSSM but also exists in general 2HDM.

The non-discovery of a Higgs boson at LEP would almost have ruled out the MSSM
according to the tree level mass relation my, < my (cf. the combined LEP limit m,, >
91.0 GeV/c? given in Table 1.1). However, when radiative corrections are included the

upper bound on my is increased significantly, as shown in the next section.

5.3.2 Radiative corrections to the Higgs boson mass m,,

In lowest order the mass of a Higgs boson depends only on the masses of the gauge
bosons as well as on the masses of the other Higgs bosons. Only in higher order

corrections from the interactions with fermions come in. As the coupling to a fermion

4This follows because it can be shown that in this limit the couplings of the h boson to fermions
and gauge boson are equivalent to those of the Higgs boson of the standard model.
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is proportional to the mass of the fermion, the largest effect is expected from the top
quark. Again, we are not interested in the value of the mass my, itself but in the upper
bound which, in one-loop® leading logarithmic approximation (LLA), is given by [39]
3g°my | mi,mi,

2 9

m? < m2 cos® 3 + 55
8T My mg

(5.13)

where t; and t, are the two top squark mass eigenstates. For cos3 = 1, my = 175
GeV/c? and mi, = mz, = 1 (2) TeV one obtains

my < 125 (136) GeV/c2. (5.14)

Actually this represents the strongest experimentally testable prediction of the MSSM.
This limit is very sensitive to the top quark mass, but also the mixing in the stop
sector, represented by the masses of the two top squarks, is important. Since the
experimental results refer to this mixing when quoting exclusion limits in the two-
dimensional [my, tan 3] parameter space, more details are given here. The masses
of the physical top squarks are calculated by diagonalizing their mass matrix. The
off-diagonal elements of this 2x2 matrix are given by my(A; — pcot 3), where the
parameters in the bracket have been mentioned in section 5.2 (A; is the low energy
value of Ay for the case of the top squark). The scenario where the off-diagonal elements
are small compared to the diagonal elements is called “no-mixing”. On the other
hand “maximal mixing” occurs when the off-diagonal elements are of comparable size
to the diagonal elements. The definition used in paper 3 for “maximal mixing” is
(A; — pcot B) = V6 Msysy (and |u| < Msusy), Msusy ~ 1 TeV being the typical mass
scale of the SUSY particles.

5.3.3 Mass bounds in the [my, tan 8] plane

In the preceding section an absolute upper bound on the mass of the lightest Higgs
boson of the MSSM has been given. However, for certain sets of parameters of the
model more restrictive bounds can be obtained (c¢f. Figure 2.4 for the case of the stan-
dard model, where the allowed range for my is shown as a function of the parameter
A). While on tree level the bounds on my, depend only on tan 3, more parameters are
involved when higher order mass corrections are calculated. Usually the theoretically
excluded region in the [my,, tan ] plane is shown for certain configurations of the addi-
tional parameters, called benchmarks sets. For example, the set of parameters which,
for each value of tan 3, gives the largest possible upper bound on my, is referred to as
the m** scenario. Three important scenarios [37] used in the Higgs searches at LEP2

are shown in Figure 5.5. Looking at these figures one finds that the range shown for

®The two-loop corrections to my, are typically O(20%) of the one-loop corrections and they are
negative.
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Figure 5.5: Theoretically disallowed regions in the [my, tan 3] plane for three MSSM
benchmark scenarios. Left: In the mp'®* scenario the parameters are chosen such as to
obtain the maximum possible value for my, as a function of tan 3. Middle: Same as be-
fore, but with no mixing in the stop sector. Right: This benchmark set is characterized
by a relativ large value for |u|, the Higgsino mass parameter (from the superpotential).

tan ( is not including zero, the reason being that theoretical considerations disfavor
values of tan 3 smaller than 1. If tan § becomes too small then the Higgs coupling to
top quarks g; ~ my/ve becomes too strong, ultimately violating unitarity. Arguments
similar to those of Sec. 2.5, namely the requirement that the Higgs-fermion Yukawa
coupling remains finite when evolved (by means of the RGE) from the electroweak
scale to some large scale A [39,42], lead to 1.5 <tan < 65 (for A = Agur and my =
170 GeV/c?).

It is the task of experimental physicists to compare their results with the perdictions
of theorists. In the case of the searches for neutral Higgs boson of the MSSM this
is usually achieved by adding the experimentally excluded regions in the [my, tan (]
plane to the plots of Figs. 5.5 (or vice versa). This way of presenting the results is
preferred because it can be shown that the experimental results are largely parameter

independent when displayed in the [my,, tan 5] plane.

5.3.4 Production and decay modes of neutral Higgs bosons in
2HDM and the MSSM

In two Higgs doublet models the production of the two neutral CP-even Higgs bosons
h and H through the Higgs-strahlung process

ete” — Z*— hZ (HZ) (5.15)
is complemented by the so-called associated production of Higg bosons (¢f. Fig. 5.1b)

ete” — Z*— hA (HA). (5.16)
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The cross sections for these processes are given by

o(ete"—hZ) = sin?(8—a)ony (5.17)
o(ete"—hA) = cos’ (B —a)opy -, (5.18)
where o is the standard model cross section for Higgs-strahlung (given in Eq.3.1)
and the factor x = ﬁ’{f /1 ﬁéQ(IQm% /s + fuz)] accounts for the correct suppression
of the P-wave cross section near the kinematic threshold. The quantity f; = [1 —

(m; +m;)?/s)|[1 = (m; — m;)?/s)] is the usual momentum factor of the two particle
phase space. Here and in the following the corresponding formulae for the heavy Higgs
boson H, which is to heavy to be produced at LEP2, can be obtained by making the
substitution sin < cos in all trigonometric functions of the angles o and 3 that occur
in the formulae for the light Higgs boson h. The factors sin?(3 — a) and cos?(8 — ) in
(5.17) and (5.18) are a direct consequence of (5.6) and (5.7). Finally it is mentioned
that the cross section for WW fusion of the h is reduced by the same factor sin?(3 — )
as the cross section for Higgs-strahlung.

For the decay of the 2HDM Higgs bosons only decays into particles of the standard
model are considered. Moreover, at LEP2 only decays into fermion pairs are rele-
vant. The coupling of the standard model Higgs boson to fermions is given by m;/v
(cf. Eq. 2.28). As mentioned on page 72, v has to be replaced by v; for the coupling
of the 2HDM Higgs bosons of type II to down type quarks and leptons, and by vy for
the coupling to up type quarks. For example, the coupling to b quarks is given by

Inbb ™ Tz—lb . (5.19)
From (5.3) and (5.4) we have v = v1/ cos 3 = vy/sin #. Using this in (5.19) yields
my

~ — (5.20)

nvb veos 3
Down-type quarks exclusively couple to ®;, therefore their coupling to h includes a
factor sina, as can be seen from the definition of h in (5.5). Altogether, the decay

width for 2HDM is given by
o sin®a gy,
hbb ™ g2 3 Hqq >

(5.21)

where the standard model decay width I is defined in (3.6). The same result is
obtained for the decay width into a lepton pair, but for up type quarks the substitution
sin < cos has to be applied. If sin® o is small in (5.21) the otherwise dominant decay
mode into bb can be highly suppressed. This is also true in the MSSM, where o and
B are not independent but related through (5.12).

For 2HDM of type I an equation similar to (5.21) holds for all fermions. Then, for
a = 0 the lightest Higgs boson h cannot decay into fermions. This feature is commonly

referred to as fermiophobic.
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5.4 P3 [26]: Search for the neutral Higgs bosons of
the MSSM in e'e™ collisions at /s from 130 to
172 GeV

In the search for the neutral Higgs bosons of the MSSM, signal topologies associated
with the Higgs-strahlung process (cf. Fig. 3.6) are complemented with the hA — bbbb
and hA — bbrt7~ search channels (cf. Fig. 5.6).

By taking into account the factor sin®(3 —a) from (5.17) the results of the standard
model Higgs boson searches can be directly combined with the results of the hA search
analyses. The two hA search analyses are optimized for equal masses of the two neutral
Higgs bosons, i.e. my = my, in which case they have similar branching ratios. It turns
out % that for values of tan 3 > 1 the neutral Higgs bosons h and A exclusively decay
into b-quarks (branching ratio ~ 92%) and 7-leptons (branching ratio ~ 7.6%). The
probability of having four b-jets in the final state therefore is 0.92? = 0.84.6. Clearly

b-tagging is very important for these analyses.

(a) (b)

hA - bbbb hA - bbt't
84.6% 14.0%

Figure 5.6: The neutral Higgs bosons h and A of the MSSM are searched for in these
two event topologies (in addition to the Higgs-strahlung process). The branching ratios
of the hA decay topologies are given below the figures for the case where tan (3 is large.

6For example, when the coupling of the h boson to down type fermions is large, the coupling to up
type fermions is small, as explained in the previous section. The same holds for the A boson.
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Abstract

The process e*e™— hA is used to search for the Higgs bosons of the Minimal Supersymmetric Standard Model
(MSSM), in the bbbb and 7* 77 bb final states. The search is performed in the data collected by the ALEPH experiment at
LEP, at centre-of-mass energies between 130 and 172 GeV and with a total luminosity of 27.2 pb™'. No candidate events
are found in either of the final states, in agreement with the expected background of 0.91 events from all Standard Model
processes. Combined with searches for e "e ~— hZ, this results in a 95% C.L. lower limit on the masses of both h and A of
62.5 GeV /c?, for tan 8> 1. © 1997 Elsevier Science B.V.

19 Supported by the Direction des Sciences de la Matigre, C.E.A.
% Supported by the US Department of Energy, grant DE-FG03-92ER40689.
2 Supported by the US Department of Energy, grant DE-FG0295-ER40896.

1. Introduction pair of charged bosons H*. Six independent parame-
ters are required: four Higgs boson masses, the ratio

In minimal extensions of the Standard Model, two v,/v, =tan B of the vacuum expectation values of

Higgs doublets are introduced in order to give masses
to up-type quarks and down-type quarks separately.
In these models, the Higgs sector therefore consists
of five physical states, namely three neutral bosons —
two CP-even h and H, and one CP-odd A — and a

the two Higgs doublets, and «, the mixing angle in
the CP-even sector.

Predictions can therefore only be made in specific
models, of which the most popular is the Minimal
Supersymmetric extension of the Standard Model
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e'e” = hA
tanf=10

Cross section (pb)

m, (GeV/c))

Fig. 1. The cross section for associated production e™ e~ - hA at
LEP 1 and the three LEP 2 energies used in the analysis.

(MSSM). In this model, both H and H* are pre-
dicted to be too heavy to be discovered at LEP 2.
The analysis presented in this letter is consequently
restricted to the search for the lighter Higgs bosons,
h and A, which can be produced by two complemen-
tary processes, the Higgs-strahlung process e "e™ —
hZ with a cross section proportional to sin*( 8 — a)
and the associated pair-production e*e” — hA with
cross section proportional to cos’( 8 — ). In Fig. 1
the hA cross section is shown for the LEP 1 energy
of 91 GeV and the three LEP 2 energies: 133, 161
and 172 GeV.

At tree-level, only two parameters are needed to
determine all the other relevant quantities (masses,
couplings, and therefore cross sections). Here, these
are chosen to be tanf and the mass m,. When
radiative corrections are included at the one [1] and
two [2] loop levels, three other parameters are needed,
namely Mg,gy, A, and u. In the stop sector, the
overall mass scale is characterised by Mgy and the
mixing is controlled by A, and u. In this letter the
results are presented for Mgy = 1TeV /c? and for
two extreme configurations of stop mixing: no mix-
ing (A, u < Mgysy) and maximal mixing (A —
w/tan B = V6 Mgy ), as suggested in [3]. The latter
leads to the largest radiative correction to m, and is
therefore the most pessimistic choice for LEP, while

the first is the most optimistic. Varying M, from
0.2 to 5TeV /c* does not change the basic conclu-
sions of this letter.

The analyses described in this letter search for
associated hA production in data collected with the
ALEPH detector at LEP at Vs from 130 to 172GeV
during the years 1995 and 1996. For m, = 60
GeV /c? and tan B = 10 the branching fraction of h
and A to bb is 92% and to 77 7~ is 8%, giving bbbb
final states in 84% of the events and 7% 77bb in
14%. Analyses of both these channels are performed.
After describing the relevant aspects of the ALEPH
detector in Section 2, the method used for tagging
the b quark jets is described in Section 3. The event
selections, detailed in Section 4, are optimized for
m,=m, = 60GeV/c*® with the procedure de-
scribed in [4], using the reconstructed mass sum
m, + m, as the discriminating variable. In Section 5,
the results from the hA modes of this letrer are
combined with the hZ modes of [4] and results are
presented within the MSSM as a function of sin*( 8
— a) and as a function of tan .

2. The ALEPH detector

The ALEPH detector and its performance are
described in [5] and [6]. In October 1995, the silicon
vertex detector (VDET) described in these papers
was replaced by a new device [7] which is used for
the analyses described herein. This new VDET is
twice as long as the previous detector, providing a
larger acceptance and has less material in the active
region.

With this modification the tracking system con-
sists of the VDET, with two layers at average radii
6.3 and 11.0 cm measuring coordinates with a reso-
lution of 12 wm in the r¢ dimension and 15-50 wm
in the z dimension for incident angles between 0°
and 70°, surrounded by the inner tracking chamber
(ITC) and the time projection chamber (TPC).
Charged particles are used in the analyses if they are
reconstructed with at least four hits in the TPC
(typically corresponding to a polar angle with respect
to the beam |cos@| < 0.96) and they originate from
within a cylinder of length 20 cm and a radius of 2
cm coaxial with the beam and centered at the interac-
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tion point. Tracks with |cos@|< 0.94 (0.85) pass
through at least one (two) layer(s) of the new VDET,
The resulting three dimensional impact parameter
resolution can be parametrized as (34 + 70/p)(1 +
1.6cos*@) um (pinGeV /c). With the axial mag-
netic field of 1.5T the momentum resolution of the
tracking system is given by o{(p)/p=6X10"*p,
® 0.005(p;inGeV /c). The TPC provides up to
338 measurements of the specific ionization, d £ /d x,
on the tracks.

The tracking chambers are surrounded by a
lead / proportional-chamber electromagnetic
calorimeter (ECAL) and a hadron calorimeter
(HCAL) consisting of the iron magnet return yoke
instrumented with streamer tubes. With two external
streamer chamber layers the HCAL is also used for
muon identification. The ECAL and HCAL have
relative energy resolutions of 0.18 / VE + 0.009 and
0.85/VE (E in GeV). The calorimetry and tracking
information are combined in an energy flow algo-
rithm [6] which gives a measure of the total energy,
and therefore the missing energy, with an error of
(0.6VE + 0.6)GeV. The various neutral particles re-
constructed from the calorimeters together with the
charged particle tracks used in this algorithm are
referred to as ‘‘energy flow particles’’.

Lepton identification in ALEPH is described in
[6,8]. Electrons are identified by comparing the en-
ergy deposit in the ECAL with the momentum mea-
sured in the tracking system, the shape and depth of
the energy deposit in the ECAL and the specific
ionization measurement. Muons are identified by
requiring a hit pattern characteristic of a penetrating
particle in the HCAL and at least one associated hit
in the muon chambers. In all analyses described in
this letter electron and muon candidates must have
momenta greater than 2GeV /¢ and 3GeV /c, re-
spectively.

3. b tagging

For the analyses of both the bbbb and 77 bb
channels the b quark identification is an essential
part of the signal extraction. In this letter b jets are
identified mainly by exploiting the longer lifetime of
b hadrons compared to other hadrons, but also by the

presence in the jets of high p, leptons from semilep-
tonic decays. To use the lifetime information in a
given jet, track impact parameters and secondary
decay vertices are reconstructed relative to an event-
by-event interaction point.

3.1. Interaction point determination

The algorithm used to determine the interaction
point is similar to the one developed for the data
taken at centre-of-mass energies close to the Z mass
[9]. Well measured tracks are associated to their
nearest jet and are projected into the plane perpen-
dicular to this jet, to reduce the bias due to tracks
coming from secondary vertices. The projected tracks
are then combined with an average ‘‘beam spot”
position, i.e., the location of the centre of the interac-
tion region in the plane transverse to the beam axis.
This beam spot is determined with relaxed cuts on
the track selection compared to LEP 1 due to the
much lower track rate at LEP 2 energies. Using
groups of 120 tracks selected in consecutive events
and with momenta down to 300 MeV /¢, the beam
spot position is determined with average accuracies
of ~27um in the horizontal and ~ 25um in the
vertical directions. The RMS dimensions of the beam
luminous region were measured to be 135 (150) um
horizontally and 7.1 (6.6) mm along the beam direc-
tion in the 1995 (1996) data. The vertical dimension
of the luminous region is small, of order 5 pm.
Using these parameters as errors on the beam spot,
the interaction point is found in each event with
resolutions of typically 40, 20 and 40 pm in the
horizontal, vertical and beam directions.

3.2. b tagging neural network

Six variables which discriminate between b jets
and light quark jets are combined using neural net-
works to tag b quark jets. The first two variables are
lifetime-based; the third is based on the transverse
momentum of identified leptons and the last three
are based on jet-shape properties. The quantities used
are as follows:

L. &, probability of the jet being a light quark
(uds) jet based upon impact parameters of tracks
in the jet, similar to that described in Ref. [9] with
modifications for the new VDET;
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2. Ax.2.:the x? difference between fitting tracks in
the jet both to secondary and primary vertices
compared to assuming all tracks come from the
interaction point. This is based upon a secondary
vertex pattern recognition algorithm which
searches for displaced vertices via a three-dimen-
sional grid point search [10];

3. pr: the transverse momentum of identified lep-
tons with respect to the jet axis [8];

4. °: the boosted sphericity of the jet, defined to
be the sphericity of energy flow particles in the
rest frame of the jet;

5. Multiplicity /In E,,: the energy flow particle mul-
tiplicity of the jet divided by the logarithm of the
jet energy. Normalizing by In E removes the ex-
pected energy dependence of the multiplicity;

6. Ip3: the sum of the transverse momentum
squared of each energy flow particle with respect
to the jet axis.

For the hA analysis, a neural network based upon
the first three variables (9"]-61, Ax2,,and py)is used
for identifying b-jets while all six variables are used
in another neural network for the Higgs-strahlung
process [4]. In this latter analysis, the extra variables
which are efficient at discriminating between b-jets
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and light quark jets give higher b tagging efficiency
at a given background; in the hA case, however, the
six-variable neural network increases the background
of bbgg events due to the similarity between gluon
and b jets in the event shape variables [11].

The network architecture is multilayer feed-for-
ward, consisting of four layers and is based upon the
JETNET 3.4 package [12]. Detailed descriptions of
theoretical aspects of neural networks are available
elsewhere [13]. The neural network was trained, with
the backward propagation method, using b and non-b
jets in radiative returns to the Z from a sample of
400000 Monte Carlo qq events generated at a cen-
tre-of-mass energy of 161 GeV. Radiative returns to
the Z were used because the jets in such events are
produced in a kinematic configuration similar to that
of the signal; this was preferred to training the
network using simulated signal events in order to
reduce the associated systematic error in the signal
efficiency.

An independent sample of 100000 Monte Carlo
events was used for testing. The resulting neural
network output is shown in Fig. 2a for jets in the 161
GeV data and Monte Carlo, selected using the
Durham jet finding algorithm with y_,, = 0.008. For
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Fig. 2. (a) The output 7 of the neural network b tag for radiative returns to the Z for 161 GeV qq Monte Carlo (histogram) compared to the
data at 161 GeV (points). The shaded region shows the contribution from generated b-jets. (b) The performance of the neural network b tag
(solid line) for Monte Carlo events, presented in terms of the efficiency for identifying b-jets versus the efficiency for rejecting light quark
jets. The performance of the single most powerful b tagging input variable to the neural network is shown for comparison (dashed curve).
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events in the testing sample, it is possible to deter-
mine the efficiency for identifying b jets, €}, as a
function of the rejection for non-b jets, (1 — €f5t ).
where edﬁ‘scg is the efficiency for wrongly identifying
a light quark or gluon jet as a b jet. The resulting
performance curve is shown in Fig. 2b; the curve for
the single most powerful variable P 18 also given,
showing at a non-b rejection factor of 85% a gain in
b efficiency from 78% to 87% by combining the

extra information in the neural network.
3.3. Systematic studies of b tagging

The systematic uncertainty in the efficiency of the
b tagging is evaluated from the Monte Carlo simula-
tion and a consistency check is performed on effi-
ciency and background using the calibration data
taken at the Z peak during the 1996 data taking
period.

The contribution to the b tagging systematics
from the physics of b hadron decays has been esti-
mated by varying the values of their lifetimes and
decay multiplicities within the range allowed by
existing experimental measurements [14]. The sys-
tematics due to track reconstruction have been stud-
ied by comparing track impact parameter distribu-

e
o
[=1

b tag efficiency

0.50
—+— From Z° peak data
...... From Monte Corlo
0.30
TR S — — ——
> 3 (b)
S
v 3
g o g oo oertila
= T | 1
A .5
BT/ E—— , — L
025 0.50 075 1.00

neural network output

Fig. 3. Comparison of the neural network b tag efficiency for a
single jet in Z peak data and Monte Carlo, after the smearing
correction, as a function of the cut on the jet neural network
output: (a) absolute tag efficiency; (b) difference between data and
Monte Carlo.

tions in data and Monte Carlo. The generated Monte
Carlo distributions show impact parameter resolu-
tions 10% better than in the data. A correction has
been applied for this effect by smearing the track
parameters in the Monte Carlo to calculate the analy-
sis efficiency and half this correction is taken as a
systematic error in the b tag efficiency.

After this correction is applied, the b tag effi-
ciency is compared in Monte Carlo and data at the Z
peak, by measuring the number of events with two
and one hemispheres tagged by the algorithm. This
method is a simplified version of that used to mea-
sure R, in Ref. [9]. In that paper the equations for
the number of double and single tags are solved to
eliminate the b tag efficiency and extract R,; here
the value of R, is input and the b tag efficiency is
extracted. Fig. 3 shows the resulting comparison of
the b tag efficiency as a function of the neural
network output for one jet. Data and Monte Carlo
agree within the statistical errors.

4. Event selection

The data samples used in these analyses comprise
5.7pb~! at energies of Vs = 130.2 and 136.2GeV
recorded in November 1995, 10.9pb~! at 161.3GeV
in the summer of 1996, 1.1pb~! at 170.3GeV and
9.5pb™! at 172.3GeV in autumn 1996. The new
VDET was completely installed for the 1996 data
while for the November 1995 data the inner layer of
the detector was complete but 5 out of 15 faces were
missing in the outer layer. The appropriate detector
geometries were used in the Monte Carlo for the two
years.

For cut optimization and background estimates
Monte Carlo samples were generated using the
HZHA [15] program for the Higgs signal production
and PYTHIA 5.7 [16] for the standard process pro-
duction. The backgrounds considered arz described
in Ref. [4].

4.1. The bbbb final state

The bbbb final state is characterized by two clear
signatures, the four-jet topology and a high b-quark
content. These properties are the main handles for
suppressing the background. The main source of
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background is the two fermion process e*e” —
qq(7y), predominantly when the two primary partons
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are b quarks. At the higher centre-of-mass energies,
two more processes, WW and ZZ (including Zy ")
production, also become significant.

The first step in the analysis is a loose preselec-
tion intended to select hadronic events compatible
with the four-jet topology and to suppress qqy events
with an energetic initial state radiation (ISR) photon.
At least eight charged particles are required in the
event comprising more than 10% of the centre-of-
mass energy. To reject qqy events with the ISR
photon detected in the calorimeters, the electromag-
netic energy in a cone of 1° around each energy flow
particle in any jet must be less than 80% of the jet
energy. To suppress these events when the photon
escapes detection along the beam pipe, the missing
longitudinal momentum is required to be less than
1.5 X (M, —90), where M, (in GeV/c?) is the
total visible mass in the event. The events are then
clustered into four jets using the Durham algorithm.
Events with y,,, the maximum y,, value giving a
four-jet event, smaller than 0.001 are rejected. The
event thrust must be less than 0.85 and the smallest
jet-jet angle, 67", must be larger than 20°. The
signal efficiency is 87% for bbbb events at this level,
while the qg background is reduced by a factor of
~ 40, the ZZ by a factor of almost 10 and the WW
by more than 2. A total of 208 events are observed in
the data, in agreement with the 188 events (112 qg,
67 WW, 9 ZZ) predicted by the simulation. The
excess of four-jet events reported in a previous paper
[17] is present at this level of the analysis, but none
of these events remain after the b tagging cut applied
next.

The final selection combines the b tagging infor-
mation in the event and a measure of compatibility
with the four-jet topology. The b tagging variable
uses the neural network outputs, 7; (described in the
previous section), from all four jets, j, in the form

4
‘@4=4_ any
j=1

while for the four-jet compatibility 6;7'" was chosen.
These were combined linearly in a new variable & :

F =90 XB, — 67" (" in degrees).
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Fig. 4. Monte Carlo distribution of the minimum angle between
jets 977" versus the b tagging variable &, (a) for the signal hA
events, (b) for the background, q§. WW and ZZ events. The line
indicates the cut described in the text.

The choice of the coefficient of & was made with a
linear discriminant analysis and the separation of
signal and background is indicated in Fig. 4. Com-
bining the b tag and four-jet compatibility informa-
tion improves significantly the signal efficiency,
compared to cutting independently on the individual
variables, by saving some clear four-jet events with
poorer b tagging information as well as some events
with high content in b quarks but where two of the
jets happen to be close in space.

The cut on & was placed at the point that
minimizes the expected confidence level in the ab-
sence of signal, for the hypothesis my =m, =
60GeV /c? [4]. This optimization procedure gave
F < 49, which corresponds to a signal efficiency of
55% at 172GeV centre-of-mass energy. Fig. 7b
shows the signal efficiencies for the three energies as
a function of m,. The distribution of % in the data
and in the simulation is shown in Fig. S5a. For
F <49, 087 +0.17 events (0.63 qq, 0.07 WW,
0.17 ZZ) are expected in the simulation. No events
were selected in the data. Fig. 5b shows distributions
of the reconstructed signal mass sum m, + n, which
has been used as the discriminating variable in the
cut optimization. This quantity is the sum of dijet
masses for the pairing of jets with the minimum dijet
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Fig. 5. (a) Distribution of data after the bbbb preselection cuts at all energies as a function of the variable & (£8,,67"™) described in the text.
The background predictions from the Monte Carlo simulations are shown as cumulative shaded histograms and the dashed histogram is the
signal for a luminosity 10X that in the data. (b) Distribution of mass sum m, + m, for signal and background Montz Carlo events,

normalized to the recorded luminosity, after all cuts.

mass difference and uses jet energies rescaled with
the beam energy constraint [17].

The b tagging cut, bringing the major loss in
signal acceptance, gives the largest systematic uncer-
tainty in the analysis efficiency. The b hadron life-
times were varied within the ranges given by current
world averages [18] by reweighting the generated hA
signal Monte Carlo, giving a systematic error on the
bbbb efficiency of 0.7%. The systematics from other
b physics sources are estimated to be 0.4%. The
accuracy of the correction to the track resolution
described in Section 3.3 is estimated from the com-
parison shown in Fig. 3 and a systematic of 0.8% is
assigned to the efficiency, corresponding to 50% of
the change due to the correction. With a contribution
of 0.5% for Monte Carlo statistics the total system-
atic error is 1.2%. This is propagated to the final
results using the method of Ref. [19] and changes the
limits by negligible amounts.

4.2. The ¥ 1~ bb final state
The 7+ 77 bb final state is selected by two comple-

mentary approaches. In the first approach, the tau
decay products are first identified using charged

particle tracks and tau candidates are constructed by
the inclusion of neutral clusters in a cone around
these tracks. In the second method, events are first
clustered into four jets and jets consistent with tau
decays are selected. In the following the first and
second methods are referred to respectively as
“‘track-based’’ and ‘‘jet-based’’.

4.2.1. Track-based selection

A preselection is first applied which selects high
multiplicity hadronic final states and which rejects
radiative returns to the Z peak. Hadronic events are
selected by requiring at least ten charged particles
which account for at least 20% of the centre-of-mass
energy. Radiative returns with undetected photons
down the beam axis are rejected by requiring the
longitudinal missing momentum to be less than
30GeV /c. The signal events are also characterized
by missing energy and transverse momentum imbal-
ance due to the undetected neutrinos. This is ex-
ploited by requiring the missing energy to be larger
than 5GeV and the momentum imbalance in the
plane transverse to the beam axis to be larger than
5GeV /c.

Tau leptons are identified by searching for identi-
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fied electrons and muons, single charged particles
and charged particle triplets with differing isolation
requirements. To avoid the large potential contami-
nation from background processes involving ener-
getic leptons (e.g., eeZ, ZZ and WW), events with
identified leptons with momenta larger than
40GeV /¢ are rejected. Lepton candidates are re-
quired to be isolated by more than 10° using the
isolation definition of the H/*/~ channel described
in Ref. [4]. Identified leptons which do not pass these
criteria are not considered for the purposes of tau
selection. The remaining tracks are rejected as tau
candidates if another track falls within 10°. Charged
particle triplets are identified by considering all com-
binations which have unit net charge and where no
track except the three under consideration falls within
10° of the resultant vector. In all cases candidates
with a net charged momentum less than 2GeV /c are
no longer considered. Tau candidates are constructed
by adding the four-momenta of all the energy flow
particles within 15° of the tau tracks. Tau candidates
with a momentum less than 3 GeV /c or with a mass
larger than 1.8 GeV /c? are rejected.

In events with an identified lepton, background
from W pair events is rejected by reconstructing the
event as WW — qq/v, where the missing four-
momentum in the event is assigned to the neutrino
and the remaining energy flow particles are assigned
to the other W. Events in which the mass sum of the
reconstructed W’s is greater than 140GeV /c¢* and
the mass of the hadronically-decaying W is less than
85GeV /c? are rejected.

Events are required to have at least two tau
candidates of opposite charge, and at least one of the
tau jets is required to have unit charged multiplicity.
The sum of the isolation angles of the tau candidates
is required to be larger than 80°. Energy flow parti-
cles not included in the tau jets are clustered into two
jets using the Durham algorithm.

A fit is performed on the event, where the four jet
directions are fixed to the measured ones and the jet
momenta are determined from the fit. The masses of
the tau jets are constrained to the nominal tau mass.
The other two jets are rescaled keeping their veloci-
ties fixed to the measured values. The fit minimizes
a x? with contributions from energy-momentum
conservation, the mass difference of the two dijet
systems (in accordance with the m, =m, hypothe-

sis) and the estimated uncertainties on the measure-
ments of the non-tau jets. In the fit the tau jet
momenta are constrained to be larger than 90% of
the measured values. Combinations in which either
of the fitted values for the non-tau jet momenta is
less than 75% of the measured energy are no longer
considered. The distribution of x?* for the signal and
background Monte Carlo is shown in Fig. 6a. Com-
binations with y?2 > 20 are rejected. If more than
one combination passes the selection criteria, the
combination with the smallest x? is kept. In signal
events the resolution on the tau dijet mass using this
method is about 3GeV /c2. The fitted mass of the
tau pair is required to lie between 40GeV /c? and
70GeV /.

The background is further reduced by means of
the three-input neural network b tag. A requirement
is placed on the sum of the outputs for the two
non-tau jets, using an optimization procedure [4]
which minimizes the expected confidence level of
the bbbb analysis combined with that of the 7" 7~ bb
analysis. The b tagging variable defined as

2
H#y=2- Z n;
i=1
is required to be smaller than 1.15.

Based on Monte Carlo simulation, the expected
background is 0.02 + 0.01 event. The efficiency to
select m, =m, = 60GeV/c* is 32% at 172GeV
and similar at 161 GeV.

4.2.2. Jet-based selection

Hadronic events are selected by requiring at least
eight charged particles which account for more than
10% of the centre-of-mass energy. The longitudinal
momentum of the event is required to be less than
40GeV /¢, the reconstructed missing energy is re-
quired to be positive, and the transverse momentum
must be larger than 5GeV /c. Events in which the
thrust is greater than 0.9 are rejected.

The Durham algorithm is used to cluster the event
into four jets, and the y,, value is required to be
greater than 0.001. All four jets are required to
contain at least one charged particle, and at least one
jet must have less than seven energy flow particles.

The two lowest multiplicity jets are considered for
tau selection. Only charged particles with momenta
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above 1GeV /c are used in the following to select
tau candidates. For these jets the total momentum of
the charged particles is required to be larger than
2GeV /¢, and the mass of each jet must be less than
1.8GeV /c>.

The charged multiplicity of one of the tau candi-
dates must be unity, and the sum of the charged
multiplicities of the two jets is required to be six or
less. The sum of the charges of the two tau candi-
dates is required to be zero.

The four jets are fitted in the same way as for the
track-based selection. The x? of the fit, Fig. 6b, is
required to be less than 20, and the reconstructed
mass of the di-tau system must fall in the same mass
range as for the track-based analysis. The same
three-input neural network b tag is used, requiring
#, <0.85. The cut is optimized to minimize the
expected combined confidence level of the bbbb,
track-based and jet-based analyses.

From the Monte Carlo simulation, the expected
background is 0.02 + 0.01 events. The selection effi-
ciency for m, =m,= 60GeV/c* is 30% at
172 GeV and 27% at 161 GeV.
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4.2.3. Combined T* 7 ~bb selection

The track-based and the jet-based analyses are
combined by selecting events if they pass at least
one of the selections. The overlap between the two
selections for the signal is around 60%, with almost
no common background. Fig. 6¢ shows the recon-
structed m, distribution for the signal and back-
ground. The final efficiency for the 77 bb com-
bined selection is ~ 45% for m, = m, = 60GeV /c*
and is shown in Fig. 7c as a function c¢f mass and
centre-of-mass energy. The expected background is
0.04 +0.02 events. No candidates are observed by
either analysis.

The two principal systematic uncertainties are
common to the two 7* 7 bb analyses: the energy
flow reconstruction and the b tagging. Uncertainties
on the efficiency can occur due to the simulation of
reconstructed energy flow particles which can affect
the efficiency of the cut on the y? of the mass fit.
The fit is recalculated with non-tau jet energies
smeared within their errors. The effect is very small
and gives a difference on signal efficiencies less than
02%. The b tagging effects are studied using a
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Fig. 6. The fit y? variable in the 7" 77 bb (a) track-based and (b) jet-based analyses with all cuts except those on the b tagging variable.
The points are the data, the solid histogram is the total background prediction from the simulations and the dashed histogram is the
expectation from m, = m, = 60GeV /c? for a luminosity corresponding to the data. (c) Reconstructed mass ,, in the combined 7~ 7~ bb

analysis for signal and background after all cuts.
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Fig. 7. Shown for tanf8 = 10, where m, = m,, as a function of

mass: (a) Expected number of events for the two channels and the

total. (b) Efficiency for the bbbb channel for the three energies:

133GeV (dashed), 161GeV (dotted), 172GeV (dot-dashed). (c)
Efficiencies for 77 7~ bb channel for the three energies.

similar approach as for the bbbb channel. Reweight-
ing generated signal events with different b hadron
lifetimes changes the efficiency by less than 0.3%
and the systematic due to the correction to the track
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resolution is evaluated to be 0.3%. Systematics are
dominated by the 1.1% uncertainty due to Monte
Carlo statistics. Adding all these effects in quadra-
ture gives a total systematic error of 1.2% which has
a negligible impact on the final result.

5. Combined results of hA and hZ analyses

No candidate events were retained by any of the
selections presented in the previous sections, in
agreement with the 0.91 + 0.17 events expected from
Standard Model processes. The results of the two
selections were combined together, and then com-
bined with the result of the search for the Higgs-
strahlung process e*e™ — hZ [4], in the following
way [20].

First, the measured and expected confidence lev-
els were computed both for the bbbb and the 7 7~ bb
final states, from the numbers of events expected
from Standard Model processes and frorm signal
(with cos’(B—a)=1), using the reconstructed
mass sum m, + m, as discriminating variable. Since
no candidate events have been selected, the mea-
sured confidence level is simply exp(—s), where s is
the number of events from signal expected to be

ALEPH

sin“(B-o)

65 70 75
my, (GeV/cz)

Fig. 8. (a) Measured confidence levels as a function of m, (dotted curves) for the two final states produced by the e " e~ — hA process, and
for their combination (solid curve). Also shown is the combined expected confidence level (dashed curve). (b) Measured confidence level in
the m, .sin?( 8 — ) plane, obtained from the combined ¢* e~ — hA search.
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selected by each analysis (shown in Fig. 7a). The
expected combined confidence level is displayed with
the measured individual and combined confidence
levels in Fig. 8a.

As a result of this combination, the m, range
between 45 and 62.5 GeV /c? is excluded at more
than 95% C.L. for cos’( B — a) =1, i.e., in a region
of the MSSM parameter space in which m, =m,
and the decay branching ratios of h and A into bb
and 7777 are largest. The mass range below 45
GeV /c* was already excluded at much more than
95% C.L. by LEP 1 analyses [21,22]. The same
operation was repeated varying cos?( 8 — a) from 1
to 0. The resulting confidence level curves are shown
in Fig. 8b in the [m, ,sin*( 8 — a)] plane.

When cos?’( 8— a) becomes too small for the
e*e” — hA searches to contribute, sin’( 8 — «) be-
comes large enough for e e~ — hZ searches [4] to
play a significant réle. The confidence level pre-
sented in Ref. [4] was therefore derived again by
varying sin®( 8 — @) from unity (its value in the
Standard Model) to zero. The resulting confidence
level curves are shown in Fig. 9a in the [m,,sin?( 8
— a)] plane.

Finally, the confidence levels obtained in the
[m,,sin’( B — @)] plane by the hZ and hA searches
were combined. The result is displayed in Fig. 9b.

;&LEPH
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All values of m, below 62.5 GeV /c? can be ex-
cluded at more than 95% C.L.

These confidence levels in the [m, sin®( 8 — a)]
plane can be translated into a 95% C.L. excluded
region in the usual [m,.tan 8] plane, as shown in
Fig. 10. The heavily shaded regions, theoretically not
allowed, depend on the choice of parameters for stop
mixing and on the top quark mass. (A value of 175
GeV /c?[23] was used.) The experimentally excluded
region is, however, identical in both cases of no
mixing and maximal mixing.

When varying cos’( 8 — a), the hA production
cross section was modified accordingly, but neither
the m, value nor the h and A branching fractions
(and therefore hA selection efficiencies) were
changed from their values at cos*( 8 — a) = 1. How-
ever, the hA analysis efficiencies have been checked
to be unchanged at the level of 1% for rnass differ-
ences of h and A below 10 GeV/c?> With the
choices of MSSM parameters given in Section 1, this
is always the case when the e" e~ — hA cross sec-
tion is not vanishingly small. The h and A branching
ratio variations have also been found to have a
negligible effect.

The same holds true for hZ when varying sin’( 8
—a), except when m, is small enough for the
h — AA decay to occur. When m, > 2m,, however,

4] y

65 70 75
m, (GeV/c?)

45 50 55 of
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Fig. 9. Measured confidence levels in the [my,sin®( 8 — @)] plane (a) from e"e™— hZ searches, and (b) from the combination of
e"e” — hZ and hA (solid curves) and again the 5% confidence levels for the hA and hZ analyses separately (dashed curves).
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Fig. 10. The [m,tanB] plane in the maximal mixing configuration. The dark areas are theoretically disallowed. The hatched area is
excluded at the 95% confidence level by the combined search fore*e™ — hZ and e*e~ — hA. The dot-dashed lines show the change in the

theoretically excluded region in the no mixing configuration.

A mostly decays into bb (and h into bbbb). This
renders the hZ selections of Ref. [4] at least as
efficient as when h decays into bb and the limits are
conservative. This is no longer the case when m, <
2m,. This case must be dealt with by means of
separate selections and is not addressed in this letter.
Since such a light A has already been excluded by
dedicated e*e”— hZ* /hA searches at LEP 1 [21]
for m, values below ~ 60GeV /c?, the region cor-
responding to this configuration is a strip too narrow
to be visible in Fig. 10, close to the theoretically
forbidden domain and affecting only the tanf3 <1
region.

The invisible decay h — y x could also affect the
validity of the result if the lightest neutralino y were
light enough. This possibility is excluded by the
negative chargino searches performed at LEP 1.5
[24], when the GUT mass relations between charginos
and neutralinos are satisfied [25).

To conclude, if the search is restricted to theoreti-
cally favoured tan 3 values in excess of unity, both

m, and m, must be larger than 62.5 GeV /c? at the
95% confidence level.

6. Conclusions

A search has been made for the neutral Higgs
bosons h and A of the Minimal Supersymmetric
Standard Model using a total of 27.2 pb™! of data
collected at centre-of-mass energies from 130 to
172 GeV. For the associated production e*e™ — hA,
searches have been performed in the bbbb and 7+ 7~ b
b final states. No candidate events were found in
either channel with a total background expectation of
0.91 +0.17. This result was combined with the re-
sults reported in Ref. [4] on the search for e* e~ — hZ
to give exclusion limits on m, as a function of
sin?( 8- a) and as a function of tanf for typical
sets of MSSM parameters. For values of tan3> 1, h
and A are excluded for masses less than 62.5 GeV /¢?
at 95% confidence level.



5.4. PAPER 3 97
188 R. Barate et al. / Physics Letters B 412 (1997) 173188
Acknowledgements [91 ALEPH Collaboration, Phys. Lett. B 313 (1993) 535.

We wish to thank our colleagues from the acceler-
ator divisions for the successful operation of LEP at
high energy. We are indebted to the engineers and
technicians in all our institutions for their contribu-
tion to the excellent performance of ALEPH. Those
of us from non-member countries thank CERN for
its hospitality.

References

[1] Y. Okada, M. Yamaguchi, T. Yanagida, Progr. Theor. Phys.
85 (1991) 1;

J. Ellis, G. Ridolfi, F. Zwirner, Phys. Lett. B 257 (1991) 83;
B 262 (1991) 477;

H.E. Haber, R. Hempfling, Phys. Rev. Lett. 66 (1991) 1815;
R. Barbieri, M. Frigeni, F. Caravaglios, Phys. Lett. B 258
(1991) 167;

R. Barbieri, M. Frigeni, Phys. Lett. B 258 (1991) 395.

[2] M. Carena, M. Quiros, C.EM. Wagner, Nucl. Phys. B 461

(1996) 407;

M. Carena, I.R. Espinosa, M. Quiros, C.E.M. Wagner, Phys.

Lett. B 355 (1995) 209;

H.E. Haber, R. Hempfling, A.H. Hoang, CERN-TH-95-216

(1995).

M. Carena, P.M. Zerwas (Conveners) et al., Higgs Physics,

in: Physics at LEP 2, Eds. G. Altarelli, T. Sj§strand, F.

Zwirner, CERN 96-01 (1996) p. 351.

[4] ALEPH Collaboration, Phys. Lett. B 412 (1997) 155.

[5] ALEPH Collaboration, Nucl. Instrum. Methods A 294 (1990)
121; B. Mours et al., Nucl. Instrum. Methods A 379 (1996)
101.

[6] ALEPH Collaboration, Nucl. Instrum. Methods A 360 (1995)
481.

[7} Construction and Performance of the new ALEPH Vertex
Detector, D. Creanza et al., to appear in the Proceedings of
the 5th International Conference on Advanced Technology
and Particle Physics, Como, Italy (October 1996).

[8] ALEPH Collaboration, Nucl. Instrum. Methods A 346 (1994)
461.

[3

[10] ALEPH Collaboration, Phys. Lett. B 322 (1994) 441,

[11] ALEPH Collaboration, Phys. Lett. B 384 (1996) 353.

[12] L. Lonnblad, C. Peterson, T. Rognvaldsson, CERN-
TH.7135 /94.

[13] C. Peterson, T. Rognvaldsson, CERN School of Computing,
Ed. C. Verkerk (1991) p. 113;

L. Lonnblad, C. Peterson, T. Rognvaldsson, Comp. Phys.
Comm. 70 (1992) 167;

S.R. Amendolia, CERN School of Computing, Eds. C.E.
Vandoni, C. Verkerk (1993) p.1.

[14] ALEPH, DELPHI, L3, OPAL Collaborations, Nucl. Instrum.
Methods A 378 (1996) 101.

[15] P. Janot, The HZHA generator, in: Physics at LEP 2, Eds. G
Altarelli, T. Sjostrand, F. Zwirner. CERN 96-01 (1996) p.
309.

[16] T. Sjostrand, The PYTHIA 5.7 and JETSET 7.4 Manual,
LU-TP.95/20 and CERN-TH.7112/93.

[17] ALEPH Collaboration, Z. Phys. C 71 (1996) 179.

[18] Particle Data Group, Phys. Rev. D 54 (1996) 1.

[19] R.D. Cousins, V.L. Highland, Nucl. Instrum. Methods A 320
(1992) 331.

[20] P. Janot, F. Le Diberder, Combining ‘Limits’, CERN /PPE
97-053, LPNHE /97-01, to be submitted to Nucl. Instrum.
Methods.

{21] ALEPH Collaboration, Phys. Rep. 216 (1992) 253; Phys.
Lett. B 285 (1992) 309; B 313 (1993) 312; B 384 (1996)
427,

DELPHI Collaboration, Z. Phys. C 67 (1995) 69; Nucl. Phys.
B 421 (1994) 3;

OPAL Collaboration, Z. Phys. C 73 (1997) 189;

L3 Collaboration, Z. Phys. C 57 (1993) 355; Phys. Lett. B
385 (1996) 454,

[22] P. Janot, Searching for Higgs bosons at LEP 1 and LEP 2, to
appear in Perspectives on Higgs Physics 11, Ed. G.L. Kane
(World Scientific).

[23] J. Lys, S. Protopopescu, P. Tipton, proceedings of the 28th
International Conference on High Energy Physics, Warsaw,
Poland (25-31 July, 1996), Eds. Z. Ajduk, A.K. Wréblewski
(World Scientific, 1997) pp. 23-32, 1192-1199.

[24] ALEPH Collaboration, Phys. Lett. B 373 (1995) 246.

[25] A. Djouadi, P. Janot, J. Kalinowski, P.M. Zerwas, Phys. Lett.
B 376 (1996) 220.



98 CHAPTER 5. GENERAL TWO HIGGS DOUBLET MODELS

5.5 P4 [27]: Higgs searches at LEP2 with the ALEPH
detector

In the year 1998 ALEPH has taken 176 pb~! of data at the single energy of 189 GeV.
The results of the Higgs search analyses of this data sample are combined with results
obtained at lower energies and presented in this paper.

Since the centre-of-mass energy is above the threshold of Z pair production, irre-
ducible background from ZZ — bbZ is expected in the search for the standard model
Higgs boson. As a consequence, full background subtraction is performed.

This paper also presents the results of the searches for charged Higgs bosons in the
context of two Higgs doublet models. The three characteristic final state topologies

are shown in Fig. 5.7.

+y - += - - —~_— - -

HH -1 VTV, H'H™ - csT v, H'H™ - cssc
Figure 5.7: Graphical illustration of the three event topologies in which the charged
Higgs bosons H* are searched for.

While the Z boson is invisible if it decays into neutrinos, the Higgs boson is invisible
to the detector if it decays into, e.g. neutralinos, which it can do in certain extensions
of the standard model. Figure 5.8 shows the dominant decay modes used in the search
for an invisibly decaying Higgs boson when produced through the Higgs-strahlung
process. The “acoplanar jets” final state is similar to the missing energy final state,
and for 100% branching ratio into invisible decays a similar limit as in the standard

model Higgs search is obtained.

X e X q

X~ el X~ q

Figure 5.8: Signal topologies of invisible Higgs boson decays. The signatures are an
acoplanar charged lepton pair (left) and an acoplanar pair of jets.
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HIGGS SEARCHES AT LEP2 WITH THE ALEPH DETECTOR

E. KNERINGER
Institut fir Experimentalphysik, Universitit Innsbruck, 6020 Innsbruck, AUSTRIA
ALEPH Collaboration
E-mail: Emmerich. Kneringer@uibk.ac.at

Data collected with the ALEPH detector at centre-of-mass energies between 130
and 189 GeV are used to search for Higgs bosons of the standard model and its
supersymmetric extensions. No evidence for a Higgs particle has been found in
256 pb—! of LEP2 data. Mass exclusion limits were set.

1 Introduction

A neutral Higgs boson is required to complete the particle spectrum of the
standard model. Fits to electroweak data ! from LEP, SLC and Tevatron
indicate that if the Higgs particle exists it has most probably a mass around
100 GeV/c?. The situation at LEP, which is summarized in Fig. 1 (left), shows
that we are getting more and more sensitive to this mass range.

—~ 4

Q

o

e 150 pb~*

I [ \91Gev Signal cross-sections at 91,

S I \LEP1
3 i 161, 172, 183, 189 and 200 GeV ||]
) L ;. per experiment

1 N 170 b
[ A\ 189GeV 9 ppt
i \ k.. 200 Gev
L \\.¥ \\“\_
0o 8

0 920 100 110
m,, (GeVic?)

Figure 1: Left: cross section for the Higgs-strahlung process at the various LEP energies.
For a given energy the point on the curve indicates the standard model Higgs boson mass
exclusion limit obtained by a typical LEP experiment with the data taken at that energy.
Right: Higgs boson candidate event in the H¢¢ channel (as seen by the ALEPH detector).

All mass exclusion limits given in this report are at 95% confidence level.
To get an idea of the sensitivity of a specific analysis the expected mass exclu-
sion limit ? from gedanken experiments usually is also quoted. All the search
analyses use cut-based selections and/or neural network methods. We make

99



100 CHAPTER 5. GENERAL TWO HIGGS DOUBLET MODELS

extensive use of Monte Carlo simulations for the neural net training and the
setting of the selection cuts. No details of the preliminary analyses are given,
however, the references always point to the corresponding latest published
analysis.

2 The Standard Model Higgs Boson

At LEP2, the dominant Higgs production mechanism is the so-called Higgs-
strahlung process ete™— Z*— HZ. There are also minor contributions from
processes where the Higgs boson is generated through the fusion of two elec-
troweak gauge bosons. In the mass range accessible at LEP2, the Higgs boson
decays in 92% of the cases into two quark jets (91% of which are bb) and in
about 8% of the cases into 777~. Combining these numbers with the branch-
ing fractions of the Z boson we obtain the branching fractions of HZ into the
following four characteristic event topologies:

e four jet channel: 'q'qq (64.6%)

e missing energy channel: Hvw (20.0%)

e lepton channel: HET(™ £ =eor u (6.7%)

e 7—channel: either H or Z decays to 777~ (8.7%)

Except for the lepton channel, a high b-quark content is required for the quark
jets coming from Higgs boson decay. In all channels the invariant mass of the
decay products of the Z must be compatible with myz. The results of the HZ
analyses® applied to data taken with the ALEPH detector +:> at 189 GeV are
summarized in Table 1.

Table 1: Signal efficiencies €, expected number of signal events N;gp for my = 95 GeV/c?,

background expectation from standard model processes N;If 5 , background from ZZ events

N;:CZP (dominant background source; irreducible) and number of observed events in 170 pb~1!
of ALEPH data taken at 1/s = 189 GeV for the HZ decay topologies.

Selection € Nggp le]ff N?Zp Nops
bbaq 39.3% 7.7 18.5 10.1 20
bbvw 24.3% 1.6 3.7 3.1 7

bb¢te— | 72.9% 1.5 13.2 11.8 13

bbrtr— | 201% 0.2 0.8 0.6 2

+tr=qqg | 189% 0.3 1.8 1.2 0
total 11.3 380  26.8 42
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The analyses for the four individual channels are optimized in such a way
that the combination of these analyses gives the best global HZ searches analy-
sis. The definition used here for ‘best analysis’ is: the analysis which gives the
highest expected Higgs mass exclusion limit under the hypothesis that there
is no signal 2.

No signal is observed in 250 pb™! of data (cf. my distribution in Fig. 2)
which allows to exclude a standard model Higgs boson with a mass less than
90.4 GeV/c?, as shown in Fig. 2 (right). The expected limit is 93.4 GeV/c%.

f\’lﬁ T T T | l L L L L ‘ T T ‘ T T ‘ T T ‘ L=
° 8 ALEPH preliminary ©) E
o 2 my >90.4 GeV.~|
o 4
A ] 10 4
2 5% 3
Q6 1 ]
g 1 |
Wws[ ] Y
10 N
4+ > B E
3F 1 ]
-3
2 F b 10 o é
1 i i ] :
0 s N R A 10" ; ; F— ; ; ;
30 40 50 60 70 80 90 100 110 80 82 84 8 8 90 92 94
GeVic? 2
my, (GeVic) m,, (GeV/c?)

Figure 2: Left: distribution of my of the selected events (points) and the expectation from
the standard model background processes (histogram) in HZ searches at /s = 189 GeV.
Right: observed (full line) and expected (dashed line) combined confidence levels for the
standard model Higgs search.

3 Neutral Higgs Bosons of the MSSM

The particle spectrum of the Higgs sector of the minimal supersymmetric ex-
tension of the standard model (MSSM) consists of five physical states, two
CP-even neutral bosons h and H (with mixing angle o and masses my < mp),
one CP-odd neutral boson A and two charged bosons H*. At tree level, the
Higgs sector can be parameterized by two independent parameters, e.g. my, and
tan f = vy /v, the ratio of the vacuum expectation values of the two Higgs
doublets. Only the h and A bosons are within the reach of LEP2. They are
expected to be produced in Z decays via the Higgs-strahlung process Z*— hZ,
with a cross section proportional to sin2(ﬁ — «), and via the associated pair
production Z*— hA, with a cross section proportional to cos?(8 — a).
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These two processes are complementary, in the sense that if one cross section
is maximal the other is minimal and vice versa. Thus both processes must be
searched for. For the first process, the results from the hZ searches (Sec. 2)

can be used. The second process is searched for in the following two decay
channels:

e hA — bbbb (85%)
e hA — bbrt7=, 7t77bb (15%)

The performance of the two analyses© is reported in Table 2.

Table 2: Performance of the hA analyses at /s = 189 GeV: signal efficiencies, expected

number of signal events for my, = ma = 85 GeV/c2, background expectation and number of
observed events.

Selection € Nggp N;fg Nops
bbbb 58.3% 3.4 9.0 13
bbrtr— 24.0% 0.2 0.6 0
—~ L R (o} 50 >
‘o ALEPH preliminary S 404-Myop.= 175 GeVic
S 3 + 1 < 30f Msysy=1 Tev/e?
3 Maximal mixing
§ 204 EXCludeaat Yo0% C.L
2
=l ] ALEPH
preliminary
1F 4 ¢ F R T 5 S
O Il L L SRR N | ISR PN NI S N ‘//
60 80 100 120 140 160 180 200

5 0 80 40
m,+m, (GeV/c) my, (GeV/c?)

Figure 3: Left: distribution of ma+my, of the selected events (points) and the expectation
from the standard model background processes (histogram) in hA searches at /s = 189 GeV.
Right: experimentally excluded region in the [my,tan 8] plane (after combination with the
hZ searches). The dark area represents the theoretically forbidden region for the case of
‘maximal stop mixing’ (dashed-dotted curve for the ‘no stop mixing’ case).

No signal is observed in the data, as can be seen in Fig. 3 (left). This allows
to set an upper limit on the cross section for hA production as a function of
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my, which implies an upper limit on cos?(3 — a) as a function of my,. On the
other hand, the hZ searches interpreted in this way result in an upper limit
on sin?(# — a) as a function of my,. Combining the hZ and hA searches in an
optimal way 2 leads to an excluded region in the two-dimensional parameter
space [my, sin?(8 — a)], which usually is translated to the [my,, tan 8] plane, as
shown in Fig. 3 (right). For tan 3 > 1 we find that ALEPH data up to centre-
of-mass energies of 189 GeV exclude the h and A Higgs bosons of the MSSM
with masses less than 80.8 and 81.2 GeV/c?, respectively, i.e. the neutral Higgs
bosons must be heavier than the W boson if tan 3 > 1.

4 Charged Higgs Bosons

In the MSSM charged Higgs bosons are heavier than W bosons. This restric-
tion does not hold for general two doublet models, which are very attractive
theoretically because of the absence of flavor changing neutral currents and the
relation mw = my cos @y holding at tree level. The H* has the same decay
modes as the W+, but since its coupling is proportional to the charged fermion
masses, it dominantly decays into the heaviest energetically allowed fermion
pair of the quark and lepton families. Whether H* decay preferentially into
quarks or leptons depends on other parameters of the model. Therefore, the
search for pair-produced HYH™ is performed in the following three channels:

e leptonic channel: 77 v, 77 v,
e mixed channel: ¢St~ 0,

e hadronic or four jet channel: cssc

7

The performance of these analyses * is summarized in Table 3.

Table 3: Efficiencies ¢, number of standard model background events expected N;‘: 5 and
number of observed candidates N, for the three charged Higgs boson analyses at a centre-
of-mass energy of 189 GeV, as functions of the charged Higgs mass. For the four jet channel,
numbers are quoted within a +3 GeV/c? window around the assumed Higgs boson mass.

M+ ’7'+V-,—’T_I77— CST Ur CSsC
(GeV/CQ) € (%) N:;:;) Nobs € (%) N;;j;) Nobs € (%) N;Z; Nobs
50 33.5 15.5 20 35.6 9.4 11 40.1 15.1 18
55 35.2 15.5 20 37.2 9.4 11 38.4 22.8 23
60 38.2 15.5 20 374 9.4 11 37.6 28.0 19
65 35.2 15.5 20 34.8 9.4 11 37.2 30.6 28
70 39.9 15.5 20 28.1 9.4 11 36.4 32.7 35
75 40.8 15.5 20 19.1 9.4 11 34.6 55.1 40
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Figure 4: Left: distribution of the dijet mass distribution as obtained after applying all
cuts of the c§st selection; shown are 189 GeV data (dots), background Monte Carlo (his-
togram) and the polynomial parameterization of the background (full line). Also shown is
the Monte Carlo expectation for a signal with mg+= 70 GeéV/c? (dashed line) with arbi-
trary normalization. Right: limit on the mass of charged Higgs bosons as a function of
B(H*T—7%v;). Shown are the expected (dash-dotted) and observed (full) exclusion curves

for the combination of the three charged Higgs boson analyses. The shaded area is excluded
at 95% C.L.

The search for charged Higgs bosons in the three final states 7tv, 77 i,
c57~ v, and cSs¢ has been performed using 175 pb~! of ALEPH data col-
lected at /s = 189 GeV. No evidence of Higgs boson production was found
(Fig. 4 left) and mass limits were set as a function of the branching ratio
B(H*T—7%"v;). The result of the combination of the three analyses is dis-
played in Fig. 4 (right) where the curves corresponding to expected and ob-
served confidence levels of 95% exclusion are drawn. As can be seen from this
figure, charged Higgs bosons with masses below 62.5 GeV/c? are excluded at
95% C.L. independently of B(HT— 771, ), where the expected mass exclusion
limit is 68.5 GeV/c?.

5 Invisible Higgs Boson Decays

Many extensions of the standard model allow for the Higgs boson to decay
invisibly, e.g. into a pair of lightest neutralinos when the neutralino y is light
enough. Since the Higgs boson is produced through the Higgs-strahlung pro-
cess hZ, this leads to the following two event topologies:

e a pair of acoplanar leptons, when Z — ete™ or Z — pu™pu~
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e a pair of acoplanar jets, when the Z decays hadronically

where the acoplanarity is defined as the azimuthal angle between the two lepton
or jet directions. Two analyses 8 are designed for the two channels. When
they are applied to ALEPH data taken at /s = 189 GeV, 33 candidates are
found, in agreement with 33.6 events expected from all background processes

(cf. Table 4). The distributions of the reconstructed Higgs boson masses are
shown in Fig. 5 (left).

Table 4: Performance of the acoplanar lepton and acoplanar jet pair analyses.

Selection | NP2 Nops

bkg
hete— 4.3 5
hqq 29.3 28
o 4 T T T T N 1
o ALEPH preliminal wS =
S prelminary 09 ALEPH preliminary
O 3G B .9 -
o acoplanar leptons
~ og. 95% CL excluded
7 2 ] -
Q
E 0.7 -
L|:J 1k - 4
0.6
0 L L L PR R
60 65 70 75 80 85 90 95 100 05 -
me; (GeVic?) /—
En 12 T T T T T T T 0.4 -
o 10 ALEPH preliminary /J\/
S10f 1
& 4L acoplanar jets ] 0.3 ’\/\,
o 0.2 \/—
= 5F 1 .
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2. ] o1 Hadronic only
g ) 189 GeV data
F E 0
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Figure 5: Left: distribution of the reconstructed Higgs boson mass of the selected events
compared to the Monte Carlo expectation, for the acoplanar lepton and jet pair searches.

Right: region in the [my, £2] plane excluded at 95% C.L. using only the hadronic channel
at 189 GeV.

Quite generally, the production cross section for invisible Higgs boson de-
cay can be parameterized as £2-0gy(eTe™— hZ), where £2 is a model dependent
factor ranging from 0 to 1. One way of presenting the result of the negative
searches is to calculate the 95% C.L. level upper limit on the production cross
section of the invisibly decaying Higgs boson in units of ogy(eTe™— hZ) as a
function of my, which is shown in Fig. 5 (right).
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6 Summary

In this report, an overview has been given of the present status of Higgs boson
searches with the ALEPH detector. The results are mainly based on the anal-
ysis of data taken at 189 GeV centre-of-mass energy. When the data taken at
lower energies are included in the analyses the 95% confidence level exclusion
limits improve slightly.

For the standard model Higgs boson we find myg > 90.4 GeV/c? at 95%
C.L. using 250 pb~! of data taken at /s = 161, 172, 183 and 189 GeV. This
means that a Higgs boson with a mass equal to the Z mass just cannot be
excluded at 95% C.L. with ALEPH data taken up to the year 1998.

Including all lower energy data, for the neutral Higgs bosons of the MSSM
we obtain the limits my, > 80.8 GeV/c? and ma > 81.2 GeV/c? (valid for all
values of tan 3 > 1).

From the analysis of 175 pb~! of ALEPH data collected in 1998, the
charged Higgs bosons of general two doublet models are excluded below 62.5
GeV/c? independent of their decay mode.

Finally, using the same data, invisibly decaying Higgs bosons are searched
for. For a production cross section equal to that of the standard model Higgs
boson, i.e. £2 = 1, masses below 92.8 GeV/c? are excluded.
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Chapter 6 Is there a Higgs signal or not?

Higgs Statistics

When an experiment is searching for a new particle several outcomes are possible. The
main scenarios are:

(a) Nothing is found because the experiment is not sensitive enough.

(b) Nothing is found where an effect should be seen. This rules out the theory which
predicts the particle.

(c¢) There is convincing evidence in the data for a new particle, which allows to claim
its discovery. If this occurs, the next step is to check that the particle has all the
properties predicted by the theory.

(d) The controversial case: there is an excess of events of a certain type, but this
could also be due to a “background fluctuation”. In this case the experiment has
to be redone if possible, or even better, an independent experiment should be

done.

In the search for the Higgs boson scenario (d) is actually the case at the end of
LEP2. Pessimists rather say that scenario (a) is true. Optimists, on the other hand,
vote for scenario (b) and say that all theories with my < 114.4 GeV/c? [43] are ruled
out (at the 95% confidence level), my being the mass of the standard model Higgs
boson.

When an experiment is just at the limit of discovering a new particle the degree
of belief that there is evidence for the particle in the data as well as the degree of
belief that the data exclude the existence of the particle has to be quantified. Several
statistical procedures have been developed to solve this problem in various contexts.
Depending on the level of the expected background, for example, different methods
seem to be optimal. Therefore it is not surprising that at the beginning of LEP2 all
four LEP experiments used a different statistical method in their Higgs boson analyses
(see Table 6.1). This was not an issue as long as the collaborations only published their
own results. However, this became a problem when a combined result was requested.

In the same way as the Higgs boson is searched for in various subchannels in a single
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method | type experiment
A frequentist likelihood method | DELPHI
B Bayesian likelihood method L3
C event weighting method OPAL
D confidence level combination | ALEPH

Table 6.1: Statistical methods used by the four LEP experiments to extract confidence
limits from the findings of the Higgs boson searches. For a description of these methods,
see Ref. [45]. Method A was finally chosen by the LHWG for combining the LEP results.

experiment, on a higher level, it can be seen as being searched for in sub-experiments of
a global experiment i.e. the four LEP experiments together. Therefore it was obvious
to apply the same techniques that were developed for combining subchannel results also
to the task of producing a LEP-combined result. For this purpose the LEP working
group for Higgs boson searches (LHWG) was established. When it compared the
performances ! of the four statistical methods in use it found them to be similar [46].
However, the LHWG wanted to converge to one single method (and maybe just another
one, to be used for cross checks). In a meeting of the LHWG it was stated that the
method to be selected should have certain properties. The method should

e be statistically correct (which is, of course, true for all methods);

e provide limits and discovery indicators;

e be applicable in the same way also for the various searches for other Higgs bosons

(e.g. h, A or HY);

e allow a detailed error handling to be implemented;

e be fairly easy to understand and use;

e allow a certain degree of “insight” into the experiments inputs (in case of any

doubt on the result).

Finally, in February 2000 the LHWG decided to use method A (which fulfilled all the
requirements) for producing the then future combined results. Since in the papers
included in this Habilitationsschrift the statistical methods used are only briefly men-
tioned, the method preferred by the LHWG is described in more detail in the following
section. This should allow to better understand the numbers and plots shown when
the final LEP results on Higgs boson searches are quoted. It also gives credit to the
huge amount of work that has been put into optimizing the individual analyses with
respect to the statistical method used in order to obtain the best expected exclusion

limit.

!The performance of a method was defined as the 95% confidence level mass exclusion limits
(observed and expected on average) obtained, when combining the results of the four collaborations
(higher numbers = better performance).
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6.1 A statistical method for calculating confidence
levels — the CL; method

In this section the procedure, called the CLg method [47], which was used to derive
the final results of the Higgs boson searches at LEP2 is discussed. The emphasis is on
the clarity and not on the complexity of the task. Often the question is raised, what
is meant when somebody says: “We are 95% sure that my > 114.4 GeV/c*.” A more
correct statement would be: “The 95% confidence level lower limit on the mass of the
standard model Higgs boson is 114.4 GeV/c?.” This section is aimed at gaining a better
understanding of what is behind this statement.

6.1.1 The discriminating variable

The starting point for calculating confidence levels is some data, usually available in the
form of events. While originally an event is described by thousands of numbers (“raw
data”), in the case of Higgs boson searches this information is condensed into a few
(up to about 20) numbers, called event characteristics?, which allow to discriminate
in a statistical sense between signal events (events where a Higgs boson is produced at
some intermediate step), and background events (events from known standard model
processes). Candidates for signal events are selected by applying selection criteria,
based on the event characteristics, to the data. In the next step so-called discriminating
variables have to be defined. The distributions of these variables for the selected events
should reveal whether signal events are present in the data, as described below. In the
ALEPH analyses up to two such discriminating variables are used, namely the so-called

C

reconstructed Higgs boson mass mi° and a variable related to the b-quark contents 3

of the event. For simplicity, here only one variable is used, namely mi{°, which is
the canonical discriminating variable for calculating confidence levels for the existence
(or the non-existence) of the Higgs boson. It is obtained in the following way. First
an event has to be selected by one of the analyses that differ mainly in the topology
of the events they are looking for. Since for each topology a prescription exists on

rec

how to calculate mjf® (an example of such prescriptions is given in the introduction
to the first paper in Sec. 3.3), this yields mj{®. When repeated for several events, a
distribution like the one shown in Figure 6.1 is obtained. With the help of Monte
Carlo simulations, the same distribution is calculated for signal and background events
according to the standard model. Simulated signal and background events are also

needed to optimize the selection criteria. This is achieved by maximizing the signal

2Mainly topological variables, like event shapes, and b-tagging information.
3_In the mass range accessible at LEP2 the standard model Higgs boson decays predominantly into
a bb-pair — as shown in Sec. sec:decay-modes.
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Figure 6.1: Distribution of the reconstructed Higgs boson mass (i.e. the discriminating
variable) for the data collected by the ALEPH experiment in the year 2000 (dots
with error bars) and the expected background (histogram) for the so-called cut stream
analyses, after all cuts are applied. For the data n = 95 events are selected, where
the expectation from the background distribution is b = 87.6 & 2.4, as obtained from
Monte Carlo simulations.

efficiency and simultaneously reducing the background as much as possible for a given
hypothesis on the mass of the Higgs boson. While this allows one to discriminate
between competing analyses by selecting the analysis which has the highest efficiency
for the same number of background events, still a working point on this efficiency vs.
background curve has to be chosen. In other words, it has to be decided whether it
is better to have the selection criteria very stringent (with moderate signal efficiency,
but negligible background), or to have them rather loose (with high signal efficiency
and a lot of background events in the selected event sample). A standard procedure
is to choose the working point such as to obtain the best expected 95% exclusion
limit for the signal under the hypothesis that there are no signal events in the data.
What this means in the context of the CLg; method will be explained at the end of the
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section on confidence levels on page 116. The optimization of the analysis should be
finished before the analysis is applied to the data, because otherwise there is the risk

of introducing a bias by changing the selection criteria to “better suit the data”.

6.1.2 Hypothesis testing

From the point of view of the theory of statistics [48], searches for new particles have
to deal with the following problem: a test of a simple null hypothesis H, against a
composite alternative hypothesis H; has to be performed, where a hypothesis consists
of an assumption on the probability density function (p.d.f.) of some random variable

(e

in this case). A hypothesis is called simple if all the parameters of the p.d.f.
are specified. A hypothesis is called composite if the general mathematical form of
the p.d.f. is known, but the exact value of at least one parameter is not determined
(my in this case, where the caret is used to denote a specific hypothesis for the mass
of the Higgs boson). The p.d.f. of the simple null hypothesis is shown in Figure 6.1
as the histogram?. The p.d.f. of the alternative hypothesis is obtained by adding the
mpy-dependent number of signal events to the background analysis chain. Finally these
events show up as a small peak® above the background around sy in the distribution
of mj°. Examples of such peaks are shown in Figs. 8.5 and 8.6. Concerning the “excess
of ALEPH events” (cf. Fig. 6.1) one notes that a signal peak at mi¢ ~ 116 GeV/c?

would fit nicely in between the background expectation and the data.

Next a method has to be found, that allows to quantify the (dis)agreement of the
data with either hypothesis. The well known Neyman-Pearson theorem (explained
in [48] and [49]) states that the so-called likelihood ratio gives the most powerful test
between two hypotheses H and H'. As a consequence, this test-statistic maximizes the

discovery potential as well as the exclusion potential of a search for new particles.

Hy, = simple null hypothesis = background-only = index b
H, = composite alternative hyp. = signal+background = index s+b

Table 6.2: Notation used for the two hypotheses in the context of Higgs boson searches.
All the terms in one row are used synonymously.

4In this histogram the p.d.f. is not normalized to unity but to the number of events corresponding
to the integrated luminosity collected.

5The number of events in the peak is given by the usual formula N = ecL;,,; and the width of the
peak is determined by the mass resolution of the analysis.
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6.1.3 The likelihood ratio

After the distribution of the discriminating variable is obtained for the data (Fig. 6.1),
the probability P; to observe n; events in the data, where b; events are expected from
background processes, is calculated for each bin i. Since the number of entries in a bin
of a histogram is distributed according to Poisson statistics, we have P; = P(n;|b;) =
exp(—b;)b;" /n;!. Thus the combined a posteriori probability P(data|H) for obtaining
the observed distribution of data events, under the hypothesis that it is a sample drawn

from the background distribution, is

Nbpins Nbpins bnl
P(data|Hy) = H P(nilb) =e* I] 2 (6.1)
i=1 TLZ

where b = Y b; is the total number of background events and 7 runs over all analysis
bins. The same probability is then calculated for the signal+background hypothesis
Hll

Nbins 3 b n;
P(data|H,) = e~ (V) I1 (si + bi)

i=1

, (6.2)

n;!
where s; is the number of signal events expected in bin 7 for the mass hypothesis my,
i.e. si(thp), and s = Y s; is the total number of signal events.

If a “yes-or-no” decision has to be made on whether the observed histogram is more
consistent with H, (background-only) or with H; (signal+background), the hypothesis
which gives the higher probability should be chosen. Since the absolute value of the

probability is irrelevant, it is more convenient to calculate the ratio () of probabilities,

P(data|H;) _, Notns Si\™
= = F 14+ — 6.
@ P(data|Hy) ‘ Z:rll ( * bi> ’ (©.3)

and decide on whether this is larger or smaller than 1. With this definition an experi-
ment is more signal+background-like than background-like if @) > 1.

Equation (6.3) is the definition of the likelihood © ratio estimator, which is the ratio
of the probabilities of observing an event, an ensemble of events or an experimental
outcome in general under the two search hypotheses H; and Hy. @ is multiplicative,
which means that the estimator of an ensemble of events can be formed by multiplying
the individual event estimators. This property is very useful for combining search
analyses from subchannels and from different experiments.

Here only the binned version of the likelihood ratio is described, for which the
distributions of the discriminating variable need to be available only as histograms.

For the more general case of continuous distributions see Ref. [47].

6The term likelihood is used in the context of a posteriori probabilities — as compared to a priori
probabilities.
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For theoretical ” and numerical reasons instead of () its logarithm is used in practice:

Nbins

X () = —2InQ = 2s(ir) —2 3 my1In (1 + Si(mH)) , (6.4)

i=1 bi

where it is stressed that s and therefore X are functions of my. In the following the
dependence of X on my is not explicitly shown. X is called log-likelihood estimator or
test-statistic and can be interpreted as a weighted sum over all selected events, where
the weight of an event in bin 7 is defined as In(1 + s;/b;). The event weight is always
positive and can be thought of as being proportional to the signal to background ratio

si/b;, i.e. larger signal to background ratio means larger event weight.

Since the logarithm is a monotonic function, also X indicates how much the outcome
of an experiment is signal-like, but because of the minus sign in the definition of X,
an experiment favors the signal+background hypothesis if X < 0. Given a mass
hypothesis my for the Higgs boson, X starts out with the positive value 2s(my) and
is decreased whenever an event passes all the selection criteria of the analysis, thereby
changing from favoring H, to favoring H;, as more and more candidate events are

observed.

The result obtained for the test-statistic of an experiment is called X s and it can
be viewed as a random variable. To evaluate the statistical significance of X s, a
common method is to do Gedanken experiments. Therefore in the next step a large
number of Monte Carlo experiments is performed to obtain random distributions of the
discriminating variable under the hypotheses Hy and H;. In these random experiments
the number of events in each bin ¢ of the distribution is generated assuming Poisson
statistics with mean value b; and s;(7y) + b; for the two hypotheses, respectively. The
outcome of the Monte Carlo experiments is two distributions of X (= —2In(@Q) for
each mass hypothesis my, as shown in Figure 6.2. These two distributions are well
separated for low values of my, mainly as a consequence of the higher cross section
for Higgs boson production. This follows from ( 6.4), but quite general it can be
said that selecting more events makes an experiment more signal-like. When the cross
section decreases with increasing my, the distributions begin to overlap. For very large
values of my the two distributions coincide since s;(1my) ~ 0. This means that the
two hypotheses are practically indistinguishable. In other words, from an experimental

point of view “no Higgs boson” is equivalent to a very heavy Higgs boson.

"In the high statistics limit the distribution of —21n @ is expected to converge to a Ay? distribution,
where Ax? = x?(data|H;) — x*(data|Hp). For more information, see Ref. [50].
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Figure 6.2: Distributions from Monte Carlo simulations of the test-statistic X.

Left: Construction of the p.d.f. for the background-only hypothesis Hy. The result of
the first five experiments and the final distribution is shown. Because of the statistical
nature of the experiments a fraction of the background-only experiments favor the
signal+background hypothesis H; (e.g. Monte Carlo experiment number 4, the reason
being a downward fluctuation of the number of background events generated in the
signal region of mj{¢). Right: Comparison of the distributions for the two hypotheses
H; (left histogram) and Hy (right histogram), for various values of the test mass my.

The separation between the distributions decreases with increasing 1my.

6.1.4 Confidence levels

The two distributions of the test-statistic are used to define the confidence levels for

Xops With respect to the two hypotheses Hy and H;. The definitions are

1—CL, = P(X < Xgp|Ho) (6.5)
CLeip = P(X > XoplHy) (6.6)

A graphical illustration of the definitions of 1 — CLy, and CLg,y, is shown in Figure 6.3.
The background confidence level 1 — CLy, (or CL;,) measures the compatibility with
the background hypothesis Hy. If 1 — CLy, is small it can be used for establishing a
discovery. The correspondence of 1 — CLy, and the significance of the discovery is given
in Table 6.3. On the other hand, CLg,};, measures the compatibility of the observation
with the hypothesis that there are signal events in addition to the background events.
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Figure 6.3: Illustrative example of the distributions of the log-likelihood estimator
—2In@Q for signal+background and background experiments. The estimator of an
observation, X,,s = —3, is indicated by the vertical line.

Top: Definition of the confidence level 1 — CLy, (light shaded area) which measures the
compatibility of the observation with the background-only hypothesis Hy.

Bottom: Definition of the confidence level CLg,,, (dark shaded area) which measures
the compatibility of the observation with the signal-+background hypothesis Hj.

However, its main usage is as a measure of the incompatibility with H;. This is
not optimal, because CLg,}, only allows to exclude the signal+background hypothesis,
where actually the signal part needs to be excluded. Since the number of expected
background events from the standard model is known (although with some error),
a straightforward solution would be to subtract the expected background from the
number of observed events. The details of how this so-called background subtraction
should be performed are a delicate point. In the case of the CLg; method for this
purpose the ratio

o CLs+b

CLs :
CLy,

(6.7)
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1—CLy error band || 1 — CLy, | significance
0.16 ... 0.84 lo 2.7-1073 30
0.023 ... 0.977 20 5.7-1077 5o

Table 6.3: Correspondence between the confidence level 1 — CL;, and (left) the one and
two o error bands and (right) the statistical significance (e.g. for a discovery). This
numbers are based on the fractiles of a two-sided Gaussian distribution.

is introduced and used to exclude the signal hypothesis. In this sense, one way of
interpreting CLg [47] is that it serves as an approximation of the confidence one might
obtain if the background events could be removed of the sample of selected events.
Strictly speaking, with the above definition CLg is not a confidence level ® but a ratio
of confidences only. By construction, the following inequality holds for reasonable
analyses (when CL;, > CLgy):

1> CL, > CLgyy. (6.8)

The signal hypothesis will be considered excluded at the confidence level CL (e.g. 95%),
if? CLs < 1— CL. As a consequence, the observation of a CLg value smaller than 5%
can be interpreted as an exclusion of the signal hypothesis at the 95% confidence
level. Optimizing an analysis with respect to the selection criteria (cf. Sec. 6.1.1) in
order to obtain the best exclusion limit therefore is equivalent to minimizing the signal
confidence level CLg for background-only experiments and for a specific mass hypothesis
my. It is sufficient to do the optimization for one specific value of my, if that value
is near the expected exclusion limit, which is a few GeV/c? (depending on L;,;) below
the kinematic limit (defined as FE., —myz) for Higgs boson production through ete™ —
HZ. For example, at /s = 183 GeV the HZ analyses in ALEPH have been optimized
for a Higgs boson with a mass of 85 GeV/c?, where the kinematic limit is ~ 92 GeV/c?.
In order to be insensitive to statistical fluctuations of CL, the median value CLmedian

of the distribution of CLg for background-only experiments is minimized.

6.1.5 Selected experimental results

Finally, in this section two important results of the standard model Higgs boson
searches at LEP2 are presented. This also serves the purpose of “seeing Higgs statistics

in action”.

8The consequence of CLg not being a true confidence is that the hypothetical false exclusion rate
is generally less than the nominal rate of 1 — CL.

9In the original publication, but also in [47], this equation reads 1 — CLs < CL, which is wrong
due to a typographical error (< instead of the correct >)
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The first interesting result is the observation of an excess of Higgs boson like events
with the ALEPH detector. Figure 6.4-left shows the values of the test-statistic —21n Q)

20 =

-2InQ
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Figure 6.4: Results of the cut stream analysis with ALEPH data from the year 2000 [51].
Left: The log-likelihood estimator —2In ) as a function of my for the observation (solid
curve) and the expectation for the null hypothesis Hy (dashed curve). The light and
dark grey regions around the background expectation represent the 1 and 20 error
bands, respectively (cf. Table 6.3). The dashed-dotted curve shows the expectation for
the alternative hypothesis H,. For the expected behaviors, the medians of the simulated
distributions are shown. Right: Background confidence 1 — CLy, as a function of my
for the observation (solid), the median for Hy (dashed) and the median for H; (dashed-
dotted). The minimum of the solid curve at my at ~ 116 GeV/c? corresponds to the
observed excess of events, with a significance of 2 30.

as a function of the mass hypothesis iy for the observation and the median '° expecta-
tion for the two distributions for the two hypotheses Hy and H;. The minimum at myg
= 114.5 GeV/c? of the observation (with a value of —2In@Q = —6, i.e. Q = €3) means
that the likelihood of observing this event configuration under the signal+background
hypothesis is at least 20 times higher than observing it under the background-only
hypothesis. When expressed in terms of the background confidence level 1 — CLy, (as
shown in Fig. 6.4-right), where the minimum of the observation is shifted ! to 7y
~ 116 GeV/c?, a probability as low as 1073 is obtained. for observing this or a less

background like event configuration. According to Table 6.3 this corresponds to a

10The median expected confidence level is used rather than the average expected confidence level
because the CL distributions are typically asymmetric, and the medians are less sensitive to the CL
distribution tails.

HThe shift in the minimum is due to the fact that the width of the distribution of —21nQ for Hy
gets quickly smaller for my > 114 GeV/c? (as indicated by the grey bands), thereby pushing Xops
further out into the tail of the distribution. This results in a smaller value of 1 — CLy,.
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significance of more than 3o.

While in the above example the use of the background confidence level as a means
to exclude the background hypothesis was demonstrated (thereby indicating the pos-
sibility of a discovery), in the following an example of the use of the signal confidence
level as a means to exclude the signal hypothesis is given. Figure 6.5 shows the con-
fidence level on the signal hypothesis as a function of my for the combination of the
final results of all four LEP experiments. The intersection of the horizontal line for
CLs = 0.05 with the observed curve at myg = 114.4 GeV/c? is used to define the 95%
confidence level lower bound on the mass of the standard model Higgs boson. The
observed value of CLj is larger than the median expected value in the absence of signal
events (Hy) over the whole mass range shown. This is due to the presence of signal
candidate events in the data with values of the reconstructed mass in the range from

~ 100 — 117 GeV/c? [44].
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Figure 6.5: The ratio CLs = CLg,/CL,, as a function of the test mass my for the final
LEP?2 result [43]. Solid curve: observation; dashed curve: CLM*%2" for the background-
only hypothesis Hy. The dark and light shaded bands around CL™¢d#n correspond to
the 68% and 95% probability bands (approximately the 1 and 20 error bands).
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7.1 The mass of the top quark

At the HEP summer conference in 1993 [52], a value of m; = 162 + 27 GéV/c? was
quoted for the top quark mass as a result of a fit of the standard model parameters
to electroweak data from LEP. Since my is a standard model parameter, it is also
contained in such fits. But in contrast to my, which occurs in a quadratic form, the
dependence on my is only logarithmically (see Eq. 7.7 in the next section). Because of
this, at the time the data were not precise enough to also make a prediction on my.
Instead fits have been done for fixed values of the Higgs boson mass (myg = 300 GeV/c?
for the above result on my). Only after the discovery of the top quark in 1995, when
a reasonable precise measured value for m; was available, it made sense to extract a

prediction for my from the fit — as described in Section 7.3. For the evolution of the
prediction for my; between 1989 and 1995, see Ref. [53].

7.2 Radiative corrections and the mass of the stan-
dard model Higgs boson

In the standard model the mass of the Higgs boson is given by the relation myg = v/2A v,
where v is the known vacuum expectation value of the Higgs field (v = 246 GeV) and
A is the unknown dimensionless quartic coupling constant in the Higgs potential (see
Sec. 2.3). In the same way as the mass of the top quark was predicted before it was
discovered, also the mass of the Higgs boson can be constrained in the context of the
standard model by using precision electroweak measurements.

The starting point is the relation between the Fermi constant G (defined via the

muon lifetime) and the parameters of the standard model:

e’

TR (7.1)

m,; sin? Oy =
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This equation only holds in lowest order of perturbation theory. When quantum effects
are taken into account and when sin? @y, is substituted by its defining relation in the
on shell renormalization scheme, which is sin? Oy = 1 —m?,/m2 (valid in all orders of

perturbation theory), Equation (7.1) changes to

T 1

m%\/ (1 _m%\//m%> = \/EGF (1 — AT)’

(7.2)

where Ar(mg, my,...) parameterizes the so-called radiative corrections. When the
dominant loop corrections are included Ar depends linearly on m? and Inmg. At
LEP1, where my was measured with high precision, (7.2) could be used to give a the-
oretical prediction for myy, with the largest uncertainty coming from my. Since LEP2,
where my was measured, this equation allows to make a prediction for my, because
in the meantime the error on m; has been reduced substantially by the measurement
at Tevatron. In other words, with the experimental values of o, Gr, myz, and mw a
measured value of Arye.s = 0.0355 +0.0019 [15] can be obtained. On the other hand,
in 1-loop approximation Ar, which was first calculated in [54], can be written in the

following way:

2
c
ATy jg0p = At — STWA/) + Arpem(my -..), (7.3)
W
where the abbreviations s, = sin®fy and ¢, = cos?6fy have been used for the

weak mixing angle in the on shell renormalization scheme. Here Ar is split into three
terms, corresponding to pure QED corrections, electroweak corrections from Feynman
diagrams including the W and Z bosons and the remainder part, where also the Higgs

boson contributes. In the following each term of (7.3) is discussed separately.

e A«
This term is defined through the running QED coupling

a(0)

a(s) = T=2a(s) (with «(0) = «a) (7.4)

at the energy scale s = mZ. This is conventionally considered to be the natural
scale, not only for the Z resonance, but for all electroweak observables. The
basic Feynman diagram for this correction (also known as vacuum polarization
or photon self energy) is shown below. All fermions f that couple to the photon
are allowed in the loop. For the running of o fermion one-loop insertions to the
photon propagator are summed together with the photonic Born diagram. In
leading order the QED part of the radiative corrections is given by [55]
Q@

e mz b
Aa(my) = - ;Q?Nf (In m—§ - g) + Aoy, (7.5)
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where Qf is the charge and N is the color factor of the fermion f (Nf = 3 for
quarks and N! = 1 for leptons). The top quark contribution has to be given

a 4 m3
seperately, Aoy = Z , because the light fermion approximation can only

3w 15m
be used if my < my. The contrlbumons from the charged leptons and the top

quark are calculated analytically with the above formulae (improved by including
higher order terms), which is not possible for the light quarks, because their
masses are not known well enough and because there are nonperturbative QCD
effects (e.g. resonances). However, the light quark part Aaﬁ?d can be derived
from experimental data with the help of a dispersion relation, with an error
that is almost completely due to the experimental data. The final result is [56]
Aa = Aageps + Aal”)| + Aay, = 0.03150 + 0.02804 — 0.0000586 = 0.0595 ~ 6%.

o Ap:
In analogy to the previous paragraph, this term describes the running of the
weak couplings, which again is evaluated by inserting fermionic loops to the
propagators (the contribution from gauge boson loops is small and therefore put

into Aryem)-

t,p

W@WW

The net effect is a correction to the masses of the W and Z bosons, which is

different for the two particles, because of the mass splitting between the isospin
dmz  omiy

doublet fields. With the definition Ap 1= —* — —
myz Mw
tions dm% and dm#, are defined in the context of renormalization [55,57]) the

(where the mass correc-

1-loop calculation gives [58]

G 2 2 2
_\f FZNC<m§+m§ 2mims m2>. (7.6)

2 2 2 2
167 ms —mi mj
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Here the sum is over all weak doublets d and m; and msy are the masses of
the members of a doublet. The term in the brackets is symmetric in m; and
my and it vanishes for m; = ms (no mass splitting). For ms > m; it can
be approximated by m3. Clearly the dominant contribution to Ap is from the
doublet (t,b). Its numeric value is Ap; ~ 0.00952 (my/174.3 GeV)? [15], which

gives a total contribution of —3.3% to Ary_jeep.

AT rem:

The one-loop result for Ar contains two large terms: the running QED coupling
(logarithmically enhanced by small fermion masses) and the parameter Ap (en-
hanced quadratically by m?). By convention, all other (small) contributions are
put into the remaining part. In the standard model the coupling of a parti-
cle to the Higgs boson is proportional to the mass of the particle for fermions
and proportional to the mass squared for gauge bosons. Therefore the dominant
correction involving loops of the Higgs particle comes from diagrams like the

following (V. = W or Z):

H
\Y W V V W/WV\A/WW/VVV\/W V
Vv
For my > my the leading Higgs contribution to Ar is [57]
2 211 2
A %_(mm_;{ _ ?) (7.7)
Ar? 120 myy 6

While this expression vanishes for my ~ 122 GeV/c? (where it is no longer a good
approximation) the typical size of Aryey, is 1%, which can be verified as follows:
ATrem ~ ATmeas — A + %Ap = 0.0355 — 0.0595 + 0.033 = 0.009.

w

7.3 Fits of the LEP electroweak working group

Up to now not enough energy was available in experiments to produce real Higgs par-

ticles at their nominal mass. However, in the context of the standard model the Higgs

particle manifests itself at lower energies through quantum effects, as was discussed in

the preceding section. A precise measurements of the masses of the W and Z bosons is

equivalent to a precise measurement of Ar (see Eq. 7.2), which in turn allows one to
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constrain my. This is done by the LEP electroweak working group (EWWG) by com-
bining measurements from several experiments and performing various fits [59]. One
of the aims is to test the consistency of the standard model and to infer information
about its basic parameters. The procedure is as follows: more than 100 measurements
(mainly from the Z resonance) are reduced to 20 precision (pseudo-)observables O;.
They depend on the standard model parameters a(myz), mz, ag, my and my (and
of course on Gp and all fermion masses). Then a x? fit is performed, where the 20
observables are fitted to the most up to date standard model calculations. When y?
is plotted as a function of my (at the best fit values of all other parameters) curves
like the ones shown in Figure 7.1 are obtained (besides showing the fit result, the two
plots, from the years 1996 and 2003, should illustrate the improvement achieved since
the beginning of LEP2). They allow one to predict the Higgs boson mass within the
framework of the standard model. The standard error can be read off the x-axis where
Ax? = 1. The quality of the most recent fit (2003) is x?/d.o.f = 25.5/15 (5 stan-
dard model parameters varied for 20 data points = 15 degrees of freedom), where the
probability for obtaining a y? as large or larger than the observed one is only 4.4%.
When the data-point with the largest contribution to x? is removed from the fit (this
corresponds to the curve denoted “Without NuTeV” in the right plot), the result is
x%/d.o.f = 16.7/14, with a probability of 27%.

Finally it should be mentioned that the results of the fit are correlated. The largest
correlations occur between my, and my (71%) and between my, and Aal?, (—48%).
The signs of the correlations can easily be understood with the help of (7.3). Because
of the different signs of the contributions to Ar, my and my are positively correlated
(an increase in my also increases the best fit value of my). On the other hand, Aozf;)d
contributes with the same sign as my, therefore they are anti-correlated. This is
reflected by the dark dashed curve in Figure 7.1-right, where a smaller value of Aozf;)d
(obtained by a more recent calculation [60]) shifts the Ax? curve to higher values of
my. Because of the smaller error this parabola is tighter. Together with the shift in
the minimum this results in the 95% C.L. upper limit staying practically the same.
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Figure 7.1: Ax? = x? — x2,, vs. my curves of fits of the standard model parameters
to electroweak data from LEP, SLC, Tevatron and NuTeV [59]. The bands along the
curves (dark grey) represent an estimate of the theoretical error due to missing higher
order corrections of the observables calculated in the framework of the standard model.
They are obtained by comparing the results of two fit programs (ZFITTER [56] and
TOPAZO [61]). The vertical bands (light grey) show the 95% confidence level exclusion
limit form the direct search at LEP. Left: the best fit value using all data available
in 1996 was myg= 1277337 GeV/c® with a 95% C.L. upper limit of 465 GeV/c?. This
fit did not include the lower limit on my from the direct search, which was 66 GeV/c?
at 95% C.L. Right: the present best fit value on the Higgs boson mass is my= 91755
GeV/c? (from the solid curve) with a 95% C.L. upper limit of 211 GeV/c?. Again the
fit does not include the lower limit of 114.4 GeV/c? from the direct search at LEP2.

The dashed curves are explained in the text.




Chapter 8 The ATLAS detector at LHC

The Future of Higgs Boson Searches

The Higgs boson has not been discovered at LEP, but particle physicists will not give
up until the question is resolved. If the standard model is not the correct theory for
describing the origin of mass then some “new physics” effects should show up in future
experiments.

In this chapter the short term future of Higgs Boson searches will be described.
Experiments at three accelerators will be mentioned in this context. The accelerators

are:
1. Tevatron: a pp collider presently running at Fermilab
2. LHC: a pp collider under construction at CERN
3. TESLA: an ete™ linear collider not yet approved

LEP has handed over the possibility to discover a Higgs Boson with a mass around
115 GeV/c? to the two experiments CDF and DO presently taking data at the Tevatron
collider at Fermilab. If these experiments are not able to collect sufficient data until
LHC starts it may well be that the experiments at LHC will discover the Higgs boson
first. Though the LHC experiments are capable of finding the Higgs boson over a wide
range of masses (up to 1 TeV), here only the scenario is discussed in which the Higgs
boson mass is below the threshold for the decay H — WTW~. This is motivated by
the observed excess of ALEPH events [51] at a mass around 115 GeV/c?, and by the
fact that fits of the standard model parameters to precision electroweak observables

show preference for a light Higgs boson.

8.1 Tevatron

Tevatron produced its first pp collisions in 1985, but what came to be known as Run 1
only began in 1992. With the data collected in the following years (0.1 fb~!) the two
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experiments CDF and DO were able to announce the discovery of the top quark in
1995.

During Run 1 the injection system was installed in the same tunnel as the col-
lider, which turned out to be a bottleneck by limiting the achievable luminosity to
1.6-10% ecm™2s7!. To overcome this the Main Injector was built as a separate syn-
chrotron (see Fig. 8.1) and commissioned in 1999. In order to be able to increase the
luminosity further (by about a factor of 2) an Antiproton Recycler was added (not

commissioned yet). This device allows one to recuperate the antiprotons left over at

the end of a store and re-use them.

ACCUMULATOR
DEBUNCHER

LINAC
400 MeV P

BOOSTER

Figure 8.1: Layout of the Tevatron collider facility. The Main Injector is delivering
protons and antiprotons at an energy of 150 GeV to the Tevatron.

In March 2001, when the upgrades of the detectors had been completed, Run 2
started at Tevatron. The centre-of-mass energy has been increased from 1.8 TeV to
1.96 TeV. The initial planning expected that each experiment should have collected
1 - 2fb~! of data by the end of the first phase, called Run 2a, at the end of 2004.
This would allow one to exclude a Higgs boson of mass 115 GeV/c? at the 95% con-
fidence level. Present expectations [62] are that the integrated luminosity for 2004
will be in the range 0.25 to 0.38 fb~!, with the lower number including the expected
effects of Recycler commissioning work. Since only 0.3 fb~! have been collected so far

(Aug. 2003), probably also the year 2005 is needed to achieve the Run 2a initial goal.
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After further upgrades, mainly of the antiproton system, and by using more bunches
in order to reduce beam-beam effects the second phase (Run 2b) should fully exploit
the potential of the machine and ultimately collect 15 fb™! per experiment before the
end of the decade. If the Higgs boson exists, then this huge amount of data is needed
to be able to discover it at Tevatron. For this to happen it is crucial that a luminosity
of about 5 - 10%2cm™2s7! can be attained. This is still lower than the initial (low)
luminosity at LHC by a factor of two, but 30 times the luminosity achieved at Run 1.
While the largest cross section for Higgs boson production at the Tevatron is through
gluon-gluon fusion, this channel is hampered by an overwhelming background of QCD
dijet events. Instead the process of associated production, with a cross section that is
about ten times smaller, is used to search for the Higgs particle. Here a Z or W boson
produced through quark-antiquark annihilation radiates a Higgs particle. In the case

of ZH production the decay topologies studied are the same as at LEP2.

CDF PRELIMINARY Runl

95% CL upperllmlts

o(pp - VH) x BR(H - bb) (pb)

-

VH
combined

LEP EXCLUDED

Standard Model |

10 1 L T T T I R
90 100 110 120 130

Higgs Mass (GeV/cZ)

Figure 8.2: Left: CDF results of Higgs boson searches at Tevatron Run 1 [63, 64].
The “VH combined” curve shows the 95% C.L. upper limit on the cross section times
branching ratio for the production of the standard model Higgs boson in association
with a W or Z boson, with the Higgs decaying to bb. The dashed curves give the limits
for the various decay channels of the W and Z. Over the whole mass range shown the
standard model prediction is smaller than the CDF limit by more than a factor of 10.
The LEP exclusion region has been updated to the present limit. Right: Feynman
diagram for associated production of the Higgs particle (V = W or Z).
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With the data taken during Run 1 the CDF experiment obtained the Higgs boson
exclusion limits shown in Figure 8.2. As an example, a Higgs boson of mass 115 GeV/c?
is excluded at the 95% confidence level only if it has a production cross section that is
30 times higher than in the standard model (7.5 pb excluded compared to 0.25 pb in
the standard model). The same factor appears as the increase in luminosity between
Run 1 and Run 2b. However, since the sensitivity is given by s/ Vb, where s is the
number of signal events and b is the number of background events and where both are
proportional to the integrated luminosity L;,;, the sensitivity scales as C:ﬁ . To increase
the sensitivity by a factor of 30 therefore translates to a factor of 900 in increased L,
needed. Extensive studies have been performed [65] to estimate the discovery reach of
the upgraded Tevatron. One of the results is displayed in Figure 8.3. This plot tells,
for example, that the CDF and D0 experiments would have to collect 4 fb~! (15 fb~1)
of integrated luminosity each in order to be able to discover the standard model Higgs
boson with a mass of 115 GeV/c? at the 30 (50) level.

combined CDF /DO thresholds
£ T T T T T T T T

— 50 discovery
—— 30 evidence

_
(@)
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*% 30 b
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g v |
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Figure 8.3: The integrated luminosity needed per experiment at Tevatron Run 2 to
either exclude the standard model Higgs boson at 95% C.L. or to discover it at signifi-
cances of 3o or 5. The width of the bands represent an uncertainty of 30%, the lower
end being the actual threshold.

8.2 LHC

The Large Hadron Collider is a proton-proton collider that is presently being con-
structed at CERN and installed in the former LEP tunnel. It should produce its first
collisions in the year 2007 at a centre-of-mass energy of 14 TeV, initially at a luminosity

of 103 em=2s7! and later at its design luminosity of 103 cm=2s7!,
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Figure 8.4: Left: Expected statistical significance of a standard model Higgs boson
signal as a function of the Higgs boson mass for an integrated luminosity of 100 fb~1
collected with the ATLAS detector [66] (100 fb™! is equivalent to running 107 s at the
luminosity of 103*cm™2s7!). The solid curve gives the combined sensitivity of all the
subchannels. The 50 discovery limit is indicated by the dashed line. Right: Feynman
diagram for the process of gluon fusion of the Higgs boson and the subsequent decay
into two photons. To the first loop all quarks contribute and to the second loop in

addition to the W bosons all charged fermions contribute (with a minus sign relative
to the W’s).

The experiments at LHC are expected to find the standard model Higgs boson (with
a mass in the range from 100 to 1000 GeV/c?) within the first year® of LHC running
at its design luminosity. This can be concluded, for example, from Figure 8.4, which
shows the Higgs search capabilities of the ATLAS experiment.

Should the mass of the Higgs boson be around 115 GeV, as motivated by the excess
of events seen by ALEPH [51], then the highest sensitivity is achieved in the H — ~~
channel (see Fig. 8.4-left), where the Higgs particle is either produced through gluon-
gluon fusion or associated production. The decay H — ~v (Fig. 8.4-right) is a rare
decay mode with a clean signature, but useful only over a limited higgs boson mass
range (100 — 150 GeV/c?). The maximum branching ratio is 2.2 - 1072 for myg = 130
GeV/c2. Below this mass the dominant decay mode is H — bb, but that channel is only

'In the context of CERN colliders one year of running actually means 107 seconds.
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Figure 8.5: This is how a signal from a Higgs boson with mass 120 GeV/c? and recon-
structed in the H — 77 decay channel would look like with 100 fb~! of data collected
with the ATLAS detector. Left: the signal is on top of the irreducible background
from prompt photons. Right: the background has been subtracted.

useful if the Higgs particle is produced together with another particle (W, Z or tt),
that can easily be tagged. Figure 8.5 shows that a typical general purpose detector at
LHC (with excellent energy and angular resolution of the electromagnetic calorimeter)
should be able to observe a clear Higgs mass peak above the background of the prompt

~vv continuum if the collider can run for one year at its design luminosity.

8.3 TESLA

If LHC finds the Higgs boson or some other new physics in the energy range up to 1 TeV
then very likely the next accelerator to be built will be an ete™ linear collider. This
machine should then be able to perform precision measurements of the new phenomena
in the same way as it was the case with LEP2. At the moment there are several
competing projects: TESLA/DESY, JLC/KEK, NLC/SLAC and CLIC/CERN. The
main differences are in the type of cavities used (copper versus superconducting), and
their operation frequency (from 1.3 to 30 GHz), in the acceleration gradient (24 — 150
MV/m), in the maximum centre-of-mass energy (0.8 — 5 TeV). and in the luminosity
(which is a function of the energy). One of the more advanced projects is TESLA. It
uses superconducting cavities operating at 1.3 GHz and having an accelerating gradient
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of 24 MV/m. When running at the maximum energy of 800 GeV a luminosity of
5-10%* em 25! should be achieved. As an example of the superior signal to background
ratio of eTe™ colliders compared to hadron colliders, Figure 8.6 shows an invariant mass
distribution of the standard model Higgs boson as expected at TESLA (to be compared
to Fig. 8.5).
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Figure 8.6: This plot [67] shows a simulation of the u*p~ recoil mass distribution of
background and the signal process ete™ — HZ — XuTu~ for my = 120 GeV/c? with
500 fb~! at /s = 350 GeV at the planned TESLA linear collider.

Simply stated, the roadmap for the next two decades is: the hadron colliders should
reveal some new physics phenomena so that the next linear collider can be tuned to
do precision studies of those new findings.

So when asked: what does “find the Higgs” mean, it should be clear that observing
a bump in a v, 4¢ or bb invariant mass distribution is hardly sufficient. The Higgs
boson is the agent responsible for electroweak symmetry breaking and fermion mass

generation. It has a rich structure that must be confirmed by experiment.
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A Higgs Boson Candidate Event
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Figure A.1: A Higgs boson candidate event as seen with the ALEPH detector when
looking along the beam line. This event has been recorded in the year 2000 (run #
54698, event # 4881) and contributes to the excess of events [51] at a reconstructed
Higgs boson mass of ~ 114 GeV/c? observed in the data of that year. It has been selected
by the four-jet analysis and can be interpreted as ete~™ — HZ — bbqq, because two of
the jets are well b-tagged and the invariant mass of the other two jets is 92.1 GeV/c?,
consistent with myz. The reconstructed Higgs boson mass of this event is 114.3 GeV/c?.
In the inset shown at the lower right side one can see the two displaced vertices of
the b-jets. One of these jets contains an identified muon, which is an indication of a
semileptonic B-hadron decay. The inset at the upper right corner shows the energy
depositions of the four jets in a so-called world map view (coordinates ¢ cosf, 6).



Appendix B
The Waldegrave Challenge

e What is the Higgs boson, and why do we want to find it?
e Whoever answers this on one side of a single sheet of paper
will be awarded a bottle of Champagne.

In 1993, the then UK Science Minister, William Waldegrave, issued a challenge to
physicists to answer the questions "What is the Higgs boson, and why do we want to
find it?” on one side of a single sheet of paper. Bottles of champagne were awarded
to the five winning entries at the annual meeting of the British Association for the

1

Advancement of Science. The following contribution ' is one of the winning entries

(taken from Physics World Vol. 6, #9).

1. The Higgs Mechanism
Imagine a cocktail party of political party workers who are uniformly distributed across
the floor, all talking to their nearest neighbours (Fig. B.1). The ex-Prime Minister

Figure B.1: To understand the Higgs mechanism, imagine that a room full of people
quietly chattering is like space filled only with the Higgs field ...

By David Miller, Department of Physics and Astronomy, University College, London, UK.
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enters and crosses the room (Fig. B.2). All of the workers in her neighbourhood are
strongly attracted to her and cluster round her. As she moves she attracts the people
she comes close to, while the ones she has left return to their even spacing (Fig. B.3).
Because of the knot of people always clustered around her she acquires a greater mass
than normal, that is she has more momentum for the same speed of movement across
the room. Once moving she is hard to stop, and once stopped she is harder to get
moving again because the clustering process has to be restarted.

Figure B.2:

a famous person walks in, cre-
ating a disturbance as she moves
across the room, and attracting a
cluster of admirers with each step ...

Figure B.3:
this increases her resistance
to movement, in other words, she
acquires mass, just like a particle
moving through the Higgs field ...

In three dimensions, and with the complications of relativity, this is the Higgs
mechanism. In order to give particles mass, a background field is invented which
becomes locally distorted whenever a particle moves through it. The distortion - the
clustering of the field around the particle - generates the particle’s mass. The idea
comes directly from the physics of solids. instead of a field spread throughout all space
a solid contains a lattice of positively charged crystal atoms. When an electron moves
through the lattice the atoms are attracted to it, causing the electron’s effective mass
to be as much as 40 times bigger than the mass of a free electron.

The postulated Higgs field in the vacuum is a sort of hypothetical lattice which
fills our Universe. We need it because otherwise we cannot explain why the Z and W
particles which carry the weak interactions are so heavy while the photon which carries
electromagnetic forces is massless.
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2. The Higgs Boson

Now consider a rumour (Fig. B.4) passing through our room full of uniformly spread
political workers. Those near the door hear of it first and cluster together to get the
details, then they turn and move closer to their next neighbours who want to know
about it too. A wave of clustering passes through the room (Fig. B.5). It may spread
to all the corners or it may form a compact bunch which carries the news along a line
of workers from the door to some dignitary at the other side of the room. Since the
information is carried by clusters of people, and since it was clustering that gave extra
mass to the ex-Prime Minister, then the rumour-carrying clusters also have mass.

Figure B.4:
. if a rumour crosses the room ...

Figure B.5:
it creates the same kind of
clustering, but this time among
the people themselves. In this
analogy, these clusters are the Higgs
particles.

The Higgs boson is predicted to be just such a clustering in the Higgs field. We
will find it much easier to believe that the field exists, and that the mechanism for
giving other particles is true, if we actually see the Higgs particle itself. Again, there
are analogies in the physics of solids. A crystal lattice can carry waves of clustering
without needing an electron to move and attract the atoms. These waves can behave
as if they are particles. They are called phonons and they too are bosons.

There could be a Higgs mechanism, and a Higgs field throughout our Universe,
without there being a Higgs boson. The next generation of colliders will sort this out.
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