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Abstract

An analysis has been designed to find Charged Higgs events with the DELPHI
detector at LEP200 assuming B(H* — 7v,) = 1.

Simulations show that if most of the runs are done with /s = 192 and
300 pb~! is collected as planned, the present mass limit can be lifted about
30 GeV to 75 GeV. Discovery is possible if the mass is lower than 58 GeV.

The best energy to look for a Charged Higgs is just below W-pair thres-
hold at /s &~ 160 GeV. At higher energies the irreducible background from
W-pairs is comparable to the signal.

During the autumn 1995 5.9 pb~! were collected with the DELPHI
detector at /s = 130 — 136 GeV. These data, the P3-data, are analyzed
and zero Charged Higgs candidates are found. This result does not improve
the present mass limit.
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1 Introduction

In 1932 physicists knew of four elementary particles, the proton, the neutron,
the electron and the photon. Twenty years later the number was fifteen and
during the fifties it continued to grow. The situation resembled the one in
the 19th century when most of the chemical elements were discovered. There
was a need for a systematic classification, something like Mendeleevs periodic
table.

In 1960-61 Murray Gell-Mann and Yuval Ne’eman independently discov-
ered that the particles could be assigned to multiplets with eight and ten
members. Gell-Mann saw that in one of these multiplets there was an empty
space and predicted the existence of {27, a particle with spin % and certain
decay channels. It was discovered in 1964 with the correct properties.

The underlying structure of this classification scheme is the structure of
the symmetry group SU(3)[1]. By studying decays it could be deduced in
which multiplets the particles belong. There is a close connection between the
branching ratios and the Clebsch-Gordan coefficients, the numbers describing
the relation between the various multiplets.

What Gell-Mann and Ne’eman had done was to find the symmetry of
the system. When the symmetry was discovered predictions could be made
about which decays were legal and which were not. Also, when there was an
incomplete multiplet one knew that there were particles yet to be discovered.
Finding the symmetry has become the ultimate question in particle physics.

Today, the particles considered as elementary are the quarks and the
leptons. All the particles discovered in the fifties and sixties are formed by two
or three quarks. In addition there are gauge bosons which mediate the forces
relevant when looking at the microscopic world, that is the electromagnetic,
the weak and the strong force.

For several reasons it is widely believed that the interactions are described
by a gauge theory[2, 3], a theory defined by a symmetry. The basic idea be-
hind this theory is that the interactions are invariant under certain gauge
transformations. However, this assumption leads to the problematic predic-
tion that all particles have zero mass, and this is indeed not in agreement
with experiments or everyday experiences. Another problem is that at high
energies certain processes have a probability above one.

The Higgs mechanism invented by Peter W. Higgs gives a solution to
both these problems. In a very elegant and simple manner it gives masses
to the particles and no processes have probabilities above one. Following the
introduction of a Higgs field comes the prediction of Higgs bosons.

It is not given what the Higgs field should look like. Various choices give
different numbers of Higgs particles. Except for the simplest choice with one



doublet there will be charged Higgs bosons, H*. The subject of this thesis
is how to search for these particles using the DELPHI detector at LEP200.
More specifically it is a search for charged Higgs particles decaying only to
taus and tau-neutrinos.

LEP is the Large Electron Positron accelerator situated at CERN, the
European Laboratory for Particle Physics, in a 27 km long tunnel. It was
built during the 80’s mainly to produce Z%s, and with an energy of 91
GeV it is the worlds largest electron-positron collider. The tunnel houses
four independent experiments: DELPHI, OPAL, L3 and ALEPH. Norwegian
physicists are members of the DELPHI Collaboration.

As this is written an upgrading of LEP is in progress, one is going from
LEP1 to LEP2. The energy is increased up to 192 GeV with intermediate
running at 130-136 GeV, 161 GeV and 175 GeV. The runs at 130-136 and 161
GeV are completed but only the 130-136 GeV data are available for analysis.

According to the Particle Data Group[4] the highest 95% confidence mass
limit obtained so far is the limit published in [5] by the DELPHI Collabora-
tion. For a charged Higgs with B(H* — 7v,) = 1 it is 45.4 GeV, with no
assumptions about the decay it is 43.5 GeV. The second and the third best
limits are obtained by two of the other LEP experiments, L3 and ALEPH.
L3 has excluded masses up to 44 GeV with B(H* — 7v,) > 0.4 and up to
41 GeV for arbitrary B(H* — 7v,)[6]. ALEPH has for B(H* — tv,) =1 a
limit of 45.3 GeV and for arbitrary B(H* — 7v,) 41.7 GeV|[T].

The first sections in this thesis are intended to give some understanding
of the Higgs mechanism, they give the motivation for doing Higgs searches.
Then a brief discussion of the DELPHI detector is given so that one can get
a feeling for the process of event reconstruction.

After these opening sections the analysis can be presented. The inten-
tion is not only to give a description of the analysis but also to give some
understanding of the ideas behind it. The subsequent examination of the
results from simulations is also meant to illustrate how the analysis works.
Finally the data accumulated at 130-136 GeV (also called the 95-P3 data)
are treated.



2 The Higgs Mechanism

It is an amazing fact that the couplings of the Standard Model can be derived
only by demanding what is called local gauge invariance. As an example of
gauge invariance one can study the electromagnetic interactions.

In the absence of external forces fermions obey the relativistic Dirac equa-
tion

(199, — m)(x) = 0. (1)
Demanding local U(1) invariance means that the transformation
() = ¥/ (1) = e (a) 2)

should leave (1) invariant where f is an arbitrary function. It is quite obvious
that this is not the case unless something more than transforming the field
is done. The solution is to substitute the derivatives:

Ou = Dy = [0 + igAu(2)] (3)
and let the gauge field A transform as
Ay (x) — A'u(x) = A,(z) + 0,f(x). (4)

(1) becomes

(ifyuau - m)w(l") = —67“14u¢(33)- (5)
The coupled transformation (2) and (4) is referred to as a gauge transfor-
mation and (5) is gauge invariant. If ¢ = —e and A is interpreted as the
electromagnetic potential this is nothing else but the equation for the elec-
tron in an electromagnetic field which is the basis for QED (quantum electro
dynamics). Technically speaking q is the generator of a U(1) symmetry group
of electromagnetic interactions.

Electromagnetism and weak interactions are unified in what is called the
electroweak theory([8]. This theory is invariant under SU(2);, x U(1)y trans-
formations. SU(2),, invariance means invariance under rotations in the weak
isospin space while U(1)y invariance means that phase transformations like
(2) with the hypercharge, Y, as the generator, should leave the physics unal-
tered. If one starts with (1) and demands that the physics should be invariant
under SU(2);, x U(1)y the electroweak theory emerges just as QED did. If
in addition invariance under rotations in colour space is imposed, the strong
interactions are added to the theory.

The problem arising when requiring gauge symmetry in the electroweak
sector, is that masses are forbidden as they break the symmetry. In other



words, no particles can have masses. This is not at all in agreement with
what we see.

So, why don’t we discard the symmetry and allow the masses? One reason
for not doing this is that gauge invariant theories are renormalizable[9], i.e.
infinities appearing when higher order terms are included can be removed in
a systematic way.

Symmetries are best discussed in the framework of Lagrangian field theory[10].
Different terms in a Lagrangian are interpreted as interactions, kinetic en-
ergies, potential energies and finally mass terms. In a gauge theory mass
terms like %mAuA” are forbidden because they break the symmetry. Given
the Lagrangian, £, as a function of the fields ¢,(x) the field equations are
derived by substituting for £ in the Euler-Lagrange equations
where ¢, , =

oL 9 (oL _. 6
0¢, Ozt \ 09, N
— Oxk-”

Before entering the mathematics of the Higgs Mechanism it is appropriate
with an analogy. Consider an infinitely extended ferromagnet. The equations
describing this system are invariant under rotations. In the ground state all
the elementary spins are aligned in a particular direction. This direction is
arbitrary and the system does not have a rotational symmetry.

The point is that one particular state is not invariant under rotational
symmetry while the equations describing the system are. This is what is
going on in the Higgs mechanism. A new field possessing the SU(2); x
U(1)y symmetry is added. Then a particular ground state is chosen and the
symmetry is thereby broken. This is called spontaneous symmetry breaking.

As the mathematics of local SU(2);, x U(1)y symmetry breaking is rather
complicated a much simpler example will be used to illuminate the process,
the spontaneous breaking of a U(1) symmetry. Consider the Lagrangian of
a complex scalar field ¢ = (¢ + idy)/V/2:

L = (0.0)"(0"¢) — 1’¢"¢ — M¢"¢)’ (7)

As shown above we now demand this Lagrangian to be invariant under
U(1) transformations so that the result is a U(1) gauge invariant Lagrangian:

= 9¢r

L= (0" +ieAP) " (9, — ieA)d — 126" — A(6')? — i L ER(8)

where F),, = 0,A, — 0,A,. The last term, a kinetic energy term, is not
necessary to restore the symmetry, but if we look at A as a physical field,
the kinetic energy should be added, and it does not break the symmetry.



The potential of (7) is V(¢) = p*¢*d + A(¢*$)?. Now assume that A > 0
and p? < 0. Then there is a circle of minima in the ¢;, ¢, plane with radius
v where

2 M
= . 9
v ) 9)

¢ = 0 does not represent an energy minimum. It is natural to write the
potential as fluctuations around a minimum, so a change of variables is done.
However, as there is a circle of minima a particular choice of ground state
has to be chosen. This is the symmetry breaking. As there is no preferred
choice of direction one might as well use ¢; = v and ¢, = 0. The field can
now be written as

olx) = @w + h(a))e (10)

¢ can be thought of as a vector in the complex plane with length v + h.
The angle between the real axis and the vector is §/v. As the potential is
invariant under rotations the physics should be independent of 6, and this is
indeed the case.

The thing now is that there is no difference between giving 0(z) a certain
value in (10) and doing the transformation (2) with f(z) = 6(z). That is,
one of the degrees of freedom corresponds to the freedom to make a gauge
transformation. When this is discovered the gauge field must undergo the
appropriate transformation, that is the transformation corresponding to the
transformation ¢ — €(®)/v¢p:

1
Ay = Ayt —0,0 (11)

The resulting Lagrangian is

L= %(8,&)2)\7)2h2+%eQ7)2Ai)\7)h3%)\h4+%eQAih2+ve2Aih%FWF”“.
(12)

Here we have a massive scalar h with m = v/2Av? and most important,
the gauge field has acquired a mass m = ewv.

The spontaneous breaking of the SU(2) x U(1) invariance is done in the
same way, except that a Higgs doublet or more complicated Higgs represen-
tations has to be used instead of a singlet. Fermions are given masses by
adding a coupling term between the Higgs doublets and the fermion fields.

It is not obvious that the Standard Model is renormalizable with this

spontaneously broken symmetry. The proof by 't Hooft was not completed
before 1971.



3 The Charged Higgs

When the SU(2);, x U(1)y symmetry in the electroweak sector of the Stan-
dard Model is broken with one Higgs doublet, one neutral Higgs particle is
introduced. So, where is the charged Higgs?

Only one doublet is needed to break SU(2);, x U(1)y. However, there is
no reason not to introduce a more complicated Higgs sector. This will result
in phenomena like the charged Higgs.

There are a few theoretical arguments that place some general constraints
on the Higgs sector. First, it is an experimental fact that p = M3, /(M2 cos? 6,,)
is very close to one. In the standard model this value is determined by the
Higgs sector, and with one doublet p = 1 automatically. However, this is
also true for any number of singlets and doublets[11].

The second constraint is the severe limits on flavour-changing neutral
currents (FCNC). A theorem of Glashow and Weinberg[12] states that in a
model with more than one doublet FCNC’s are absent if all fermions of a
particular charge couple to only one doublet.

A third requirement of the Higgs sector is that high-energy divergences
of processes like WHTW~ — WHW ™ must be canceled out.

In this thesis the charged Higgs of a model with two doublets will be
considered. Attractive features of a two-doublet model are:

e The low number of parameters.

e p is automatically equal to one.

e [t is easy to choose couplings so that FCNC'’s are absent.

e The high-energy divergences in the Standard Model are canceled out.

In the previous section U(1) symmetry was broken by the help of a Higgs
singlet. As the singlet is complex it contains two degrees of freedom. Gauge
invariance was established by introducing one gauge field. As was shown,
one of the degrees of freedom corresponded to the freedom to make a gauge
transformation, and did not result in any particle. In the Standard Model,
when breaking the symmetry in the electroweak theory, a doublet with four
degrees of freedom is used. Four gauge fields are needed for SU(2);, x U(1)y
gauge symmetry. However, U(1) symmetry is retained for the electromag-
netic interactions (U(1)en, is a subset of SU(2);, x U(1)y) leaving the photon
massless. Only three of the degrees of freedom are absorbed by the gauge
fields, and one Higgs particle emerges.

Using two Higgs doublets instead of one gives four extra degrees of free-
dom, the total is five. This gives a much richer particle content. Three



neutrals, A°, H° and A", and finally two charged Higgs particles, H*, with
equal mass.

As the charged Higgs bosons have equal mass, there must be another
degree of freedom in addition to the masses. This is the ratio between the
vacuum expectation values of the two Higgs doublets, usually denoted by
tan (3.

In order to remove FCNC'’s it suffices to make all fermions with a particu-
lar charge couple to one doublet only. However there are still several choices
of couplings to the fermions. One possibility is to let all the fermions couple
to only one of the Higgs doublets. This is what is denoted as Model I in [13].
Another choice is to let ¢; couple to down-type quarks and leptons and ¢,
to up-type quarks and neutrinos. This is denoted as Model II.

The expression for o+ used in this thesis is independent of which of the
two models is used. The coupling between Higgs particles and gauge bosons
are the same. What is model dependent are the couplings to fermions.

As an example, consider the term in the Lagrangian describing the inter-
action between charged Higgs bosons and fermions. In Model I it is given
by

gcot 8
2v2 My,
and in Model II by

(HTU[MyK (1 — ~5) — KMp(1 +75)]D + h.c.)

ﬁ(mmcat BMyK (1 — ) + tan BKMp(1 + 75)]D + h.c.).
where h.c. means hermitian conjugate terms. K is the CKM mixing ma-
trix (Cabibbo-Kobayashi-Maskawa), Mp and My are diagonal mass matrixes
for respectively down-type quarks (leptons) and up-type quarks (neutrinos).
K =1 for leptons. One can see that the couplings are proportional to the
masses which is typical for all Higgs couplings. In Model I tan § is deter-
mining the strength of the coupling to fermions and the tan 8 dependence is
the same for all the couplings. In Model II the dependence is related to the
masses. For the coupling between a charged Higgs and a pair of fermions,
large tan § favours heavy down-type quarks (leptons), small tan 3 favours
heavy up-type quarks (neutrinos).

This means that by giving tan 3 a value that is large enough the branching
ratio of the charged Higgs to the heaviest kinematically allowed lepton and
the corresponding neutrino will be larger than the branching ratio to any
quark pair given that the heaviest allowed down-type quark is lighter than
the lepton. Even though the b-quark is more than twice as heavy as the
T-lepton, as long as the t-quark is not allowed large tan § will give large
branching ratios to 7v,. The reason is that the bc decay is suppressed by



the CKM matrix. Small tan § will give large branching ratios to cs. This
thesis is treating charged Higgs particles with B(H — 7v) = 1 and as this
discussion has shown this is equivalent to large tan 4 in Model II.

A theory given much attention in recent years and which some have con-
sidered as promising, is Supersymmetry[13]. The minimal version, The Min-
imal Supersymmetric Extension of the Standard Model (MSSM), contains
two Higgs doublets and the Higgs-fermion couplings are those of Model II.
The cross section for charged Higgs production in an ete™ collider is the
same as the one derived in appendix A.

In a supersymmetric model the number of free parameters in the Higgs
sector is lower due to the additional symmetry. Without supersymmetry
there were five parameters, the Higgs masses and tan 5. In the MSSM model
there are two. Usually tan f and My+ are adopted as the independent pa-
rameters. The other masses are functions of these.

Specifically the mass of A° is related to Mpy+ by

M2 = M2y — M2,

This means that the mass of the charged Higgs must be greater than the
mass of the W. As A° has been excluded up to masses of 22 GeV, the limit
is even higher. A discovery of a charged Higgs with a mass below 83 GeV
therefore eliminates MSSM as a possible theory.

As an experimentalist one should not be overly concerned with which
theory one is trying to confirm or reject. This search should be looked at
simply as a search for a charged scalar with B(H* — 7v) = 1, not as a
search for the charged Higgs of a Model II of a two-doublet Higgs Sector. If
a charged scalar is found, it could as an example equally well be a techni-
pion[14]. One can never know for sure what the theory should be like, but
the inspiration for doing this search comes from the Higgs models containing
charged Higgs bosons.
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Figure 1: The Delphi Detector.

4 The DELPHI Detector

DELPHI[15], a DEtector with Lepton, Photon and Hadron identification,
is one out of four detectors operating at LEP. It is a 47 detector designed
with emphasis on particle identification, but at the same time it is a general
purpose detector.

The detector is installed in a cavern 100 m below ground. It can be
divided in two parts, the cylindrical barrel and the endcaps. See figure 1 for
an overview of the whole detector. The endcaps can be moved parallelwise

The barrel covers the polar region from 45° to 135° while the endcaps
cover the regions 10° — 40° and 140° — 170°. In the intermediate regions
the detection is incomplete and this represents a weakness of the DELPHI
detector. New subdetectors have been installed to improve on this, but
detection in this polar region is still a problem. For a description of the
performance of the DELPHI detector, see [16].

In the descriptions given below, terms like “drift chamber”, “Multi Wire
Proportional Chamber” or “Silicon Strip Detector” will not be explained.
See [17] for an introduction to the various detector types.



R [cm] 2| [em] | 0 [deg]
Vertex Det. | 6.3/9.0/11.3 | 12 11-169
ID: jet 11.8-22.3 < 105 15-165
ID: trigger | 23-28 <105 15-165
TPC 35-111 <134 20-160
oD 198-206 < 232 43-137
B-Muon ~ 445 < 185 52-138

~ 485
F-CHA 30-103 155-165 | 11-33
F-CHB 53-195 267-283 | 11-35
F-Muon 70-460 463 9-43

500

Table 1: Regions covered by the tracking detectors.

4.1 The Superconducting Solenoid

Determination of charged particles momenta in the DELPHI detector is based
on measurements of the curvature of the particle trajectories which is a result
of the magnetic field produced with the solenoid. The solenoid has a length
of 7.4 m and an inner diameter of 5.2 m. The current of 5000 A sets up
a magnetic field in the beam direction of 1.2 T. The azimuthal variation is
negligible and the radial component is < 5 G, requirements necessary for
good track reconstruction. The solenoid is cooled by liquid helium at 4.5 K.

4.2 Tracking Detectors

This section gives a brief description of the tracking detectors, that is the
detectors used for track reconstruction. Table 1 gives an overview of the
regions covered.

Vertex Detector The main purpose of this detector is to provide maximum
R¢-resolution, in particular for the study of heavy flavour physics. It
consists of three concentric shells of Si-strip detectors at radii of 6.3
(Closer), 9.0 (Inner) and 11.0 (Outer layer) cm which cover the central
region over a length of 24.0 cm. Each shell consists of 24 modules with
four detectors along z. The resolution is 5um for single tracks and the
double track separation is less than 100um.

In order to increase the angular angle acceptance endcaps are added
to the VD before LEP200 runs[18]. They are called the Very Forward
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Tracker (VFT). Motivations for doing this are that the channels with
the largest cross sections (f fv, 7y channels) are peaked in the forward

direction and Higgs searches require good hermeticity. The VF'T cover
the polar angles 11° — 25° and 155° — 169°.

The space point resolution is expected to be better than 70um and the
angular resolution better than 1 mrad.

Inner Detector The ID is made up of two concentric parts, an inner drift
chamber and 5 straw tube detector layers. The straw detector was
installed in 1995 substituting MWPC’s[19, 20].

The drift chamber has jet-chamber geometry with 24 points in R — ¢.
It is divided into 24 azimuthal sectors. It has a single wire precision
of 85 pm and local track element precisions of o(R¢) = 40 pum and
o(¢) = 0.89 mrad.

The straw detector has a length of 2.1 m and consist of 5 concentric lay-
ers. Each layer has 192 straw tubes. It provides R¢ measurements used
in triggering and for solving left /right ambiguities in the jet-chamber.

Time Projection Chamber The TPC is the principal tracking device of
the DELPHI detector. It extends radially from 35 to 111 ¢m and to
2| = 134 cm in 2z giving a polar acceptance of 20° to 160°.

At 2z = 0 there is a high voltage plane dividing it into two drift cham-
bers. At the endcaps there are MWPC’s consisting of 6 sector plates
with 192 wires. The drift velocity is 66.94 +0.07 mm/us and the num-
ber of ionized electrons is about 70 per cm of gas. The MWPC’s can
provide up to 16 space points for a non-looping particle.

The R¢ resolution is in the range 180-280 um (depending on ¢ and
z), in z it is about 900 um. The TPC also provides a measurement of
dE /dx with a resolution of o = 5.8% for muons at 45 GeV and 7.5%
for pions between 280 and 400 MeV.

Outer Detector The OD was introduced in order to improve the momen-
tum resolution in R¢. It also gives some trigger information.

It is composed of 24 modules, each covering a 15° sector in ¢. Every
module contains 145 drift tubes in 5 layers. The OD is shaped as a
cylinder with radii of 198 and 206 cm and length 464 cm giving a polar
acceptance of 43° to 137°. The structure provides 5 space points in R¢
and 3 in z.

The resolutions are 300 ym in R¢ and 4.4 cm in z.

11



The Muon Chambers In DELPHI there are three muon chambers, The
Barrel Muon Chambers (MUB), The Surround Muon Chambers (SMC)[21]
and the Forward Muon Chambers (MUF). They constitute the outer
layer of the DELPHI detector.

The purpose of these detectors is to detect muons and to know that they
really are muons. They exploit the fact that muons have the unique
ability of penetrating the iron of HCAL, they are the only particles
reaching these detectors.

The MUB, SMC and MUF cover a polar angle of 52° — 128° 40° — 50°
(130° —140°) and 10° — 43° (130° — 140°), respectively. The SMC were
installed in 1994 to close the gap between the MUB and MUF. All the
muon chambers are drift chambers.

The accuracy for the MUB is Imm in R¢ and 10mm in 2. In the MUF
the coordinates of a hit are determined with an uncertainty of 5mm, in
the SMC with an uncertainty of lcm.

Forward Chamber A (FCA) and Forward Chamber B (FCB) These
detectors provide powerful tracking in the forward region. They are
both streamer chambers. Their space resolution is about 150 um.

4.3 Calorimetry

In DELPHI there are three types of calorimeters, the electromagnetic calorime-
ters, the hadronic calorimetry and the electromagnetic calorimeters for Bhabha
events in the forward region. The last category is used for luminosity mea-
surements. Table 2 shows the acceptance of the calorimeters.

When the luminosity is to be determined the defining equation N = o - L
is used. N is the number of events, o is the cross section and finally £ is
the luminosity. As the cross section for Bhabha scattering is calculable from
theory this channel is well suited for luminosity measurements. In addition
the cross section is very large in the forward direction, and the luminosity
can therefore be determined with small uncertainties.

High Density Projection Chamber (HPC) The purpose of the HPC is
to measure the three-dimensional charged distribution induced by elec-
tromagnetic showers with high granularity in all coordinates. This
allows detection of e.m. showers and thereby separation from hadrons.
As one of the first the HPC utilizes the time-projection principle for
calorimetry.

12



R [cm] 2| [cm] | 0 [deg]
HPC 208-260 < 254 43-137
FEMC 46-240 284-340 | 10-36.5
STIC 6.5-42 220 29-185 mrad
VSAT ~6—9(z|) | 770 5-7 mrad
HCAL B. | 320-479 < 380 10-170
HCAL F. | 65-460 340-489

Table 2: Regions covered by the calorimeters.

In the HPC there are 41 walls spaced by 8mm gas gaps. Each wall
is formed by thin lead wires glued to both sides of a fiberglass-epoxy
support. A voltage gradient between neighbouring wires sets up a drift
field. At one end of each module there is a single proportional wire
plane reading out the ionization charge.

The HPC detector covers the barrel area inside the magnetic field with
144 separate modules using a segmentation of 24 in azimuth and 6
along z. The polar angle coverage is 43° to 137°

Forward Electromagnetic Calorimeter (FEMC) The FEMC consists
of two 5 m diameter disks with a total of 9064 glass blocks. They cover
polar angles 10° — 36.5° and 143.5° — 170°. The lead glass counters are
read out with vacuum photo triodes.

The energy resolution for Bhabha events was 4.8% in the 1994 data.

Hadron Calorimeter (HCAL) The barrel part of HCAL covers polar an-
gles between 42.6° — 137.4°, the endcaps 11.2° — 48.5° and 131.5° —
168.8°. The barrel consists of 24 sectors with 20 layers of detectors.
For each layer there are 5 cm iron plates making muons the only par-
ticles passing HCAL. The endcaps contain 19 layers constructed in a
similar manner. The detectors are wire chambers which consist of a
plastic cathode froming 8 cells of 9 x 9 mm? with one anode wire in
each.

Performance studies on Z° events show that there is a good linearity
between the energy measured in HCAL and the momentum obtained
from the TPC for particles with energy up to 10 GeV. The resolution
in HCAL is determined to 120%/v'E.

Small Angle Tile Calorimeter (STIC) The STIC|22, 23] provides calori-
metric coverage in the very forward direction. It was installed in 1993
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replacing the SAT, the Small Angle Tagger. This was done because of
the need for more accurate luminosity measurements, and the physics
at LEP2 sets up new requirements. To be more precise, there was a
gap in the polar coverage between the FEMC and the SAT. With the
STIC installed there is no gap, and it also covers smaller polar angles
than the SAT did.

The STIC is a lead-scintillator calorimeter where the light produced by
the electromagnetic showers in the scintillators is carried to the photo
detectors at the back of the calorimeter by means of plastic fibers. It
is formed as two cylinders placed at |z| = 220 cm covering the angular
region 29-185 mrad. It extends from 6.5 to 42 ¢m in radius.

Originally there was a tungsten mask in front of the STIC so that the
acceptance could be determined very accurately. It has been removed
in 1996 before the upgrading of LEP to LEP1.5.

Very Small Angle Tagger (VSAT) VSAT is used for fast monitoring of
both luminosity and machine operation. The arms are placed at |z| =
7.7 m and cover polar angles 5-7 mrad. They consist of 12 wolfram
plates interleaved with silicon detectors. In addition there are three
silicon planes inserted after 5,7 and 9 radiation lengths.

4.4 The DELPHI Ring Imaging Cherenkov Counter
(RICH)

This detector was installed into DELPHI in order to provide particle iden-
tification. There is a barrel RICH and a forward RICH. It relies on the
Cherenkov effect: particles going through matter with velocity higher than
the speed of light (the speed of light in the medium in which the particle
goes) radiate photons.

In both the barrel and the forward RICH there are two media, gas and
liquid. The threshold Lorentz factors of the media in the barrel are v = 15.9
and v = 1.6, in the endcaps 7 = 18.3 and v = 1.6. The inner layer is the
liquid radiators, then there is a drift tube and as the outer layer one has the
gas radiators. The photons from the gas radiators are reflected back towards
the drift tube with the aid of mirrors.

The angle between the direction of the radiated photons and the direction
of the particle is a function of the particles speed. When the momentum is
measured in the tracking system the radiation angle for various particles are
calculated. When the angle has been measured one knows the identity of the
particle. If there is no Cherenkov radiation one can exclude particles with
masses lower than some limit.
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5 Charged Higgs Events

In section 3 it was explained how the charged Higgs emerges as a result of
adding an additional Higgs doublet. Below a description is given of the events
we are looking for, that is what is happening with the charged Higgs bosons
after they have been formed in an electron-positron annihilation. When the
analysis is to be designed it is crucial to have exact knowledge of what one is
searching for. To ease the reading, in the rest of the thesis a charged Higgs
is sometimes referred to only as a Higgs.

5.1 The Topology of Higgs Events

With a branching ratio B(H* — 7v,) = 1 the Higgs events are quite simple
and easy to classify. The most important decay channels of 77— are

wo v, 17.7%

e vy, 18.0%
e h~ > 0 neutrals v,, 49.8%

2h~h* > 0 neutrals v,, 14.4%

where h* stands for 7% or K*[4].

From these numbers one finds that in 73% of the events there will be two
charged particles, in 25% there will be four charged particles and in 2% there
will be six charged particles. In other words, Higgs events are low multiplicity
events.

In a Higgs event there will always be at least four neutrinos. Two from
the decays of the Higgs particles and at least two from the tau decays. If
the taus decay to leptons there can be up to six neutrinos. In other words
there will be large missing momenta and energies. See fig. 2 for a sketch of
the decay sequence.

Missing momenta give large acoplanarity angles, and this is perhaps the
most useful characteristic of Higgs events apart from the low multiplicity.
Another useful feature is the polar angle distribution. The cross section is
proportional to sin?f where theta is the angle between the beam axis and
the direction of the Higgs particles. The differential cross sections of all the
background processes have their largest values in the forward direction, that
is with small 6.
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5.2 The Cross Section of Higgs Events

One of the main problems when looking for charged Higgs particles is the
small cross section. For energies between 130 and 192 GeV it will never
exceed 0.6 pb for masses above 50 GeV. The first order expression is (see
appendix A)

e ) L AMpu/s)® (cos?20, c} +ch
W f 27 s cost B, (1 — M2/s)’
.4 2 v
+ 16 sin 011) + 8tan gw Cos 2011)m> :

See fig. 3 for a plot of the cross section as a function of My+ and /s. It
shows that higher energy does not necessarily give a bigger cross section.

— H
\ mesons

(‘D+
T
\

@,

Figure 2: A Charged Higgs Event
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Figure 3: o+ as a function of E.,, and Mg=.
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6 Background Processes

With the increased energy at LEP2 there will be processes that did not exist
at LEP1 or they had cross sections that were very small. Most important
for this analysis is the W-pair production, ete™ — WTW ~, but also the
processes ete” — Z°Z° ete” — Zete and ete” — Wev have to be con-
sidered. In addition to these new processes we will have the familiar fermion
anti-fermion production, the vy production and the Bhabha scattering to
contend with.

6.1 ff Production, ete” — v/Z2° = ff

Fermion-antifermion production is a process where the electron and positron
annihilate to form a virtual photon or a Z%particle which subsequently de-
cays to a fermion pair (See fig. 4). At LEP2 energies there will in most of
these events be a hard ISR (Initial State Radiation) photon which lowers
the center of mass energy so that an on-shell Z° is produced. The ISR pho-

tons are going very much in the forward/backward direction and in most
s+m2Z

N

cases they are not detected. In those events the remaining energy is
Otherwise the Z%particle is virtual with an energy equal to /s.

+

e \ . /T
7 N

e

Figure 4: ete” — /2% = ff

If the final state fermions are quarks, muons or electrons it is probable
that most of the energy that is left after ISR is detected. For that reason
such events are not a difficult background when searching for charged Higgs
particles. The only fermion pairs that represent a problem are the tau pairs.
If there is a hard ISR photon so that the total energy of the event is lowered
such an event happen to resemble a charged Higgs event.
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6.2 ~v Events

In a vy event the initial electron-positron system radiates two photons' which
form a new system consisting of a fermion pair: ete” — ete” + ff. Fig. 5
gives an example of the many diagrams contributing to the v cross section.

The invariant mass of this system is in most events very low, and the
directions of the positron and electron after the radiation are very much
along the beam direction. That means that in almost all these events the
positron and electron are not detected. Another characteristic of these events
is that the energy of the v~ system is rather low. Again the tau events are
the most problematic. They tend to have higher transverse momenta and

are more acoplanar.
e+ - - e+
y/ZO(
1

y/Z0
e —= = e

Figure 5: A v~ diagram

6.3 Bhabha Scattering, ete™ — ete”

Two diagrams give the major part of the Bhabha cross section. The annihi-
lation diagram is included in the ff background, the scattering diagram is
shown in fig. 6.

Even though shower formation is quite frequent in the forward direction
due to the large amounts of material with which the electrons/positrons can
interact, the Bhabha events represents no problem in this analysis. They are
mentioned here because they have to be included when a preselection of the
P3 data is compared to a sample of simulated events.

6.4 W-pairs

At LEP2 energies higher than twice the W mass will be reached, and for the
first time W-pairs will be produced. See figure 7 for the lowest order Feyn-

!The electron and positron do not radiate photons in all the diagrams, but all the
diagrams contain two internal photon lines.
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Figure 6: The Bhabha scattering diagram

man diagrams contributing to the cross section. When searching for charged
Higgs particles decaying to taus and tau-neutrinos this is a disadvantage. If
both the W particles decay to taus and tau-neutrinos the event has exactly
the same signature as a charged Higgs event. The only difference is in the
polar angle distribution. The differential cross section for Higgs production
is proportional to sin?# while the WW production is pointing more in the
forward direction.

Hadronic decays and decays to muons and electrons are more easily dealt
with. More of the energy is detected and in hadronic decays the events have
small acoplanarity angles.

e —= AU U W e+\

y/Z°

e =\ U\ W e'/

Figure 7: WW production diagrams

6.5 Z-pairs

As for the W-pairs, Z-pairs will be produced for the first time at LEP2. The
Feynman diagrams are shown in figure 8. Z particles mostly decay to hadrons
and the charged multiplicity is usually high, but there is a 3%% chance for
the Z to decay to each of the lepton pairs[4]. If one Z decays to a neutrino
pair and the other decays to a tau pair, the event looks very much like a
Higgs event.
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Figure 8: The ZZ production diagram

6.6 Wer and Z'te

Of these two backgrounds it is the Wer that is the most difficult. The
neutrino takes away some of the momentum and energy and quite often the
electron/positron is not detected. Fortunately the cross section is small, it is
comparable the cross section for Higgs production.

Also in the Z%"e™ background the electron and/or the positron is often
lost, but the Z’s branching ratio to leptons is much smaller than it is for the
W particle. That means that the charged multiplicity is mostly high, and
the number of jets tends to be greater than two.

6.7 Cross Sections

The total cross sections for background processes are generally much bigger
than the signal cross section. The numbers are given in table 3. Cross sections
for the various 77 channels are not included. They are extremely large, and
when simulations are done only a subset of the phase space is explored. As
an example, the DST’s containing vy — hadrons produced according to the
VDM model only have events were the polar angle of the charged tracks is
larger than 15 degrees, the minimum momentum of the tracks is larger than
0.2 GeV and the invariant mass of the two-photon system is larger than 2
GeV. The cross section for this channel with these limitations is 6.1 nb.

ffIWIW= | Z2°2° | Wev | Z%* e
136 | 401 0.5 0.45 | 0.09 6.0
161 | 228 3.4 0.46 | 0.53 6.4
175 | 174 15 0.47 | 0.65 6.6
192 | 134 18 1.2 0.90 6.7

Table 3: Background Cross Sections in pb~'.
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As one can see from the table, in this energy region the cross section for
ff decreases with increasing energy while the opposite is true for the other
processes. W-pair and Z-pair production have a steep climb at threshold
energies.

The cross section for the f f production is very much larger than the other
cross sections. This means that even though the fraction of dangerous tau
pairs from f f is small, the ff background gives some irreducible background.
As for the W-pairs, this is not a problem before the energy is above 160 GeV.
At higher energies it is the most important background.
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7 Analysis

As described earlier the main characteristics of a Higgs event with tau-decays
are the low multiplicity, the missing momenta giving acoplanarity and the
missing energy. In this analysis these characteristics are exploited when
removing background events.

7.1 Simulations

When designing and testing this analysis it is necessary to do simulations.
Working with real data one can never know with certainty which kind of
event has occurred. The plots presented in this section are all results of
simulations.

The first step is to simulate the physics before anything is measured in
the detector, i.e. the processes we wish to investigate. This is done with
event generators. Most of the events were produced with PYTHIA[33] and
TWOGAM][25].

The next step is to simulate what happens in the detector, what is really
measured. DELSIM[26] is taking care of that part and is giving “Raw Data”
as output with the same format as real DELPHI data. Finally DST’s[27]
(Data Summary Tapes) are produced by DELANAJ28]. They can be read
with the help of PHDST|[29], a program package written in order to ease the
access to data.

In an analysis designed to find rare events like Higgs events it is im-
portant that all backgrounds are minimized. Estimating small remaining
backgrounds takes quite a lot of simulation as the relative uncertainty is
large for small numbers. In particular if zero events pass the cuts and the
cross section is large there is a problem. If the true expectation value is 1,
2 or 3 the chance for finding zero events is 0.368, 0.135 and 0.050[30], i.e. it
is not unlikely that the expectation value s 1,2, or 3 when zero events are
observed. Therefore it is important to do enough simulations so that the
uncertainty is scaled down. The uncertainty is scaled down if the equivalent
integrated luminosity of the simulations are higher than the real integrated
luminosity.

The problem of doing numerous simulated events is that it can take sev-
eral minutes to do the calculations of one single event. In other words it
is a question of available computing resources. For this analysis only the
signal events were produced in Oslo. Even though the signal events are of
low multiplicity and the number of events simulated is not very high, it took
several weeks to produce the DST’s.
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7.1.1 ~v — hadrons

The interactions between two photons leading to hadronic final states are
described by combining contributions from three different models: the Vector
Dominance Model (VDM), the Quark Parton Model (QPM) and the QCD
model[31].

The VDM model describes the interaction between bound state vector
mesons. The vyvy-system of the events generated according to this model
mainly have low four momentum transfer (Q?) and low transverse momenta.
The QPM model assumes direct (QED) coupling of the photons to a quark
pair, and describes higher momentum transfer photons than the VDM model.
In the QCD model one or both of the photons is resolved into partonic
constituents. This model has the highest invariant masses and transverse
momenta.

7.2 Quality Cuts

Unfortunately it is not unusual for spurious events to resemble Higgs events.
Before inventing cuts to eliminate the background already described, spurious
events have to be taken care of. Spurious events are events not originating
from collisions between the accelerated electrons and positrons. This could
be beam gas events where accelerated particles have hit some of the few gas
particles in the beam pipe, beam wall events were electrons/positrons have
hit the wall of the beam pipe or it could be cosmic events, radiation from
outside. Another problem is the resolution of the detector. For example,
the relative error in calorimeters is proportional to —= meaning that the
relative error is large for small energies. To overcome these difficulties some
preliminary quality cuts are applied.

In a typical spurious event the particles do not come from the collision
spot of the experiment. Variables commonly used as measures of this prop-
erty are the impact parameters, b,_4 and b,. As shown in figure 9 b,_y4 is
defined as the smallest distance from the particle trajectory to the beam
spot in the r — ¢ plane, b, as the smallest distance in the z direction, the
direction parallel to the beam direction.

First all tracks with p < 1 GeV are removed from the event. In this
analysis it is not very important that this limit is set so that energy of the
event can be measured with the best possible accuracy. What matters is
whether there are large missing energies or not.

Secondly it is demanded that for all the remaining charged tracks

e the impact parameter in the r — ¢ plane, b,_4, be less than 2 cm,
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Figure 9: Definitions of b,_4 and b,.

e the impact parameter in the z (beam) direction, b,, be less than 6 cm
e and the track length be greater than 50 cm.

If only one of the charged particles doesn’t fulfill these requirements the whole
event is rejected. The reason for not just removing the charged particles that
are not OK, is that the Higgs events have low multiplicity and the charged
particles are usually energetic and thereby well detected. If there is something
wrong with one of the charged particles it is therefore probably not a Higgs
event. The limits of b,_4 and b, have been fixed by comparing real data and
simulations, see section 9.1. Finally, an upper limit is set on the absolute
value of the total charge of the event, |C| < 2, to ensure that not more than
one charged particle is lost.

7.3 Jet Reconstruction

Since all the final state particles in a Higgs event come from the tau decays,
they will most likely form two well separated jets. It is therefore demanded
that a Higgs candidate event should contain exactly two jets.

In this analysis the LUCLUS routine is used, a part of the JETSET
package[24], for the jet reconstruction. The basic idea of the algorithm is to
assign to each pair of particles 7 and j a “distance” d;;. The distance measure
used in LUCLUS is

) Apillpi| 4Pl [ sin® (6;;/2)

&2, = = (Ipillp;| — pi - v} T

DN | =

where p; and p; are the momenta of the the particles and 6;; is the angle
between them. For small ;; sin(6;;/2) ~ 3 sin6;; and cos6;; ~ 1 = (|p;| +
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1) = pi)? + o517 + 2|pi| ;| & (pi + pj)? and the expression is reduced to

5 1P X D5
]~ TS S

|Pi + 1j
In this limit the distance measure is equal to the transverse momentum of
either of the particles with respect to the direction of the sum of the two
momenta. If the particles are back-to-back d;; is more related to the invariant
mass.

Initially all the particles are assumed to be a cluster by themselves. Then
the two clusters with the smallest d;; are found, and if d;; is smaller than
djoin Which is set by the user, the two clusters are joined to one. This is
repeated until all the d;; are greater than d;;,.

After a joining and the corresponding calculation of the new cluster mo-
mentum, it might be that some particles belonging to this cluster actually
are closer to some other cluster. Because of this a reassigning procedure has
to be done for every joining.

When this routine is used in an analysis treating real data the momenta,
the p;’s, are the momenta associated with reconstructed tracks. It is not cor-
rect to call them “particle momenta” as the momenta stored in the DST’s are
the momenta calculated from measurements in the detector. More precisely
they can be called “track momenta”.

The setting of the djq, value is rather important as it determines the
number of jets LUCLUS will form. When looking for hadronic jets it has
been customary to use dj,;, = 5 with LEP2 energies[32]. However, when
the charged Higgs particles decay to taus and neutrinos the visible energy
is halved and besides the tau events tend to have small jet opening angles.
Therefore a smaller value can be used. Using the same sample of simulated
charged Higgs events dj,i, = 4 GeV gives 630 two-jet events, d;qn, = 2.5 GeV
gives 687 and d;,, = 1 GeV gives 719.

A smaller value will give more Higgs events with two jets, but as can
be seen in fig. 10 the extra two-jet events gained have small angles between
the two jets. To ensure that possible Higgs candidates have well separated
jets djoin should therefore not be set too low. Taking into account both the
number of jets and the angles between the jets dj,, = 2.5 GeV have been
chosen.

Figure 11 shows a frequency plot of the number of jets in some background
channels and in the signal. As expected only a few percent of the signal is
rejected by demanding two jets. In this plot it seems to be quite an effective
cut, especially in the W-pair and in the Z-pair backgrounds, but of course
the number of jets is correlated to other variables, as the acoplanarity angle,
and it is not crucial to the analysis as a cut by itself.
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Figure 10: Plots of the distribution of the angle between the jets in two-
jet Higgs events, ;5. The same sample of HTH~ events (1000 events with
mpg = 60 GeV, /s = 161 GeV) have been used in all the plots and as can be
seen the number of two-jet events increases as d;q;, gets smaller. At the same
time the number of events with small angles between the jets also increases.
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Figure 11: The number of jets in background and signal events after the
quality cuts have been implemented.
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However, when the two-jet events have been selected one can demand
that each jet should contain at least one charged particle. This is natural
as the jets both originate from a charged Higgs particle. The total charged
multiplicity is to be less than 7. Another reason to select the two jet events
is that it is easy to define the acoplanarity in terms of the jet axes.

7.4 Thrust Axis and Angle

In the LUTHRUST routine, also a part of the JETSET package, the thrust
T is defined by
> 1 i)

T = max -

al=r > |pil
i

and the thrust axis is defined as the 7 vector for which the maximum is
obtained[34]. As one can see T is the sum of the projections of the momenta
onto the thrust axis divided by the scalar sum of all the momenta. A two-jet
back-to-back event gives 7" &~ 1 while an isotropic event gives T = % The
thrust axis represents an average direction of the event.

As mentioned earlier the differential cross section for charged Higgs pro-
duction is proportional to sin?f (see appendix A) while the background is
pointing more in the forward direction. That makes it natural to put an
upper limit on the thrust angle, the angle between the thrust axis and the
beam axis.

This cut is most effective on the various vy channels as they are very
much peaked in the forward direction, especially the hadronic. In figure 12
one can see that most of the hadronic and a substantial part of the leptonic
77 events are removed by setting the upper limit for | cos 8| to 0.85. However,
as will be shown later this cut is actually not crucial for the removal of two-
photon events. It turns out that it is more important in the W- and Z-pair
channels.

7.5 Acoplanarity

In the analysis the acoplanarity angle ¢ is defined as follows: Let each of the
jet momenta, p; and p3, form a plane with the beam axis. The acoplanarity
angle is then the angle between these two planes. See fig. 13. It is a measure
of the “twisting” of the event. An equivalent definition is to let ¢ be equal
to the angle between p; and p; in the R — ¢ plane. See fig. 14.

As can be understood from the definition a perfectly reconstructed event
where all the particles have been detected and all the particle trajectories
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Figure 12: The |cosf| distribution for the various 7y channels and for the
signal with Higgs masses of 50 and 70 GeV. The events used in this plot have
two jets with at least one charged particle.
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are correct will have an acoplanarity angle equal to 0. If there are missing
momenta which is typical for a Higgs event with taus, the two jets will not
lie in the same plane and the acoplanarity angle will be non-zero.

Figure 15 shows that only a couple out of several thousand ff events are
left with a cut on 20°. Unfortunately this cut takes away a substantial part of
the signal, but is too crucial to be omitted. As can also be seen it is a harder
cut with small My = 50GeV than with Mz = 70GeV. The reason is that
Higgs particles with small masses have larger momenta, and the decay, which
is isotropic in the center of mass system, will tend to point in the direction
of the Higgs particle. Figure 16 shows the same plot for two-photon events.

7.6 Transverse Momentum

A lower limit on transverse momentum rejects events with small polar angles
and low energy. A typical 7y event possesses both these characteristics and
all of the events that remain after the cuts on polar angle and acoplanarity
are rejected by this cut which has been set to 8.5% of the center of mass
energy. The transverse momentum is defined by

2
Py = Zpi sin 6
i=1
where p; is the momentum of jet i. See fig. 17.

7.7 Energy Distributions

Background left after the cuts discussed so far is mostly leptonic W-pairs.
If both the W’s decay to taus (happens in 1.17% of the WW events[4]) the
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Figure 15: The ¢ distribution in ff and Higgs events. The events used in
these plots have two jets with at least one charged particle.
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Figure 16: The ¢ distribution in two-photon events. The events used in these
plots have two jets with at least one charged particle.
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Figure 17: The p; distribution in vy and Higgs events. The events used in
these plots have two jets with at least one charged particle.
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Figure 18: Frequency plot of the fraction of charged energy in the total
energy. Only two-jet events with total energy higher than 1/4 of E.,, and
with at least one charged particle in each jet are included. They also have
to pass the cuts on |cosf| and ¢.

event looks exactly like a Higgs event and anything that is done to remove
these events will remove Higgs events with the same probability. If one or
both of the W’s decay to an electron or a muon there is one or two neutrinos
less than in a Higgs event, and thereby a higher visible energy. In such an
event the visible energy is all charged energy, there are no neutral particles.

In Higgs events with Br(H* — 7v) = 1 there will in more than 50% of
the cases be neutrals. Due to this the peaks in the distributions in charged
energy for signal and W-pairs are better separated than in the distribution
of total energy. It has therefore been chosen to have a cut in charged energy
rather than in total energy.

Fig. 18 shows the distribution of the ratio between charged energy and
total energy, and as one can see the fraction of charged energy is higher in
W-pairs than in Higgs events. Only the events with total energy higher than
1/4 of the center of mass energy are included as events with lower energy
are of no interest. The upper limit on charged energy has been set equal to
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Figure 19: Frequency plot of charged energy divided by E.,. Only two-jet
events with at least one charged particle in each jet are included.

1/4 of the total energy and as fig. 19 shows this removes most of the W-pair
background.

The simulations show that all the vy background is removed with the cuts
described so far, but very large cross sections make it difficult to do enough
simulations to get sufficient statistics. A lower bound on the charged energy
is set so that one can be more confident that no vy events slip through.

Events with ordinary tau pairs decaying to hadrons occasionally have low
charged energies but high neutral energies. To get rid of these a rather loose
cut on the total energy, E;,; < 45% of E.,,, has been applied.

With center of mass energies lower than threshold energy for W-pair
production, it is unnecessary with a hard cut on charged energy. At P3
energies the cut is loosened up to a limit of 3/8 of F,,,,. The idea behind this
lower bound is that tau pairs decaying to hadrons can give charged energies
of about one half the center of mass energy, and to be sure they are removed
the limit is set somewhat lower.

The final demand is that the deposited energy in the forward/backward
30° cones has to be lower than 7% of the center of mass energy. The purpose
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is to reject poorly reconstructed events in the forward region.

7.8 Summary of Cuts

To summarize the results from this discussion of how to search for charged
Higgs bosons, a list of the cuts are given below. It is meant to give the reader
an easy access to the exact details of the analysis.

In all detectors there will be noise and the resolution is not infinite. There-
fore all tracks with

e all p <1 GeV

are removed from the events. To remove cosmics, beam wall and beam gas
events the remaining charged tracks are demanded to have

e b,_y<2cm
e h, <6cm
® lyuck > 50 cm
To ensure that not more than one charged particle is lost
. Q<2

where Q is the total charged of the event. After these quality cuts the rest
of the cuts can be implemented. They exploit the characteristics of charged
Higgs events: two jets with at least one charged particle, low multiplicity,
missing momenta and energy and large polar angles.

® Njets = 2

Ncha,l 2 ]-7 Ncha,Q 2 1

N(:h,a <7

| cosf] < 0.85

o < 20°

pr > 8.5% of /s

Egcz00 < 7% of /s

4% of /5 < Eepa < 31/ (2 if /s is less than W-pair threshold.)
Erot < 45% of \/3
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Njers: number of jets, Nepo,: charged multiplicity of jet n, Ng,: total
charged multiplicity, #: angle between thrust axis and beam axis, ¢: acopla-
narity angle, p;: transverse momentum, Ey_3po: energy in forward /backward

30° cones, E.,,: total charged energy, Ej;: total measured energy.
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8 Results from Simulations

In the previous section an analysis was designed to find charged Higgs bosons.
Now that the exact cut values are ready one can estimate the background
problems and expected signals. This is accomplished with the aid of simula-
tions. Ideally, development and testing of the analysis should be done with
independent samples of simulated events. However, as already mentioned,
doing simulations takes a lot of computing resources, so the same set, of DST’s
are used for both tasks.

The results from simulations are summarized in tables 4-8. The columns
contain the total numbers of simulated events, the equivalent integrated lu-
minosities, the number of events passing all the cuts, the corresponding frac-
tions, the cross sections and the number of background events expected with
the integrated luminosity given on top of each table.

As already mentioned it is important to do enough simulations so that the
uncertainty in background is small. Unfortunately it has not been possible to
find enough/any simulations for all the two-photon channels with the various
center of mass energies. It is only at /s = 161 GeV that the numbers of
Monte Carlo two gamma events are satisfactory, but even at that energy one
channel is missing, the ete™ — ete eTe  channel.

At /s = 161 GeV none of the vy channels seem to give any background
at all. This is also the case with /s = 136 GeV, but those results cannot be
given much weight as the corresponding luminosities are quite low. Anyway,
when estimating the total expected background a two-photon background
equal to zero is assumed for all the center of mass energies. This eliminates
the problem of overlap between the various hadronic simulations, QCD, VDM
and QPM.

As the events are independent it is natural to use binomial statistics. The
number of expected real events of a particular kind is thereby estimated by

Ny
b oi/Ldt

N; =
N

where N ; is the number of simulated events, NN, ; is the number that passed
the cuts and o; is the cross section. The total background is

The uncertainty in background 7 is




| Simulations with /s =192 GeV, [ L dt = 300pb~" |

MC | [ Ldt | After | Fraction o #
Channel | events | (pb™') | cuts (%) (pb) events
Background

fr 37827 | 282 3 0.0079 134 3.2+£18
WHW— | 27933 | 1551 188 0.67 18 36+ 3
Z07° 8651 | 7209 ol 0.59 1.2 214+0.2

Wev 1000 | 1111 7 0.70 090 | 1.9+0.7
ZVete 3220 481 1 0.031 6.7 | 0.62+0.62
Total background 44 + 4

Signal

My =50 | 1000 | 2083 | 270 27 0.48 39+ 2
My =60 | 1000 | 2702 | 286 29 0.37 3242
My =70 | 1000 | 4000 | 299 30 0.25 22+1
My =80 1000 | 7692 | 301 30 0.13 11+£0
My =90 | 1000 | 30303 | 301 30 0.033 | 3.0+0.0

Table 4: Results from simulations with /s = 192 GeV. The last column is
the expected number of events corresponding to 300pb—!.

and the total uncertainty is given by

AN = 37 (AN;)”.

7

Tables 4-6 show that for /s > 161 GeV the W-pair background is the
most important one, especially for 175 and 192 GeV. The W-pair cross section
has a steep climb around twice the W mass and the fraction of tau decays is
not changing with varying energy so this is not hard to understand.

The behaviour of the W-pair cross section suggests that the best center of
mass energy to look for charged Higgs particles with masses of 50 or 60 GeV
is somewhat below the W-pair threshold. Also the cross section is actually
larger with /s = 160 GeV than for higher energies with such masses. For
higher masses the cross section is small, and the center of mass energy has
to be raised.

Another aspect worth noticing is that higher masses give higher efficien-
cies, more of the Higgs events passes the cuts if the mass is high. Unfortu-
nately the cross section drops dramatically when the mass approach half the
center of mass energy.
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| Simulations with /s = 175 GeV, [ L di = 300pb~" |

MC J Ldt | After | Fraction o #
Channel | events | (pb™') | cuts (%) (pb) events
Background

fr 34154 | 196 2 0.0058 174 3.1£22
WHw- 5017 334 41 0.82 15 376

AVA 1500 | 3191 12 0.80 0.47 | 1.1£0.3

Wev 1746 | 2686 12 0.69 0.65 | 1.3£04

ZVeTe 1715 260 1 0.058 6.6 1.1+1.1

Total background 44 + 7
Signal

My =50 | 1000 | 1887 | 298 30 0.53 47+ 2

My =60 | 1000 | 2702 | 302 30 0.37 34+ 2

My =70 | 1000 | 4761 | 315 32 0.21 20+1

My =280 | 1000 | 15625 | 324 32 0.064 | 6.2+0.3

Table 5: Results from simulations with y/s = 175 GeV. The last column is
the expected number of events corresponding to 300pb .

8.1 Impact of the Various Cuts

When designing an analysis one looks at the various distributions and if there
is a difference between signal and background a cut can be done. But this
method does not take into account the correlations between the variables in
which the cuts are made. It is of course possible to make scatter plots and
in that way examine the correlation between two variables. However, there
is often a connection between more than two variables, and it is getting very
complicated. To really see the importance of a cut, to see if the cut really
does any good, the cut should be applied as the last one, and the impact can
be evaluated.

Tables 9-11 give the number of events removed by the individual cuts
with the cut in question applied as the last one, i.e. after the other cuts have
been applied. The cuts in cos @ and Ey_3g0 are treated as one cut as they are
expected to be very much correlated. This is also the case for p, and E.p,.
When compared with the total number of simulated events and the number
left after all cuts, these tables should give a good picture of the importance
of the various cuts.

It is somewhat surprising that the demand that each of the two jets should
contain at least one charged particle is important for the rejection of W-pairs.
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Simulations with /s = 161 GeV, [ L dt = 10pb™"

MC [ Ldt | After | Fraction | o #
Channel events | (pb~') | cuts (%) (pb) events
Background
fr 48002 210 1 0.0021 228 | 0.047 4 0.47
WHw- 51312 | 15091 | 347 0.68 3.4 0.23£0.1
Wev 1997 | 3767 20 1.0 0.53 | 0.053 £ 0.012
vy —had(VDM) | 5291 0.79 0 0 6700 0
vy —had(VDM) | 172276 24 0 0 7200 0
vy —had(VDM) | 71113 10 0 0 6900 0
vy —had(QPM) | 9537 | 12 0 0 820 0
vy —had(QPM) | 47796 50 0 0 960 0
vy —had(QCD) | 5807 2.9 0 0 2000 0
vy —had(QCD) | 53065 28 0 0 1900 0
vy = T T 10854 27 0 0 396 0
vy — utu | 51223 | 26 0 0 1037 0
Total background 0.33+0.11
Signal
My =50 1000 1754 257 26 0.57 1.5+0.1
My =60 1000 2857 304 30 0.35 1.14+0.1
My =70 1000 7142 293 29 0.14 | 0.41£0.02

Table 6: Results from simulations with y/s = 161 GeV'. The last column is

the expected number of events corresponding to 10pb—'.
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| Simulations with /s =136 GeV, [ L dt = 2.9pb !

MC J Ldt | After | Fraction | o #
Channel events | (pb™1) | cuts (%) (pb) events
Background
fr 27582 69 2 0.0073 | 401 | 0.087 £0.061
WHWw~- 60 120 0 0 0.5 0
AV A 60 133 2 3.3 0.45 | 0.045 £ 0.032
Wev 60 666 1 1.7 0.09 | 0.0045 £ 0.0045
ZVte” 120 20 0 0 6.0 0
vy —had (QPM) | 5694 7.2 0 0 790 0
vy —had (VDM) | 8217 1.3 0 0 6100 0
vy —had (QCD) | 6183 4.2 0 0 1480 0
vy = 17— 1656 79 0 0 21 0
vy = pt e 11432 | 5.4 0 0 2109 0
vy — ete” 2163 5.4 0 0 401 0
Total background 0.14 +0.07
Signal
My =50 | 998 [ 1720 | 345 | 35 [ 0.58 ] 0.60+0.026

Table 7: Results from simulations with /s = 136 GeV'. The last column is
the expected number of events corresponding to 2.9pb .

| Simulations with /s =130 GeV, [Ldt =3.0pb ' |

MC J Ldt | After | Fraction | o #
Channel | events | (pb~1) | cuts (%) (pb) events
Background
fr 28361 61 4 0.014 | 463 0.20£0.1
W+w- 60 150 1 1.7 0.4 | 0.020£0.020
AVAS 60 133 1 1.7 0.45 | 0.022 +0.022
Wev 60 666 1 1.7 0.09 | 0.0045 + 0.0045
Zete 120 20 0 0 6.0 0
| Total background | 0.25+0.10
Signal
My =50] 998 | 1720 | 345 | 35 [058| 0.6+0.03

Table 8: Results from simulations with /s = 130 GeV. The last column is
the expected number of events corresponding to 3.0pb~".
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The final number of W-pairs is 188 out of 27933, and if this cut had not been
included it would have been 36 more.

The cut in cosf/Eg.3pe is very important in the W-pair channel. As
mentioned earlier the WW events with tau decays are very similar to the
Higgs events. The only difference is in the polar angle distribution, and this
cut exploits this fact.

As expected the cut in acoplanarity angle is crucial for rejecting f f events,
but it also plays a substantial role in the rejection of the other background
channels, especially the two-photon channels.

The upper limit on charged energy is absolutely necessary in order to
avoid a large W-pair background. Without this there would be over three
times as many W-pairs slipping through. Also for the Z-pairs it is important
as it halves this background, but as the cross section is very small it would
not have been necessary to have the cut this tight if there were no W-pairs.

The crucial cut for removing two-photon events is the cut in transverse
momenta. KEspecially in the part of the hadronic channel that is simulated
using the Vector Dominance Model it turns out to be of great importance.

It is interesting to see that the cuts in cosf/Fy.30 and charged energy
reject more signal events if the Higgs masses are high than with low masses
while the opposite is true for the cuts in ¢ and p;/Ecpq-

The reason that more events are rejected by the cut in cos with high
masses can be understood when considering the sin?# dependence of the
differential cross section. Higgs particles at rest decay isotropically. When
boosted the decay particles are also boosted, and they will tend to be moving
in the Higgs particles direction and thereby mainly have large thrust angles.

The same argument can be used to explain the mass dependence of the
effect of the cut in acoplanarity angle for signal events: The more the decay
particles move in the Higgs particles direction the smaller the acoplanarity
angles.

8.2 Exclusion and Discovery Limits

When estimates of background and signal efficiencies are ready, relevant ques-
tions are: With a certain luminosity, what is the highest Higgs mass that can
be excluded? Or, how high can the mass be if a discovery is to be made?
Discovery and exclusion are defined in appendix B.

Before answering these questions one has to decide the type of result one
should use in these calculations. In [35] a typical result has been chosen.
When talking about exclusion it means a result equal to the expected back-
ground, for discovery it is a result equal to the expected background and
signal.
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ff |W*W- | Wev | Z%*te | Z°2°
Events simulated 37827 | 27933 | 1000 3220 8651
After all cuts 3 188 7 1 51
Nonatz > 1 6 36 6 1 1
Nenargea < T 1 g 18 0 A7
cosf < 0.85
Fycsoe < Th of /s ! 5 ’ ! !
o < 20° 284 56 2 5 31
pr > 85% of \/s
Er:h,a > 4% Of \/E 2 ? ! ’ °
By < % 0 448 3 2 79
Eior <45% of /s 0 4 0 0 1

Table 9: Numbers of events removed by the individual cuts after all the other
cuts have been applied at /s = 192 GeV.

vy —hadrons vy —lepton pairs
QPM | VDM | QCD | 77— wp
Events simulated 47796 | 172276 | 53065 | 10854 | 51223
After all cuts 0 0 0 0 0
Nehapo > 1 0 0 0 0 0
Nehargea < 7 0 0 0 0 0
cosf < 0.85
Eocs00 <T%hof /s ! ’ ! ! ’
¢ < 20° 10 60 0 2 38
pe > 85% of \/s
Ena > 4% of /5 17 72 6 20 42
Eop < ¥ 0 0 0 0 0
Eior <45% of /s 0 0 0 0 0

Table 10: Numbers of two-photon events removed by the individual cuts after
all the other cuts have been applied at /s = 161 GeV.
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Signal
My =50 My =60 | My =70 | My =80 | My = 90
Events simulated 1000 1000 1000 1000 1000
After all cuts 270 286 299 301 301
Nenatz > 1 21 23 11 23 11
Netarged < T 0 0 1 0 0
cosf < 0.85
Eyese < 7% of /3 16 5 35 35 46
¢ < 20° 96 94 78 55 61
pe > 85% of \/s
o > 4% of s 60 53 51 40 28
Eopy < ¥ 74 96 87 117 119
Eor <45% of /5 5 3 1 3 3

Table 11: Numbers of signal events removed by the individual cuts after all
the other cuts have been applied at /s = 161 GeV.

Table 12 gives the corresponding mass limits for discovery and exclusion
with a given luminosity. The estimates of the backgrounds have been used
without taking into account the uncertainties. The definitions of exclusion
and discovery only consider exact expectation values.

If the result is equal to the expected background, masses up to Mg,
can be excluded. If Higgs bosons exist with a mass lower than Mp,;,. and
the result is greater or equal to the sum of the expected background and the
signal corresponding to the mass of the existing Higgs boson, then a discovery
can be announced.

Only center of mass energies of 175 and 192 GeV are considered. With
Vs = 161 GeV the expected backgrounds are small and the term typical
result is not well defined as only integer numbers can be used in the definition
of exclusion. For example, with [ Ldt = 40pb~! the expected background is
1.32. What is the typical result?

The most probable result is 1. With that result the upper limit on the
signal is 4.0 which corresponds to My = 61 GeV. In other words, with
Vs = 161 GeV and [ Ldt = 40pb~" masses up to 61 GeV can most likely
be excluded if there is no signal. Compared to the numbers for 175 and 192
GeV, this is a much better result.

With [ Ldt = 300pb~" at 161 GeV and using the typical result for calcu-
lations, discovery can be made with masses up to 67 GeV. Masses up to 72
GeV can be excluded.
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J Ldt | Mg | Mpise | Muge | Mpise
40 43 - 47 -
80 60 - 60 -
120 67 32 65 42
160 71 40 68 47
200 74 48 70 52
240 76 54 72 56
280 76 o7 73 o8

Table 12: Mass limits corresponding to the integrated luminosities.

As this thesis is written, 10 pb~! has been collected at 161 GeV and
upgrading of the accelerator to higher energies has started. With this lumi-
nosity the expected background is 0.33, and if the result is zero, this excludes
masses up to 26 GeV, not very interesting as masses up to 45.4 GeV already
are excluded[5].

8.3 Conclusions from Simulations

During the LEP200 running (1996-98, possibly 99) an accumulated luminos-
ity of more than 300 pb~! is assumed to be collected. If most of the data
have a center of mass energy equal to 192 GeV, as planned, Higgs masses up
to at least 76 GeV can be excluded. Discovery cannot be done with masses
higher than 57 GeV.

The best energy to search for charged Higgs bosons is around W-pair
threshold or somewhat below. The W-pair background will be small and
exclusion and discovery require much less luminosity.
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9 Analysis of the 95-P3 data

In November 1995 LEP was, as the first eTe~ collider, able to obtain a
center of mass energy higher than the Z° mass and this meant possibilities
of discovering “new” physics. During a period of a few weeks, DELPHI
accumulated a total integrated luminosity of 5.9pb~', 2.9 at 136 GeV, 3.0
at 130 GeV and 0.03 at 140 GeV. Unless the cross sections of the possible
“new” processes are rather large, this is too little for exclusion or discovery.
Anyhow, one can never know for sure what the cross section of a charged
scalar is, so a search should be done. This was also a good opportunity
for testing the analysis, and the quality cuts in impact parameters could be
investigated.

9.1 Tuning Quality Cuts

As there were no available simulations of spurious events, beam wall, beam
gas events, cosmics etc., there was no obvious way of eliminating them from
the data. The method used in this analysis is to assume that all the other
backgrounds are included in the simulations and then call the difference be-
tween data and simulations for spurious events. The quality cuts were then
tightened until there was a good agreement between data and simulations.
In all the figures in this section a preselected sample is used, consisting of
two jet events with at least one charged particle in each jet.

In figure 20 the distribution in cos# is plotted for P3 data and the total
simulated backgrounds with various limits on b,_, and b,. The backgrounds
included are ff, WHW~, Z°Z°. Wev, Z%te~, Bhabha scattering and all
the two-photon processes.

As there were no available simulations of two-photon processes at 130
GeV, the results from 136 GeV were also used for 130 GeV. The Bhabha
contribution is put together from what is called “Bhabha Barrel”, Bhabhas
with 6 greater than 37°, and “Bhabha Forward” which is produced with a
generator optimized for the forward direction. All the events from “Bhabha
Barrel” are used while only events with thrust angle greater than 37° are
used in “Bhabha Forward”. The Bhabha events in the ff samples are not
included as they are already included.

As can be seen it is very important that the setting of the upper limits of
b,_4 and b, is done properly. There is a large excess of data in the two upper
plots were the limits are 6 and 18 cm and 4 and 12 cm. In the two lower
plots where the limits are 2 and 6 cm and 1.5 and 4.5 cm the agreement is
quite good. As tighter cuts give less signal efficiency the cuts of 2 and 6 cm
are used. The preselection of P3 events satisfying these cuts contains 2950
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Figure 20: Plots of the cos# distribution in Monte Carlo and data. The
upper limits on b,_, and b, are decreased from 6 and 18 cm in the upper plot
to 1.5 and 4.5 cm in the lower plot. Only events with two jets and at least
one charged particle in each jet are included.
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events. According to simulations it should have been 3099.

If one in addition requires that |cos#| < 0.85 then the number of P3
events is 1550, and the number of simulated events is 1485. In order to
understand of what kind these excess events are, the same comparison is
done in the distribution of charged energy divided by the center of mass
energy. See figure 21.

The agreement is again quite good except for the first bin where there are
less simulated events than there are data events. There are also too many
simulated events in the high energy region between 0.9 and 1.0.

It is not clear what the origin of these discrepancies is. In the low energy
region it could be the uncertainties due to the small integrated luminosities
of the two-photon simulations. The estimated cross sections can be too small
or the fraction of events passing the cuts can be too small.

In the high energy region the explanation most probably is in the Bhabha
simulations as this background is the dominant one. It could be that the
reconstruction in the simulations are too optimistic, i.e. the events are better
reconstructed than they should be, or again that the cross section given with
the Monte Carlo DST’s are wrong.

If the cuts in charged energy are applied, 4% of /s < Eu, < g\/E,
the number of P3 and simulated events are respectively 664 and 623. In
figure 22 the distribution in acoplanarity angle is plotted. The agreement is
not perfect, but one should remember that the axis is logarithmic, i.e. the
number of events with large acoplanarity angles is small.

In figure 23 the distribution in impact parameters for signal events are
shown. It is clear that the cuts in impact parameters are not removing much
signal. In other words there is no problem associated with combining high
signal efficiency and rejection of spurious events.

Even though the cuts in impact parameters make the distributions in data
and simulations quite similar one should try to make at least a crude estimate
of the background consisting of spurious events. As the final result in the P3
data is zero and the distributions in data and simulations are in reasonable
agreement it is not very relevant for this analysis, but as a preparation for
the analysis of the LEP2 data it is important. The final result of zero P3
events indicates that the background from spurious events is close to zero,
but this could be by chance only. What is needed is a sample of spurious
events that is larger than the sample included in the preselection so that the
uncertainty can be decreased.

Spurious events have not been simulated so one can not just apply the
cuts and then see what fraction of the spurious events that is left. However,
if one could select a part of the P3 data containing only spurious events
this could be used as an independent sample. The obvious way to do this
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Figure 21: Plots of charged energy divided by /s in Monte Carlo and data.
The upper limits on b,_, and b, are decreased from 6 and 18 cm in the upper
plot to 2 and 6 cm in the lower plot. Only events with two jets and at least
one charged particle in each jet are included, and |cosf| < 0.85.
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Acoplanarity anglein Monte Carlo and P3-data
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Figure 22: Plots of the acoplanarity angle in Monte Carlo and data.
# jets=2, at least one charged particle in each jet, |cosf| < 0.85 and

4% of /5 < Eha < 3+/5.
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Figure 23: Plots showing the distribution in impact parameters, b,_, and b,.
For each event only the highest values found among the charged particles are
used as these are the values in which the cuts are made. Only events with at
least two charged particles are considered. The center of mass energy is 136
GeV.
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is to exploit the characteristics of the wanted events, that is large impact
parameters.

The largest impact parameter in events going in the forward direction
tend to be higher than in other events. Hence, before selecting spurious
events by demanding large impact parameters, events with | cos | > 0.85 are
removed so that the number of events with large impact parameters that are
included in the simulations is reduced. Also, only events with two jets and
at least one charged particle in each jet are considered.

In figure 24 the distributions in impact parameters are compared for P3
data and simulated events. The simulated events are scaled to the integrated
luminosity of the P3 data, 5.9 pb~'. In the P3 distribution in b, there is an
odd peak at b, =~ 172 cm. It turns out that the events constituting this
peak all have an acoplanarity angle equal to approximately 180 degrees and
the angle between the jets is 60.7 degrees. These events cannot be ordinary
events, and therefore only events with b, < 150 cm are considered. If the
remaining P3 events with b,_, > 10 cm and b, > 20 cm are selected one can
see that only a very small fraction are events included in the simulations.
The number of events in this sample is 15075. When all the cuts are applied
10 of these events slip through.

As figure 25 shows these events are not located in one particular area
of impact parameter space. This indicates that the other variables are not
strongly correlated to the impact parameters.

The number of P3 events with b,_4 < 2 ¢cm and b, < 6 cm is 1550 while
the number predicted by simulations is 1488. The difference is 62. In order to
make a conservative estimation of the background from spurious events one
can say that the selected sample of P3 events contains 150 spurious events.
This corresponds to the difference of 62 plus 20 where o is the uncertainty
in the difference. If one assumes that the same fraction of these spurious
events slip through as for the spurious events with large impact parameters,
this will give a background of 0.1 events.

It is of course quite unlikely that all the variables in which there is a
cut are totally independent of the impact parameters. In other words, the
fraction of spurious events slipping through with low impact parameters is
probably not the same as with large impact parameters. However, using
150 as the number of spurious events with low impact parameters is rather
conservative, so the background from spurious events should not be a problem
when the LEP200 data are analyzed.
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Figure 24: Plots showing the distributions in impact parameters, b,_, and
b,. For each event only the highest values found among the charged particles
are used as these are the values in which the cuts are made. Events used
have two jets, at least one charged particle in each jet, |cosf| < 0.85, and
less than seven charged particles.
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Figure 25: Plot showing the impact parameters of the 10 events with large
impact parameters which slip through all the cuts.
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9.2 Results

Table 13 gives the numbers of events remaining after each cut. The Monte
Carlo results are divided into fermion-antifermions, Bhabhas, two-photon
events and other events (W and Z pairs, Wev and Z% e ).

When all the cuts are applied there are zero P3 events left. The expected
number from simulations is 0.39 + 0.12. Using 0.39 as the expectation value
of the background Higgs masses up to 30 GeV are excluded with a confidence
limit of 95%. With 90% confidence masses up to 38 GeV are excluded.

P3 Simulations

ff | Bhabha | ~v | Other | Total
Preselection 2950 | 277 902 1920 4 3103
| cos 6] < 0.85 1550 | 253 581 651 3 1488
4% of /s < Ecpg < %\/5 664 | 68 17 538 2 625
pe > 85% of \/s 184 | 67 17 68 0 152
¢ > 20° 1 1.0 0 0 0.1 1.1
All Cuts 0 0.28 0 0 0.11 0.39

Table 13: The row marked "Preselection’ gives the number of events satisfying
the preselection criteria. In the next row the cut in cos @ is applied, then the
cuts in charged energy are added and so on. In the bottom row all the cuts
are included.
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10 Conclusions

So far we have no experimental information about the Higgs sector. We do
not even know if Higgs bosons exist. The main reason for this is that the
Higgs bosons are heavy and they couple to mass and thereby only weakly to
the fermions ordinary matter is made of. The upgrading of the LEP accel-
erator means new possibilities for discovery. An analysis has been designed
to find the charged Higgs boson. The Standard Model does not contain
charged Higgs bosons, but if it is extended with an extra Higgs doublet it
does. There are no experimental or theoretical results indicating the number
of Higgs doublets.

As this is written runs at 130, 136 and 161 GeV are completed. The
95-P3 data (130 and 136 GeV) have been analyzed. Comparisons between
data and simulations have been done in some of the variables used in the
analysis. With proper settings of the cuts in impact parameters there is a
good agreement. It is crucial that the upper bounds on impact parameters
are tight enough.

With all the cuts applied there are zero charged Higgs events in the 95-P3
data. This result does not improve the present mass limits on the charged
Higgs mass as the statistics are low. However, the analysis of the P3-data
has not been useless as these data have provided a possibility to set the limits
on impact parameters.

175 GeV will be reached within 1996 and runs at 192 GeV are scheduled
for 1997-1999. The potential for discovery and exclusion of a charged Higgs
particle with B(H* — 7v;) = 1 has been explored. If a discovery is made
at LEP200 the Minimal Supersymmetric Extension of the Standard Model is
ruled out as a possible theory. The first order mass relation M3, = M7, —
M}, in this theory gives a lower bound on the mass equal to 83.5 GeV as the
present mass limit on A is 22 GeV.

The process representing the major part of the background at these en-
ergies is the W-pair production. The best center of mass energy to look
for charged Higgs bosons with B(H* — 7v,) = 1 is therefore around or
somewhat below W-pair threshold as the cross section for W-pairs has a
steep climb around threshold energies. Unfortunately only 10 pb—! has been
collected at 161 GeV.

If 300 pb~ ! is collected at 192 GeV as planned, masses up to 76 GeV can
be excluded, discovery can be made with masses up to 57 GeV. If we could
have the same luminosity at 161 GeV the numbers are 72 and 67 GeV. In
other words, higher masses can be excluded at 192 GeV than at 161 GeV,
but the opposite is true for discovery. 192 GeV is for the pessimists, 161
GeV is for the optimists. In any case, LEP200 will give us more knowledge
about the Higgs sector, either as improved exclusion limits or as discoveries.
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A The Charged Higgs Cross Section

The differential cross section is given by

_IMP

do — 21y
o= Fn @

[8] where d@ is the Lorentz invariant phase space factor (dLips), F is the
flux and N is the density of target particles. A Higgs pair can be produced
through an intermediate v or Z° and the corresponding vertex factors are
—ie(P+4P')* and =420 (p 4 p')it where P and P’ are the four momenta of

2 co8 Oy
the Higgs particles[13] (P is pointing towards the vertex while P’ is pointing
away from the vertex.). The total Feynman amplitude can therefore be
written as a sum.

M = M, + My

The differential cross section consists of three terms, the electromag-
netic, the weak and the interference term originating from | M., |?, | M zol|?
and Re(2M, M o).

A.1 The Electromagnetic Term

Using the Feynman rules[8] and some identities of the v, matrices” one finds
that

—iM, = oy, s Yier"ulp, s)”f]%(f:e)(P + P')”

and .
t4ap _

M = (P P)ie 5 u(p, )(—ie)y "ol o).
When averaging over the possible spin configurations and using the com-
pleteness relations® and some trace theorems! one finds (in the center of
mass system) that

M,

1 et _
= 32 00 ulp, ) (P + PP+ Pyl sy vl o)

s,8'

2(7°)2 = 1,y = 409440
Y ulpys)ulp’,s') =p+m, 3o, Lvu(ps)o(p',s') =¢ —m
“The trace of an odd number of v,’s vanish.

Tr(d ¥ ¢d)=1[(a-b)(c-d)—(a-c)(b-d)+(a-d)(b-c)]

Tr(d §) =4a-b
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The flux is the relative velocity times the density of particles.
F=uv.qN

In the completeness relations a normalization corresponding to a particle
density of 2F was assumed, and working in the mass center system one finds

7l Pl Vs
F=2—"22F=2—22"— = 4|p| = 2/:

dLips is given by
d*P dP’

dQ = 2n)* 6O (P +P —p 9
Q ( 7T) ( + p—D ) (27T)2 2EH+ (27T)2 QEH*

Putting it all together

P
M|
252 (2m)?

d&*P &P’
OE2, 2E%

dSo =

sW(P+P PP
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and after the integration of P’ one gets
M, 1 d3P
d*o = M, S(E; —s)
2s? 27)? AEy+ Eg-
T Bipopy (2m) e
A change of variable in the d-function gives
Ey S
— 2L 5P| - P)

§(E, — Ei
(Ey — Ei) N

where P is the Higgs momentum that correspond to a Higgs energy equal to
the energy of the electron/positron. The integration over |P| gives

2
1 -
d’c = |MZ| 5P dQ
8s2 (271')
et ~
= — 2P3sm29 df
452 (271’)
i
_ 16;%% (Z—4M12{> sin? 0 )
et AMEN? .,
= o825 (1— . ) sin“ 6 dS)

64 < 4MH
o= 1-
487s S

The total electromagnetic cross section is given by
3
> 2

A.2 The Weak Term and the Interference Term

The weak part of the Feynman amplitude is given by
. _ 1 5 ,q;w - qqu/Mg IAVZ
—ZMZ:qu“E (cv—cA'y)u Z— 2 (P — P

and M2
. * ok aYep — 4aqp Zfl 5\ A0
iMy, = K*(P+ P 2 ui(cv+cA*y )7 v
where
B ig? cos 20,
2cos20,
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For leptons ¢y = 1/2 — 2sin*#,, and ¢4 = 1/2. Because m, < /s the
electron mass can be ignored, and the Dirac equation reads

P =
for the positron and
puYu =0
for the electron. That means that ¢,q, can be deleted from the propagator
because ¢ = p+ p’. Now let cg = ¢y — ¢4 and ¢ = ¢y + ¢4. We then find
that
cv — cay’ = cgPr+ ¢ Py,
and
cy + cay’ = cpPr, + ¢, Py

where P, = (1 —+°) and Pr = (1 4+ 7°) are the left- and right-hand
projection operators. In the relativistic limit these operators are equal to the

helicity operators[8]. The matrix part of [M|? is
@’}/M(CRPR + CLPL)Uﬂ(CRPL + CLPR)’)/“U.

When inserting spinors with the four helicity combinations one finds that
only the two with opposite helicities give non-vanishing contributions,

vpy*ur iy vRct

and
77117““1%77/}27%11023-

These expressions do not contain any v°’s, and except for a constant they are
equal to the corresponding electromagnetic expressions. The amplitudes of
these particular reactions are proportional to the entries d} , = —d' | ; = sin §
of the rotation matrix, and when squared they are equal. That means that
the factors ¢2 and % can be replaced with the average of the two, ¢ + 4.

The trick now is to add two similar expressions with equal helicities (pos-
itive and negative) for the electron and positron. This can be done because
they are equal to zero: ugy*vg = urPry*Prvg = ury*PrPrvg = 0. It is
now possible to average over all the helicity states and the rest of the calcu-
lation is done in the same way as for the electromagnetic cross section. The
calculation of the interference term goes very much like the calculation of the
weak term. The total cross section finally reads

3
o = M}G? (1 —4Myu/s)* (cos’20, cy + ¢4
W' f 241s cos? O (1 - M%/S)Q

+ 16 sin* §,, + 8 tan? f,, cos 29w(1_67]\‘;[%/8)>
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2
8M2, G

where the Fermi coupling constant is related to g by ¢ = U5

B Discovery and Exclusion

When estimates of backgrounds and signal are ready, what will a certain
hypothetical experimental result say about the existence of the charged Higgs
bosons? It is impossible to say that it does not at all exist or that it exists
for sure, but one can say that with a certain probability there is a signal or
that the cross section must be lower than a certain limit. The definitions of
exclusion and discovery agreed upon by all the LEP experiments are given
below[35].

Discovery A result can be called a discovery if the probability of finding
more than the observed number, ng, with the estimated background
up in the absence of a signal is less than the probability of getting a
result outside the 5o limit in a Gaussian distribution, that is with a
probability less than 5.7 x 1077,

Exclusion The expectation value of the signal, ug, is excluded down to the
value N with confidence limit o where N is defined as follows: In a
random repeat of the experiment, given that the contribution from the
background, ng, is less or equal to ny and the expectation value of the
signal ug = N, the probability of getting a result, n;, higher than ng
is equal to 1 — a. It is common practice to use a = 0.05.

In detail, using Poisson probabilities, it is a discovery if
1—e#s 202 M 57 %1077,
ot
The probability p of finding more than ng events given that ng < ng with

us = N is

P(ny <ng N ng <ny)
P(’I’LB STLU)

p=P(ny >ng|ng<ng)=1-P(ny <mng|ng <ngy) =1-—

But if ny < ng then ng < ng and

e~ (uB+N) io: (NB + N)Z
P(’I’Ll < TL()) i 7!
p= 1 — 7 =1 — =0 .
Pl < o) Y
el

N is varied until p =1 — «a.
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