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Abstract

A search for the Standard Model Higgs boson has been performed for the data collected in
1996 by the OPAL detector at center-of-mass energies of 161.3, 170.3 and 172.3 GeV. The
data used in the alalysis corespond to 10.0 pb ! at 161.3 GeV, 1.0 pb~! at 170.3 GeV and 9.4
pb~!at 172.3 GeV. The search is sensitive to the main final states in which the Higgs boson
is produced in association with a fermion anti-fermion pair; namely four jets, two jets with
missing energy, and two jets with a pair of electron, muon, or tau leptons. Two candidate
events have been observed, one at 161.3 GeV and the other at 172.3 GeV, consistent with the
Standard Model background expectations. Combined with earlier searches at center-of-
mass energies in the vicinity of the Z° resonance, a lower limit for the mass of the Standard
Model Higgs boson was obtained to be 69.4 GeV at 95% confidence level.
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Chapter 1

Introduction

1.1 The Electroweak Standard Model

The so-called ‘Standard Model’ of the electroweak theory [1] is a quantum field theory based on
the gauge group SU(2) xU(1). The SU(2) part represents the weak isospin symmetry, and the U(1) part
is for the weak hyper-charge. The symmetry is spontaneously broken by the Higgs mechanism [2],
which gives masses to weak gauge bosons.

The model includes three generations of spin-1/2 fermions and corresponding anti-fermions as
sources of the electroweak force:

e neutral leptons (neutrinos): ve(ve), vu(7y), v+ (77);
e charged leptons: e (e*), u~ (ut), 7 (v7F);

e charge +2/3 quarks: u(t), c(c), t(t);

e charge -1/3 quarks: d(d), s(s), b(b).

They are listed above in the ascending order of their masses, whereas the neutrinos are assumed to
be massless. The heaviest quark t has been recently discovered [3]. The Standard Model does not
restrict the number of generations to be three; it has been experimentally confirmed for the case of
light neutrinos.

The boson fields mediating the interactions can be derived by the local gauge invariance of the
Lagrangian. Requiring the Lagrangian density to be invariant under local SU(2) transformations
in the isospin space, the minimum interaction Lagrangian including an isospin triplet of gauge
fields, Wl}’m, is obtained. Similarly, requirement of the local U(1) invariance results in a gauge field
B,. The four gauge fields represents massless vector bosons, which does not directly correspond
to physically observed electroweak bosons. The physically observed gauge bosons correspond to
linear combinations of the SU(2) and U(1) gauge bosons:

1 ‘

Wl = \ﬁ(W,}—zwj), (1.1)
_ 1 .

W, = E(Wl}ﬂwg), (1.2)
Z, = cosOwW, —sinbwB,, (1.3)
Ay = sinfwW, + cosfwB,, (1.4)

where 6y is an adjustable parameter called the Weinberg angle or weak mixing angle.
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The couplings of the fermions to the gauge fields are obtained from the gauge invariance and the
known electromagnetic and weak couplings at low energies. The experimental fact that the charged
current interaction takes place in left-handed forms must also be taken into account. This fact is
included into the model by hand: the Standard Model doesn’t explain why the charged current has
a V—A form. Left-handed fermions are written as the isospin doublets

Ver, Vur, vrL
eL HL TL (1.5)
ur, cL tL .
dL SL bL ’

while right-handed fermions stay SU(2) singlets

€R MR TR

ug cg trg dr sr bg. (1.6)

The left-handed and right-handed fields for a fermion f are defined by
fi= S04, (17)
o= S0 (18)

There are no right-handed neutrinos in the minimal Standard Model.
The Lagrangian describing the interactions between fermions and gauge bosons has three terms.
The first, the charged current term is

Lo = %(JC"CW; + he), (1.9)
where the charged current J is given by
%Zbﬂedw<§) (1.10)
for electrons and other leptons, and by
dr,
JH = ( . o )WU st |, (1.11)
by

for quarks. The unitary matrix U describes the mixing of the weak couplings of quarks, and is
often called as the Cabibbo-Kobayashi-Maskawa matrix. Comparing the coupling constant in equa-
tion (1.9) with the Fermi-type four point vertex Lagrangian for muon decays, a relationship

2
g GF
= —, (1.12)
Sm%N V2
is obtained, where G is the Fermi constant,
Gr = 1.16637(2) x 1075 GeV 2. (1.13)

2



Fermion | q gv ga

T T

14 0 . 2 §1
e U, T -1 —3 + 2sin? Oy —3
u,ct % %— %sin2 0w %
dsb | -1 —1+3sin’6w —3

Table 1.1: Electroweak coupling constants of fermions

The second, the electromagnetic term is
Lem = gsinOw(JL,Au + h.c.), (1.14)
where the electromagnetic current Jén, is given by
T = s " f (1.15)

for any fermion f with charge ¢y. Comparing equation (1.14) with the usual electromagnetic inter-
action Lagrangian, the relation
e = gsinfy = ¢’ cosfw (1.16)

is obtained. It follows from equations (1.12) and (1.16) that the mass of W* is given by

yiyes

mw = - 1.17
w V2GE sin? Oy (1.17)
37.280 GeV
= —. 1.18
sin 9w ( )
The Z° mass is related to myy as
_ W (1.19)
MZ= o5l '
The third, the neutral current term is
e
Lne=———(JEZ,+ h.c. 1.20
ne sinﬁwcosﬁw( nZu +hec.), (120)
where the neutral current Jk is given by
Tt = gl f + ghfr st (1.21)
for any fermion f. The vector and the axial-vector coupling constants g{, and g}; are given by
¢ = I—2gssin® by, (1.22)
gk = L, (1.23)

where I3 is the third component of the weak isospin. The coupling constants gy, g\f, and gf; are
summarized in Table 1.1.



1.2 The Higgs Mechanism

The Higgs mechanism gives masses to three of the four gauge bosons. A complex SU(2) doublet
scalar field is introduced as

¢* L [ ¢ +ig
= = — , , 1.24
? <¢° V2 \ s+ i (129
with the Higgs potential, V,
V(#'9) = u"0'6 + Mo')". (1.25)
The Lagrangian is expressed as,
£ = (Dup)!(D"9) — {Poo + Mo'9)?} . (1.26)
The covariant derivative operation on an isodoublet field is
D, =08,— ig% W, — ig’%Bu . (1.27)

In the case p? < 0, the ground state, called vacuum, is obtained at

2 2
T
o= =2 (128)

where v/1/2 is the vacuum expectation value. The scalar doublet ¢ can be redefined around the

vacuum, Lo
in=—(,) (129
using the real fields & (z), & (), £3(z) and H(x) as
_ @ O
o(x) = \/Ee (v +H(az)) . (1.30)

Here the & (), &2(x), £3(x) and H (z) have zero vacuum expectation values. The choice of the vacuum
“spontaneously breaks” the SU(2) symmetry. Since the Lagrangian is invariant under the local gauge
transformation

$(z) = ¢ (z) = £ 2(), (1.31)

the phase factor can be suppressed. In this “unitary gauge”. the £ degrees of freedom seem to vanish
but essentially reappear as the longitudinal components of W+ and Z when they acquire masses.
Hence the field can be expressed as,

P(x) = \1@ (U +2I(w)) : (1.32)
The masses of the gauge bosons and the couplings are obtained by substituting ¢ in equation (1.26).
L= (0H)? + %W;W_“(v +H)* + %(92 + 92, 7" (v + H)? = V(' 9). (1.33)

The v? terms provide W and Z° boson mass term
myWiWw # + %méoZHZ’L (1.34)
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with

1 1 mw
_1 — o4 a2 = 1.35
mw = 5vg, mze = SU\[g°+g o (1.35)

while the photon remains massless. The equations (1.16) and (1.35) lead to the relation

2
0= % = (V2GF)? ~ 246 GeV. (1.36)

The terms HW,fW# and HZ,Z" give the couplings of the gauge bosons W= and Z° to the Higgs

boson,

gmzo
d 1.37
gmw - an 2cos By’ (1.37)

respectively.
The potential term of the equation (1.33) is

H3 H*
p?H? — p? | — + ~— | + constant. (1.38)
v d?

The first term gives the Higgs boson mass,

mpo = V _zluza

and the second term is the Higgs self couplings. Since p is a free parameter, the Higgs boson mass
cannot be constrained in the Standard model. It should be experimentally determined.
The fermion masses and the Yukawa couplings of ¢ to the leptons are given by the Lagrangian

£ = go [t + olerty ], (1.39)

where g, is an arbitrary coupling constant and

eL_(e)L.

Substituging ¢ in the same way as the previous case, the Lagrangian becomes

Ge _ Je ,_ _
L = “—v(erer + erer) + ~=(eLer + erer)H. 1.40
/3 (erer + erer) \/E( Ler + erer) (1.40)
As the first term has the form expected for a fermion mass, the electron mass can be written as,
geU
Me = ——. 1.41
e \/E ( )
The Higgs boson coupling to the electron is
Je Mme 1 gme
Je % _21,./@ = . 1.42
V2 v ! Fite 2mw (142)

The same treatment can be applied to the second and third generation leptons. Quark masses are
also generated by Yukawa coupling to the Higgs boson,

L = g4DLpdR + guDLocUR + h.c. (1.43)



where g4 and g, are the couplings to the up and down type quarks and

ne () amme- ()

Substituting ¢ and ¢,

¢_>\2<fo)’ ¢c_>\16<—(vS-H)>

the Lagrangian becomes

£ = mgdd + mutu + A ddH + "Mau. (1.44)
v v

1.3 Mass bounds of the Higgs Boson

In the framework of the Standard Model the mass of the Higgs boson cannot be predicted.
However some mass bounds are given from (1) the strong interaction limit and the vacuum stability
and (2) the precise electroweak measurements.

Since the quartic Higgs self coupling in equation (1.38) grows indefinitely with rising the mass
of Higgs boson, an upper bound on myo follows from the requirement that the theory is valid up to
a cut-off scale A [4]. On the other hand the requirement of vacuum stability in the Standard Model
imposes a lower bound on the Higgs boson mass, which depends crucially on the top quark mass
and on the cut-off scale A[4, 5]. Figurel.1(A) shows these bounds on the Higgs boson mass for
different cut-off scale A at which new physics is expected.

The mass bound is obtained also from the precision electroweak measurements at LEP, SLC, and
elsewhere through the loop correction by the Higgs boson to the electroweak observables. Although
the sensitivity to the Higgs boson mass is only logarithmic, the accuracy of the measurements makes
it possible to derive a x? curve as a function of the Higgs mass. Figure 1.1 (B) shows the result of global
fit of measured observables to the Standard Model calculation reported in reference [6] including the
direct measurement of the top quark mass at the TeVatron [7].

On the other hand, experimental searches for the Standard Model Higgs bosons have been
extensively performed at various experiments. The highest mass limit is given by experiments at
LEP1[8]. In the energy region of LEP1, the Higgs boson is produced with a higgsstrahlung process
associated with a virtual Z°. The limit by four LEP experiments is about 60 GeV. The limit obtained
by each LEP experiment is listed in Table 1.2. Figure 1.2 shows the mass limit obtaind by the OPAL
experiment at LEP1 energy region.

Experiment Lower Mass Limit

ALEPH 63.9 GeV
DELPHI 55.7 GeV
L3 60.2 GeV
OPAL 59.6 GeV

Table 1.2: Lower mass limits obtaind by four LEP experiments at LEP1 energy.
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Figure 1.1: (A): Strong interaction and vacuum stability bounds on the Higgs boson mass for different
cut-off energy scale, A, as functions of the top quark and the Higgs boson masses. (B): Ax? = x> —Xmin
as a function of Higgs boson mass. The curve is the result of the fit using the date from the electroweak
measurements [6]. The band represents an estimate of the theoretical error due to missing higher
order corrections.
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Figure 1.2: The experimental mass limit obtaind by the OPAL experiment at LEP1 energy region.
Point with error bar shows the reconstructed Higgs boson mass of the candidate event.



1.4 Production of the Higgs Boson

At LEP2 energies the Higgs boson is produced by two processes; namely the higgsstrahlung
process and the fusion process. Diagrams of those processes are shown in Figure 1.3. The cross-
section of the fusion process is very small compared to that of the higgsstrahlung process at LEP2
energies, but becomes competitive under the kinematical condition where Z° turns virtual in the
higgsstrahlung process.

(A)
€ ®) e € /v
f
f
et

f er €'/ Ve

Figure 1.3: Diagrams of the (A) higgsstrahlung, (B) WYW~ and Z°Z° fusion processes.

Higgsstrahlung process The production cross-section of the higgsstrahlung process is given as [9],

GZm?} LA+ 12m2 /s
tem 5 HOZO) = B2 2 4 g2\ 207 1.45
O'(e € ) 967T$ (Ue + ae) (1 _ m%OS)Z ( )
m 4m? m?
where g = —1, ve = —1+4sin’fy. A = (1 — 2 — —2)2 —H5—2 is the phase space function.

The correction from photon radiation is taken into account by convoluting equation (1.45) with the
radiator function G(z),

:/1 dzG(z)o(xs) (1.46)

with 20 = myp/s. The radiator function is given in references [10, 11].

Fusion process The production cross-sections of the fusion process are written as [9],

o(ete” — HOVV) = Gimy / /

e [+ a2)f(z,y) + 4vZadg(z,y)]  (147)

64/ 27 —w/wv
2 142z 24z 1 z z 22(1 —vy)
= (Z2_ T e - —log (1 L2V
f@y) <y3 y? - 2y 2) [1+z 08 ( +Z)]+y3 1+2

g(z,y) =



where V is either the W or Z° boson, zp0 = m%lo /s, xy = m%, /s, z = y(x — o) /xvz) and ve, ae the
couplings to the gauge bosons, ve = 1 — sin? Oy, ae = —1 for the Z° and ve = ae. = /2 for the the
W boson. The combined production cross-sections are shown in Figure 1.4 (A) as a function of the
Higgs boson mass.
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Figure 1.4: (A) Combined production cross-sections as a function of the Higgs boson mass. The
contributions from the fusion processes and the initial state radiation are included. Solid, dashed
and dotted lines show cross-sections separately for center-of-mass energies of 172, 161 and 91 GeV,
respectively. (B) Branching fraction of the Higgs boson as a function of the Higgs boson mass.

1.5 Decay of the Higgs Boson

The main decay modes of the Higgs Boson relevant in the LEP2 are,

Quark Decay : H%—bb and c,
Lepton Decay : H’—7t7~,and
Gluon Decay : H%- gg.

The main decay mode is bb, followed by 7+77, ¢t and gg at a level of less than 10 %.

Higgs decay into fermions The partial decay width of the Higgs boson into a lepton pair [12] is
given by
_ Gimj

N 427

where 3 = (1 — 4m3/ m%lo)l/ 2 is the velocity of the leptons in the rest flame of the Higgs boson.

T(HY — ¢+07) My 5. (1.48)




For the decay widths into quark pairs, QCD corrections [13] must be included. The corrections in
the limit my >> m, are known up to order o?. The partial decay width can be written as,

2
r(H’ — qq) = 4\/_ L m? g [1 + 5. 67( ) + (35.94 — 1.36 Ny) (C::) ] . (1.49)
where o = a; (qu) and Nr = 5 is the number of active quark flavors.

Higgs decay into gluons In the Standard Model, the Higgs decays into gluons via top quark
loops [14]. Since this decay mode is of significance only for the Higgs masses far below the top
threshold, the gluonic width can be written in the approximate form [15]

2 (2
GFa (mHO) 3 1+ (% _ ZNF) Qg (mHO)] ) (150)

—_—Mm
36v2r3

The branching fractions of the Higgs boson are shown in Figure 1.4 (B) as functions of the Higgs
boson mass.

Since the Higgs boson is dominantly produced with the Z° boson, the final state consists of four
fermions. The final state of the Higgs boson production can be categorized by the decay mode of Z°
and Higgs boson; namely

I'(H’ — gg) =

e the four jets channel in which Z°—qg and H’—bb,

o the missing energy channel in which Z°—v7,

e the tau channels in which Z°—qg and H'—»7+7~ or Z°—7+7, and
e the electron and muon channels in which Z0—¢+¢~.

The branching fractions of the higgsstrahlung process falling into these final state are listed in
Table 1.3. The fusion processes have the same final state topologies as the missing energy channel
and the electron channel.

channel final state H Br H 70— xx HO—xx
Four jets qgbb 60% | qq | 70% | bb 86 %
Missing Energy virH? 20% || v | 20% | all | 100 %
qqrtr || 56% | qg 70% | 7T 8 %
Tau rHrHO | 34% | rtro | 34% | all | 100 %
efe H? || 34% || efe” | 34% | all | 100%
Electronand Muon o —py0 | 340, | 44~ | 34% | all | 100 %

Table 1.3: List of final state topologies for myp =65 GeV.
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Chapter 2

Experimental Apparatus

2.1 LEP Storage Ring

= |

g =

=> e Electron
= e" Positron

Figure 2.1: Schematic view of LEP accelerator location.

The CERN Large Electron-Positron collider, also known as LEP, is a storage ring designed to
investigate ete™ collision at center-of-mass energies up to 200 GeV. Electrons and positrons are stored
in a ring-shaped vacuum chamber as several counter-rotating ‘bunches’, and collide at “interaction

points” where experiments observe the events. A schematic view of LEP accelerator location is shown
in Figure2.1.
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2.1.1 Beam Energy

The design of the LEP electron-positron collider was motivated by a very clear physics target:
direct investigation of the Standard Model of the electroweak interaction at the energy scale of its
symmetry breaking. The collider is operated, in its first phase (LEP1), at the energy of theete™ — Z°
resonance, producing a large number of Zs. In the second phase (LEP2), the energy is raised
above the threshold of the ete™ — WTW~™ process. These processes require the energy per beam
being ~50 GeV at phase one and >90GeV at phase two.

The maximum energy reached by an electron storage ring is limited by the energy loss due to
the synchrotron radiation. For an electron of energy Ej, running in a circle of radius p, the radiation
energy loss per turn is given by

E 4
Up = 07717, 2.1)
where
o =T _Te (2.2)
T3 (me?)’ '

with re being the classical electron radius and m, the mass of the electron. To maintain beams in the
orbit, this energy loss must be compensated by the radio-frequency (RF) acceleration system. The
radius of LEP was decided to be ~3.5km by the optimization between the available RF power and
the building cost of the ring.

2.1.2 Luminosity

The second important parameter of a colliding-type accelerator is the luminosity £. For a physical
process of cross-section o, the event rate is given by

dN
— =oL. 2.3
praiid (2.3)

In the case of a head-on collider like LEDP, the luminosity is given by

NeNpky fr
r— elVp bfev, (24)
drozoy

where N, and N, are the numbers of electrons and positrons per bunch respectively, &, is the number
of bunches per beam, fey is the frequency of revolution, and 030y is the cross-section of the bunches
at the interaction point. It is obvious from equation (2.4) that better luminosity is attained by:

e increasing N, and IV, i.e., increasing the current per bunch,

e increasing the number of bunches &, and

e decreasing 030y, i.e., focusing the beam to a smaller spot at the interaction point.

The design luminosity of LEP2 with four bunches and 3 mA per beam is 1.6 x 103! em~2s~! for
each interaction point. At the Z° resonance, each experiment should detect Z° decays at a rate
of 0.55 Hz with the ratio of hadronic and non-hadronic decays of about 7:1.
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2.1.3 Structure and Components

The LEP storage ring consists of eight straight sections connected by the same number of curved
sections. The circumference is 26.67 km. The ring is situated underground, in a tunnel of 3.8 m inner
diameter, crossing the border between France and Switzerland near Geneva. There are eight major
access points located in the middle of each straight sections, numbered clockwise from P1 to P8.
Four even-numbered points are occupied by the experiments: L3, ALEPH, OPAL and DELPHI in
this order.

Electrons and positrons are injected into LEP from a chain of five accelerators: two linacs
of 200 MeV and 600 MeV, a 600 MeV Electron-Positron Accumulator (EPA), and the CERN Proton
Synchrotron (PS) and the CERN Super Proton Synchrotron (SPS) operating as 3.5GeV and 20 GeV
ete™ synchrotrons respectively. The existing CERN proton synchrotrons, the PS and the SPS, were
modified to accelerate electrons and positrons to serve as the LEP injectors. When LEP is to be filled,
the PS and the SPS operate in multicycle mode, using a supercycle in which four cycles of electron
and positron acceleration take place followed by one cycle of protons. By this mode of operation,
filling LEP has little effect on the other experiments that run parallel with LEP using the 450 GeV
proton beam from the SPS.

Electrons and positrons are constrained in the vacuum chamber along the nominal orbit by
the electromagnetic guide field system. The system consists of dipole, quadrupole and sextupole
magnets, dipole correctorsin horizontal and vertical directions, rotated quadrupoles, and electrostatic
deflectors. Each of the eight curved sections are occupied by seven sets of standard cells consisting
of two groups of six bending dipoles supplemented by two quadrupoles, two sextupoles and a
horizontal and a vertical orbit correctors. The beams are bent by the dipole field of about 0.1T,
which is unusually low as a circular accelerator in order to reduce the radiative energy loss. The
quadrupoles produce alternating-gradient focusing, and the sextupoles are used to compensate the
energy dependence of the focusing strength.

In the middle of the eight straight sections are the interaction points. Four of them are surrounded
by solenoidal magnets used by the detectors of the experiments. As mentioned in the previous section,
beams are focused tightly at the interaction points by the strong quadrupole field generated by a set of
super-conducting magnets called ‘low-3" magnets to obtain maximum luminosity. Typical transverse
dimension of the beam at an interaction point is about 10 um %250 pm in the vertical and horizontal
plane respectively. The longitudinal dimension is typically ~2 cm. In addition, a pair of quadrupole
magnets rotated by 45° about their axes are installed around each solenoid, to compensate coupling
effect introduced by the solenoid between horizontal and vertical betatron oscillations.

It is very important for a storage ring to maintain high vacuum to minimize particle losses due
to collisions with residual gas. The LEP vacuum chamber is also subject to severe heating coming
from synchrotron radiation. In addition, it must be capable of effectively shielding the radiation to
prevent damage caused to the materials of various equipments in the tunnel. The vacuum chamber
is therefore made of aluminum covered with a lead cladding. The static pressure achieved without
beams is 8 x 10~ 2 torr. It rises to ~ 10~ torr in the presence of beams, due to gas desorption from the
inner wall provoked by the radiation. With this level of vacuum, a typical LEP fill can last ~12 hours
before a refilling becomes necessary.

The energy lost by synchrotron radiation is replenished by the RF acceleration system. Initially,
the RF system consisted of 128 RF cavities made of copper, powered by sixteen 1 MW klystrons.
During the shutdown between 1991 and 1992, eight of the cavities were removed to make room for
electrostatic separators necessary for the eight-bunch ‘pretzel scheme” operation. After the runs of
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1994, 8 cavities made of super-conducting (SC) material are installed to increase the beam energy
upto 136 GeV. After the runs of 1995, 128 SC caviteis and 36 SC cavities were installed in the winter
and summer shutdown. The number of cavities and acceleration voltage are listed in Table 2.1.

Ener Cu cavity | SC cavity | Acceleration Voltage
gy y y g

91 128 0 400 MV
133-140 120 8 470 MV
161 120 132 1606 MV
170-172 120 176 2028 MV

Table 2.1: List of number of Cu and super-conducting cavities for the different LEP operations
together with the acceleration voltage.

2.2 The OPAL Detector

OPAL (Omni-Purpose Apparatus for LEP) is a multipurpose apparatus designed to reconstruct
efficiently and identify all types of eTe™ events. Full details of the OPAL detector can be found in
reference [16]. The main part of the detector consists of many subdetectors which can conveniently
be classified into five elements:

e A central detector which measures the positions, directions and momenta of charged tracks as
well as their energy losses.

e An electromagnetic calorimeter which identifies electrons and photons by measuring their
energies.

e A hadron calorimeter which measures the energies of hadrons and helps the muon identifica-
tion.

e A muon detector which identifies muons by measuring their positions and directions behind
the hadron calorimeter.

e A forward detector which measures the luminosity by counting low angle Bhabha scattering
events.

The whole detector surrounds the beam pipe with the center of the detector at the nominal interaction
point. Surrounding the central detector is a solenoidal coil which provides the detector with a 0.435T
of uniform magnetic field parallel to the beam. The iron return yoke of the magnet serves also as the
absorption material of the hadron calorimeter. A schematic view of the general layout of the detector
is shown in Figure 2.2. Figure 2.3 shows cross-sections of the detector by the z-y and z-z planes.

2.2.1 The Central Detector

The Central Detector consists of a Silicon Microvertex detector and three drift chamber devices, the
vertex detector, jet chamber and surrounding Z-chambers situated inside a pressure vessel holding a
pressure of 4 bar. These subdetectors except for the silicon microvertex detector are gas chambers and
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use the same mixed gas, argon (88.2%), methane (9.8%) and isobutane (2.0%). The central detector is
inside a solenoid supplying a uniform axial magnetic field of 0.435 T. Originally (<1991) there was
no Silicon detector and the inner wall of the pressure vessel at 7.8 cm radius formed the beam pipe.
This beam pipe consists of 0.13 cm thick carbon fiber with a 100pm aluminum inner lining. In 1991
a second beam pipe at a radius of 5.35 cm, consisting of 0.11 cm thick Beryllium, was added and the
Silicon detector was inserted between them.

Silicon Microvertex Detector The Silicon Microvertex Detector (SI) was installed in 1991. At that
time the detector had only r—¢ readout. The detector has been upgraded several times and now is
called PhaseIIl Micro Vertex Detector (¢VTX3)[17]. The detector consists of two layers of Silicon
Micro Strip Detectors placed at radii of 61 mm and 75 mm. Figure 2.4 (A) shows the layout of ladders
in 7—¢ plane. The angular coverage of the layers are | cosf| <0.93 and | cos 8| <0.90 for inner and
outer layers, respectively. The inner(outer) layer consists of 12 (15) ladders. Each ladder consists of
5 r—¢ and 5 r—z silicon wafers glued back-to-back. 3 (2) out of 5 sets of wafers forms long (short)
ladders and those wafers are daisy chained together. Figures 2.4 (B) and (C) show schematic views
of a ladder and the whole Silicon Microvertex Detector layout, respectively. The strip has 25 ym pith
and the signal is readout at 50 um pitch in 7—¢ and 100 ym pitch in r—z. The intrinsic spatial resolution
is ~5pum in r—¢ and ~13um in r—z. The ladders are tilted to close 7—¢ gap. The charactaristics of the
Silicon Microvertex detector are listed in Table 2.2.

(A)

Figure 2.4: Schematic view of Silicon Micro Vertex detector. (A) cross section view (B) a set of short
and long ladders (C) Cut away view.
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Inner  Outer r—¢ r—2

Acceptance <093 <0.90

Number of ladders 11 64

Average radius 6lmm 75 mm

Readout strip pitch 50 pm 100 pm
Spatial resolution ~5um  ~13 pm

Table 2.2: Characteristics of the Silicon Micro Vertex Detector.

Vertex Detector The vertex detector (CV) is a high precision cylindrical jet drift chamber. It is
100 cm long with a radius of 23.5cm and consists of two layers of 36 sectors each. The inner layer
contains the axial sectors, each containing a plane of 12 sense wires strung parallel to the beam
direction. The wires range radially from 10.3 to 16.2 cm with a spacing of 0.583 cm. The outer layer
contains the stereo sectors each having a plane of 6 sense wires inclined at a stereo angle of ~4°. The
stereo wires lie between the radii 18.8 and 21.3 cm with a spacing of 0.5 cm. The angular coverage of
inner and outer layers are | cos §| <0.95 and | cos 8| <0.92, respectively.

A precise measurement of the drift time to the axial sector sense wires allows the r-¢ position
to be calculated by an accuracy of 55 um. Measuring the time difference between signals at either
end of the sense wires allows a fast but relatively coarse z coordinate that is used by the OPAL track
trigger and in pattern recognition. A more precise z measurement is then made by combining axial
and stereo drift time information offline. The r-z position resolution is 700 um Multiple hits on a
wire can be recorded.

JetChamber Thejetchamber (CJ)isa cylindrical drift chamber of length 400 cm with an outer radius
of 185 cm and an inner radius of 25 cm. The chamber consists of 24 identical sectors each containing
a sense wire plane of 159 wires strung parallel to the beam direction. The spacing between anode
wires is 1.0 cm. The end planes are conical and can be described by |z| = 147 + 0.268 x R(cm).

The coordinates of wire hits in the r-¢ plane are determined from a measurement of drift time.
The z coordinate is measured using a charge division technique. The spatial resolution for each
measured point is 135 yum and 6 cm for r—¢ and r—z directions, respectively. Summing the charges
received at each end of a wire allows the energy loss, dE/dx to be calculated. The resolution of
dE/dx for tracks with more than 130 measured points are 3.1 % for isolated muons and 3.8 % for
minimum ionizing pions. Measurement of the curvature of the tracks provides a precise momentum
measurement. The momentum resolution for 45 GeV track is 6.8%. The momentum resolution for
all momenta is given by

TPt — 1.4 x 103 p; (GeV) @ 0.02
Dt

including a term due to multiple scattering.

Z-Chambers The Z-chambers (CZ) provide a precise measurement of the z coordinate of tracks as
they leave the jet chamber. They consist of a layer of 24 drift chambers 400 cm long, 50 cm wide
and 5.9 cm thick covering 94% of the azimuthal angle and the polar angle range | cos 6|< 0.72. Each
chamber is divided in z into 8 cells of 50 cm x50 cm, with every cell containing 6 sense wires spaced
at 0.4 cm.
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Vertex Detector Jet Chamber Z-Chamber
axial +stereo 159 hits > 8 hits

Acceptance <095 <092 <0.73 <0.98 <0.72
Spatial resolution (A¢) 55 um — 135 ym 15 mm

(Az) 700 pm 6 cm 2.5 mm
dE /dz resolution 3.8 %

Table 2.3: Characteristics of the tracking chambers.

Combined Tracking Performance Tracks are reconstructed primarily only from the information of
the jet chamber. Then the tracks are refitted with measured points in the other tracking chambers. The
chracteristics of the tracking chambers are summurized in Table 2.3. Finally the tracks are connected
to the silicon micro vertex detector hits. Table 2.4 summarizes the measured resolution for the jet
chamber only, for all tracking chambers, and for all central detectors. Figure 2.5 shows the impact
parameter distributions measured from Z0—utp~ events.

Detector op/P? 0do 050

Jet Chamber 14 1183 um 27cm
All tracking chambers 1.3 40 ym 2 mm
+ Silicon Micro Vertex 125 18 um 24 ym

Table 2.4: The measured resolutions, o,/ p?, 040, and o, for the jet chamber only, for all tracking
chambers and for all central detectors.
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Figure 2.5: Measured impact parameter resolution for (A) r—¢ and (B) r—z directions obtained from
the muon pair events taken at the Z° pole.
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2.2.2 Electromagnetic Calorimeter

The function of the electromagnetic calorimeter is to detect and identify electrons and photons.
It consists of a lead glass total absorption calorimeter split into a barrel and two endcap arrays.
This arrangement together with two lead-scintillator forward calorimeters and two silicon tungsten
detectors in the forward detector makes the OPAL acceptance for electron and photon detection
almost 99% of the solid angle.

The presence of ~2 radiation lengths of material in front of the calorimeter (mostly due to the
solenoid and the pressure vessel), results in most electromagnetic showers initiating before reaching
the lead glass. Presampling devices are therefore installed in front of the lead glass in the barrel and
endcap regions to improve overall spatial and energy resolution and to give additional /7 and
electron/hadron discrimination. In front of the Barrel Presampler is the Time of Flight Detector.

Time-Of-Flight Counters The Barrel time-of-flight (TB) system provides charged particle identifi-
cation in the range 0.6 to 2.5 GeV, fast triggering information and an effective rejection of cosmic rays.
It consists of 160 scintillation counters forming a barrel layer 684 cm long at a mean radius of 236 cm,
and surrounds the OPAL coil covering the polar angle range | cos §|< 0.82. Typical time resolution is
~460 ps.

Barrel Electromagnetic Presampler The Barrel Electromagnetic Presampler (PB) consists of 16
chambers forming a cylinder of radius 239 cm and length 662 cm covering the polar angle range
| cos §]< 0.81. Each chamber consists of two layers of drift tubes operated in the limited streamer mode
with the anode wires running parallel to the beam direction. Each layer of the tubes contains 1 cm wide
cathode strips on both sides at £45°to the wire direction. Spatial positions can then be determined
by reading out the strips in conjunction with a measurement of the charge collected at each end of the
wires to give a z coordinate by charge division. The hit multiplicity is approximately proportional
to the energy deposited in the material in front of the presampler allowing the calorimeter shower
energy to be corrected with a corresponding improvement in resolution.

Barrel Lead Glass Calorimeter The barrel lead glass calorimeter (EB) consists of a cylindrical array
of 9440 lead glass blocks at a radius of 246 cm covering the polar angle range | cos 6| <0.82. Each block
is 24.6 radiation lengths, 37 cm in depth and ~ 10 x 10 cm? in cross section. The longitudinal axis
of each block is pointing towards the interaction region to minimize the probability of the particles
traversing more than one block. The focus of this pointing geometry is slightly offset from the
nominal collision point in order to reduce particle losses in the gaps between blocks.

Cerenkov light from the passage of relativistic charged particles through the lead glass is detected
by a 3inch diameter phototube at the base of each block. The energy resolution for 45 GeV electrons
are measured to be 2%. The energy resolution for all energy is given by 18.0%/+/E. The characteristics
of the barrel electromagnetic calorimeter are listed in Table 2.5.

Endcap Electromagnetic Presampler The endcap presampler (PE) is a multiwire proportional
counter located in the region between the pressure bell and the endcap lead glass detector. The
device consists of 32 chambers arranged in 16 sectors covering all ¢ and the polar angle range
0.83 <| cos < 0.95.
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Endcap Electromagnetic Calorimeter The endcap electromagnetic calorimeter (EE) consists of two
dome-shaped arrays of 1132 lead glass blocks located in the region between the pressure bell and
the pole tip hadron calorimeter. It has an acceptance coverage of the full azimuthal angle and
0.81< | cos 6] <0.98.

In contrast to the barrel calorimeter, the endcap lead glass blocks follow a non-pointing geometry
being mounted coaxial with the beam line. The lead glass blocks provide typically 22 radiation
lengths of material and come in three lengths (38, 42 and 52 cm) to form the domed structure
following the external contours of the pressure bell.

The blocks are read out by special Vacuum Photo Triodes (VPTs) operating in the full OPAL
magnetic field. The energy resolution for 45 GeV electron is measured to be 3%. The energy
resolution for all energy is given by 21.6%/+v/E. The characteristics of the endcap electromagnetic
calorimeter are listed in Table 2.5.

Barrel Endcap
Acceptance <0.82 0.81 -0.95
Typical block size ~10x ~10x37 cm  9.2x9.2x52 cm
Depth 24.6 XO ~22 XO
Energy Resolution 18.0%/VE 21.6%/VE
Energy Resolution at 45 GeV ~2.2% ~3 %
Spatial Resolution (at 6 GeV) ~11lmm ~11lmm
Typical material in front ~2 Xo ~2 Xp

Table 2.5: List of parameters of electromagnetic calorimeters

2.2.3 Hadron Calorimeter

The hadron calorimeter is built in three sections - the barrel, the endcaps and the pole-tips. By
positioning detectors between the layers of the magnet return yoke a sampling calorimeter is formed
covering a solid angle of 97% of 47 and offering at least 4 interaction lengths of iron absorber to
particles emerging from the electromagnetic calorimeter. Essentially all hadrons are absorbed at this
stage leaving only muons to pass on into the surrounding muon chambers.

To correctly measure the hadronic energy, the hadron calorimeter information must be used in
combination with that from the preceding electromagnetic calorimeter. This is necessary because
hadronic interactions are likely to occur in the 2.2 interaction lengths of material that exists in front
of the iron yolk. The characteristics of the hadron calorimeters are listed in Table 2.6.

Hadron Endcap and Barrel Calorimeter The barrel region (HB) contains 9 layers of chambers
sandwiched between 8 layers of 10 cm thick iron. The barrel ends are then closed off by toroidal
endcap regions (HE) which consist of 8 layers of chambers sandwiched between 7 slabs of iron.

The chambers themselves are limited streamer tube devices strung with anode wires 1 cm apart
in a gas mixture of isobutane(75%) and argon(25%) that is continually flushed through the system.
The signals from the wires themselves are used only for monitoring purposes. The chamber signals
result from induced charge collected on pads and strips located on the outer and inner surfaces of
the chambers respectively.
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The layers of pads are grouped together to form towers that divide up the detector volume into
48 bins in ¢ and 21 bins in #. The analogue signals from the 8 or so pads in each chamber are then
summed to produce an estimate of the energy in hadronic showers.

The strips consist of 0.4 cm wide aluminum that run the full length of the chamber, centered
above the anode wire positions. They hence run parallel to the beam line in the barrel region and in
a plane perpendicular to this in the endcaps. Strip hits thus provide muon tracking information with
positional accuracy limited by the 1 cm wire spacing. Typically, the hadronic shower initialized by a
normally incident 10 GeV pion produces 25 strip hits and generates a charge of 600 pc.

Hadron Pole-Tip Calorimeter Complementing the barrel and endcap regions, the pole-tip (HP)
extends the coverage of hadron calorimetry from | cos 8| of 0.91 down to 0.99. The sampling frequency
in this region is increased to 10 in an effort to improve the OPAL energy resolution in the forward
direction.

The detectors themselves are 0.7 cm thick multiwire proportional chambers containing a gas
mixture of CO,(55%) and n-pentane(45%), strung with anode wires at a spacing of 0.2 cm. Again,
the chambers have pads on one side (of typical area 500 cm?) and strips on the other. Corresponding
pads from the 10 layers then form towers analogous to the treatment in the rest of the calorimeter.

Barrel Endcap Pole Tip

Acceptance < 0.81 0.81-091  0.91-0.99
Number of layers 9 8 10
Pitch of Strips 10mm 10mm 10mm
Size of towers (A¢) ~7.5° ~7.5° ~11°
(A6) ~5° ~5° ~4°

Energy resolution 120%/vVE 120%/vE 120%/VE

Table 2.6: List of properties of Hadron calorimeters

2.2.4 Muon Detector

The muon detector aims to identify muons in an unambiguous way from a potential hadron
background. To make the background manageable, particles incident on the detector have traversed
the equivalent of 1.3 m of iron corresponding to 7 interaction length, reducing the probability of a
pion not interacting to be less than 0.001. The muon detector covers 93% of the solid angle. The
characteristics of the muon detectors are listed in Table 2.7.

Barrel Muon Detector The barrel region (MB) consists of 110 drift chambers that cover the accep-
tance | cos 0| <0.68 for four layers and | cos | <0.72 for one or more layers. The chambers range in
length between 10.4 m and 6 m in order to fit between the magnet support legs and all have the same
cross sectional area of 120 cmx9 cm.

Each chamber is split into two adjoining cells each containing an anode signal wire running the
full length of the cell, parallel to the beamline. The inner surfaces of the cells have 0.75 cm cathode
strips etched in them to define the drift field and in the regions directly opposite the anode wires are
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diamond shaped cathode pads. In all, six signals are read out from each cell namely, one from each
end of the anode wire and four from the cathode pads and are digitized via an 8-bit FADC.

Spatial position in the ¢ plane is derived using the drift time onto the anode and can be recon-
structed to an accuracy of better than 0.15 cm. A rough estimate of the z coordinate is also achieved
by using the difference in time and pulse height of the signals arriving at both ends of the anode
wire. A much better measure of the z coordinate is given by using induced signals on two sets of
cathode pads whose diamond shape repeats every 17.1 cm and 171 cm respectively. This results in a
z coordinate accurate to 0.2 cm, modulo 17.1 cm or accurate to 3 cm modulo 171 cm.

Endcap Muon Detector Each endcap muon detector (ME) consists of two layers of four quadrant
chambers (6 mx6 m) and two layers of two patch chambers (3 mx2.5 m) for an angular coverage
of 0.67 <| cos < 0.985. Because of the magnet support material there are four uncovered regions .
Each chamber is an arrangement of two layers of limited streamer tubes in the plane perpendicular
to the beam line, where one layer has its wires horizontal and the other vertical.

The basic streamer tube used has a cross section of 0.9 cmx0.9 cm with the inner walls coated
with a carbon-suspension cathode. Each plane of tubes is open on one side and closed on the other
to rows of aluminum strips 0.8 cm wide. The strips on the open side, run perpendicular to the tube
anode wires and typically have charge induced over five or so strips. By finding a weighted average
using the recorded pulse heights, the streamer is located to better than 0.1 cm. The strips on the
closed side run parallel to the tube wires and can only give that coordinate to the nearest wire or
0.9/V12 cm.

Within each chamber therefore, with two layers of tubes each with two layers of strips, the  and
y coordinates of a track can be measured once accurately and once relatively coarsely. As with the
barrel region, the actual position of the strips is known to about 0.1 mm via survey information.

Barrel Endcap
Acceptance <0.72 0.67-0.98
Absorption length in front ~8 Aint 8—14 \int
Number of layers 4 4
Position Resolution ~15mm (¢) ~1.0mm (y)
~20mm (f) ~3.0 mm (x)
Direction Resolution 5 mrad 5 mrad

Table 2.7: List of properties of Muon detectors.

2.2.5 The Forward Detector

The forward detector consists of an array of devices, listed below, whose primary objective
is to detect low angle Bhabha scattering events as a way of determining the luminosity. It also
complements the electromagnetic calorimeters to give a near 47 acceptance to the OPAL detector.

To achieve this, the forward detector has clean acceptance for particles between 25 and 120 mrad
from the interaction point.
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Calorimeter The forward calorimeter (FD) consists of 35 sampling layers of lead-scintillator sand-
wich divided into a presampler of 4 radiation lengths and the main calorimeter of 20 radiation
lengths. The energy resolution obtained from Bhabha events is 17%/V/E.

Tube Chambers There are three layers of proportional tube chambers positioned between the
presampler and main sections of the calorimeter. The positioning is known to £0.05 cm and they can
give the position of a shower centroid to £0.3 cm.

Gamma Catcher The gamma catcher (GC) is a ring of lead scintillator sandwich sections of 7
radiation lengths thickness. They plug the hole in acceptance between the inner edge of EE and the
start of the forward calorimeter. Any electrons or photons with more than 2 GeV of energy can be
detected, thus providing an efficient veto for radiative events.

Far Forward Monitor The far forward monitor counters are small lead-scintillator calorimeter
modules, 20 radiation lengths thick, mounted either side of the beampipe 7.85 m from the intersection
region. They detect electrons scattered in the range 5 to 10 mrad that are deflected outwards by the
action of LEP quadrupoles.

Silicon Tungsten Detector The silicon tungsten detector (SW) is a sampling calorimeter consisting
of 19 layers of silicon detectors and 18 layers of tungsten. There are 2 calorimeters at +£238.94cm in
z from the interaction point with an angular acceptance of 25 mrad to 59 mrad. At the front of each
calorimeter is a bare layer of silicon to detect preshowering, the next 14 silicon layers are each behind
1 radiation length (3.8mm) of tungsten and the final 4 layers are behind 2 radiation lengths (7.6 mm)
of tungsten.

Each silicon layer consists of 16 wedge shaped silicon detectors. The wedges cover 22.5° in ¢ with
an inner radius at 6.2 cm and an outer one at 14.2 cm. The wedges are subdivided into 64 pads (32
inr and 2 in ¢) giving a total of 38912 channels which are read out individually. Adjacent wedges in
a layer are offset by 800um in z and positioned in such a way that there is no gap in the active area
of the silicon. Consecutive layers in the detector are offset in ¢ by half a wedge (11.25°) so that any
cracks between the tungsten half-rings do not line up.

2.2.6 The Trigger

Events are only recorded by the data acquisition system if they satisfy certain trigger conditions.
The detail of the OPAL trigger system can be found in reference [18].

Subdetector trigger signals divide into two categories, ‘stand-alone” signals such as multiplicity
counts or energy sums, and lower threshold signals from a 6 x 24 binning in ¢ and ¢ respectively.
The trigger processor makes its decision by forming correlations in space between subdetectors in
0/ together with the stand-alone signals.

2.2.7 Online Dataflow

When a beam crossing is selected by the trigger as containing a potentially interesting event, the
subdetectors are read out. Each one of the sixteen subdetectors is read out separately by its own
special front-end readout electronics into its local system crate(s) ('LSC’) The subevent structures
from the different LSCs (eighteen of them, including the trigger and track trigger) are assembled
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by the event builder ("EVB’). The EVB sits in a single VME crate, and is connected to the LSCs via
high-speed memory-map ‘VIC” links.

When the complete events have been assembled by the EVB, they are passed in sequence to the
filter via another VIC link. In the filter, the events are checked, analyzed, monitored and compressed
before being written to disk. Some obvious junk events, typically 15-35 % of all triggers, are rejected.
The event headers of all events reaching the filter, rejected or not, are recorded on disk to help in
book-keeping. The events are written in data files with typically 20 Mbyte long.
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Chapter 3

Analysis

This chapter describes the method of search for the Higgs boson in LEP2 energies. The search
topologies relevant for this study and those of backgrounds are described in sections3.1 and 3.2,
respectively. Section 3.3 shows the experimental and Monte Carlo data samples used in the analysis.
The techniques which are important to the analysis are described in section 3.4. The event selections
are described in sections 3.5, 3.6, 3.7, and 3.8.

3.1 Search Topologies

At LEP2 energies the Higgs boson is dominantly produced via the higgsstrahlung process. The
contribution from the fusion processes is so small (~1%) that the selections are optimized to the
higgsstrahlung process. In the higgsstrahlung process the final state of the Higgs boson production
can be categorized to four channels according to the decay modes of the Z° and the Higgs boson; i.e.,
(1) final state with four jets, (2) final state with missing energy, (3) final state with tau leptons, and (4)
final state with electrons and muons, as shown in Figure 3.1.

Four Jets Channel The Four Jets channel arises when both the Z° and the Higgs boson decay
hadronically. Since hadronic branching fraction of the Higgs boson is about 92 %, this channel
has the largest branching fraction. However, this channel suffers from a large background from
ete” —qg with gluon emmission, and ete™ -WTW~—qgqq events. In order to reduce those
background events, presence of b flavour is required in the final state, which is not included in the
W*HW™ production. Hence, the search in this channel is restricted to the b decay of the Higgs boson.
The branching fraction of the channel is about 60 % at mp =65 GeV. The final state of this channel
consists of four energetic jets. Two of the jets should have b flavour and the invariant mass of the
other two jets has to be consistent with m .

Missing Energy channel The Missing Energy channel arises when the Z° invisiblly decays in the
higgsstrahlung process. In addition to the higgsstrahlung process this channel has small contribution
from the WT W~ fusion process. The contiributions of the W W™ fusion process are 4.1% for myj =65
GeV at /s =161 GeV and 4.0% for mypo =68 GeV at /s =172 GeV. The final state consists of
two acoplaner hadronic jets with invariant mass mp. For the dominant production process with
higgsstrahlung, the missing mass is close to m 0. The branching fraction of this channel is about 20 %
at myp =65 GeV. The main backgrounds to this channel are e*e™ —qq events with large undetected
energy, WTW~—/rqq in which lepton escapes from detection, and Z’+ Z°/v*—vqq events.
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Figure 3.1: Schematic view of four final state topologies relevant to this study.

Tau channels The Tau channels occurs when the Higgs decays hadoronically and the Z° decays to
a tau pair (referred as 77qq channel hereafter) or when the Higgs decays to a tau pair and the Z°
decays hadorinically (qq7 7 channel). These channels are characterized by a presence of two isolated
energetic tau leptons and two hadronic jets. One of the invariant masses reconstructed from the tau
pair and the two jets should be consistent with mz0. These channels have branching fractions of
about 3% and 6 % for the 77qq and qq7 7 channels, respectively.

Electron and Muon channels The Electron and Muon channels arise when the Z° decays into
a pair of electrons or muons in the higgsstrahlung process. The electron channel contains small
contribution from the Z°Z° fusion process. The contribution from the Z°Z° fusion process is 2.3%
for myp =65 GeV at /s =161 GeV and 2.2% for myp =68 GeV at /s =172 GeV. Although these
channels have the smallest branching fraction of only 6.7%, the final state is very clear. The discovery
potential is expected to be high because of a low background condition. The final state contains a
pair of energetic, isolated, and oppositely charged leptons with same spices. The final state is also
characterized by the invariant mass of the lepton system being consistent with my. The mass of the
Higgs boson can be reconstructed as the recoil mass of the lepton pair system.

3.2 Background

The Standard Model backgrounds which mainly contribute to the search are categorized to three
types of events; multihadronic, four-fermion and two-photon events. Cross-sections of the Standard
Model processes are shown in Figure 3.2 as a function of the cernter-of-mass energy.
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Figure 3.2: Cross-sections of the Standard Model processes as a function of the center-of-mass energy.
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Mulithadronic events Multihadronic events are generated via the process ete™—Z%/7*—qq. At
LEP2 energies bulk of multihadronic events are produced with so-called “radiative return” process
in which initial state photons are radiated to reduce the effective center-of-mass energy to the Z° pole,
at which the cross-section is greatly enhanced. In this case the events have an energetic photon or
a large missing energy in the beam direction. The Feynman diagram of the multihadronic events is
shown in Figure 3.3 (A). The cross-section of the process is ~100 pb at LEP2 energies. Multihadronic
events can be the main background source for all search channels because of its large cross-section
comparing to the signal cross-section of ~1 pb. In the four-jets channel, in particular, multihadronic
events with b flavour are the dominant background sources together with the WrW~—qgqq events.

Four-fermion events Four-fermion events consist of four fermions in the final states. At LEP2
energies the four-fermion processes include the following reactions,

e efe"WTW—,
o ete —7070(+)
e ete™—Z0y*,

e efe —evW, and
o ete =Z0%te .

The Feynman diagrams of these processes are shown in Figures 3.3 (B)—(E). Above the WTW™ pro-
duction threshold, the dominant process of the four-fermion events is the W-pair production. The
cross-section of the W-pair production is about 3.4 pb at the center-of-mass energy of 161 GeV and
11.5 pb at 172 GeV. Hadronic decay of the W-pair production is one of the dominant background
sources for the four jets channel, because the mass difference between Z° and W is comparable to
the experimental mass resolution. The events from the processes Z°Z°*) and Z%y* have the same
final state topologies as the higgsstrahlung process. These events can be the background source if
the intermediate Z°* or v* has a mass in the search region of myy. Fortunately their cross-sections are
small below the Z°Z° production threshold. The cross-section of the Z°Z°*) and Z%y* production is
about 0.05 pb if one requires the intermidiate Z%* or v* to be heavier than 50 GeV.

Two-photon events Two-photon events are generated through the process ete™—ete~ X where the
system X is produced in the scattering of two quasi-real photons by yy— X. The Feynman diagram
of two-photon events is shown in Figure 3.3 (F). This type of events can be the background source of
channels in which large missing energy is expected, namely the missing energy channel and the tau
channels. In two-photon events most of the energy escapes to the beam pipe.

29



yAIAA

@ @
o o

(y)

(A) multihadronic events

& o—>

0

@D
N
—h —h

;

e+ ZO/Z 0*/y f
(C)ete =270+ 70/7% /~

ZO

Z%y

@,
H
@, @,

e+

(E) ete~—ete=2Z0

.
A

e W+ f
(B)eTe —WTW—

e e
z%y
e
W
e’ W

(D) ete™—ereW

e e
f
O
f
Y
et e

(F) Two-photon events

Figure 3.3: Diagrams of the background processes.
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3.3 Data Sample

3.3.1 Experimental Data Sample

The data used in this study were recorded in the data-taking periods summarized in Table 3.1. In
order to obtain enough well-controled data sample, calibration runs on the Z° pole took place before
running above the 70 pole. Data taken at the 70 pole are used to calibrate the detector, to check the
data quality, and to study the systematics of the event selection. For each event, detector status flags
are defined in order to indicate the operating condition of the detector when the event was recorded.
After requiring the relevant detector to be fully oparational, the integrated luminosities of the data
collected by the OPAL detector correspond to 10.0 pb~!, 1.0 pb~!, and 9.4 pb~! at center-of-mass
energies of 161.3,170.3 and 172.3 GeV'. The integrated luminosities collected in each period are listed
in Table 3.1. The integrated luminosities collected in 1990-1996 are shown in Figure 3.4. As shown in
the figure, the total running period in 1996 is shorter than that of other years because of installation
of Super-conducting cavities. Throughout the running periods, performance of accelerator was quite
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Figure 3.4: Integrated Luminosity collected in 1990-1996

3.3.2 Monte Carlo Data Sample

Data samples generated by Monte Carlo simulations are used to optimize the event selection in
this study. A Monte Carlo event of a physics process is generated by an event generator as a list of
four momentum vectors of the final state particles. The four vectors are then processed through a
full detector simulation program to simulate the detector response. The detector simulation of the

n this note the data collected at 161.3 GeV are referred as 161 GeV data, and the data collected at 170.3 GeV and 172.3
GeV are referred as 172 GeV data.

31



Period (v/s) ’ Date ’ Integlated Luminosity (pb—!) ’

1996 77 (91GeV) | Jun1l3 —  Jul8 0.55
78 (161GeV) | Jul8 — Jul25 3.41
79 (161GeV) | Jul27 — Augl8 6.99
80 (91GeV) | Oct7 — Oct17 0.61
81 (172GeV) | Oct19 — Nov3 7.85
82 (172GeV) | Nove — Nov 21 2.57

Table 3.1: Summary of the data-taking periods. The periods running on the Z° pole are the calibration
runs.

OPAL detector is called GOPAL [19], which is based on GEANT 3.21 [20]. The output of GOPAL can
be processed as experimental data.

The Higgs production processes are simulated by the HZHA generator [21] including the contri-
bution from the fusion processes and the initial state radiation. The HZHA generator can generate up
to two initial state photons. The generated partons are hadronized using JETSET[22], which is tuned
to fit with OPAL data[23]. The signal Monte Carlo samples are generated separately for the final
state topologies with fixed values of myo between 35 GeV and 80 GeV with typically 500 events each.
High statistics samples with 5,000 events are also generated with myp around the expected mass
limit to obtain higher precision for estimation of efficiencies and to study systematic uncertainty of
the efficiencies.

Background Monte Carlo events are generated by a variety of event generators. The background
Monte Carlo samples used to calculate the number of background events in this study are listed
in Table 3.2. For the main background processes in this search, namely multihadronic four-fermion
processes, other sets of Monte Carlo samples listed in Table 3.3 are generated with different event
generator for estimation of the systematic uncertainties between generators.

All the Monte Carlo samples are processed in the same way as the experimental data samples.

3.4 Event Reconstruction

The events accepted by the filter are only the collection of hits at this stage. Those hits are recon-
structed as physics quantities such as track momenta or cluster energies by an event reconstruction
program. In OPAL such program is called ROPE (Reconstruction of OPAL Physics Event). ROPE
consists of a variety of processors. Some processors convert specific subdetector hits into physics
quantities. For example, a processor performs calibration of electromagnetic energies and forms a
cluster. Some processors combine data from several subdetectors and compute less detector specific
quantities. Finally ROPE forms the OPAL DST (Data Summary Tape) containing a set of measured
physics quantities, errors of the measurements and so on. ROPE can also read the DST or raw data
and provide the environment in which more complex analysis can be made. A new DST is regen-
erated in order to reflect the latest calibration constants obtained from older DST. This procedure is
called reROPE. In general, final physics results are obtained from the DST with the second or third
generation. Part of DST components relevant in this study are listed in the followings.

Charged Track Charged tracks are reconstructed from the hits in the central tracking devices. For
each charged track, the momentum, the impact parameter, dE/dz, the association to the outer
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‘ Process Generator ‘ Cross Section (pb) ‘ # Events ‘
| 161 GeV |
Z%/v —=qq(v) PYTHIA [22] 147.4 200,000
Four-fermion | Excalibur[24] 17.1 20,000

ete (v) BHWIDE [25] 818.0 250,000
pt () KORALZ [26] 12.6 75,000
77 (7) KORALZ 12.3 100,000
~~ hadronic PHOJET [27] 14.8 (nb) 1,000,000
HERWIG [28] 961.0 100,000
v leptonic | Vermaseren [29] 4.12 (nb) 412,000

| 172 GeV
Z°/y —qq(v) PYTHIA 122.7 200,000
Four-fermion gr c4f [30] 17.6 994,809
ete (v) BHWIDE 725.6 200,000
pt () KORALZ 111 100,000
77 (7) KORALZ 10.7 100,000
~+ hadronic PHOJET 19.9 (nb) 1,000,000
HERWIG 830.6 100,000
v leptonic Vermaseren 4.23 (nb) 423,000

Table 3.2: Background Monte Carlo samples used in this study together with the cross-sections and

the generated number of events.

Process ‘ Generator | Cross-section (pb) ‘ # Events Generated ‘
161 GeV
Z%/v —qq(v) | HERWIG 150.3 100,000
Four-fermion | gr c4f 14.0 265,400
172 GeV
Z%/v —=qq(v) | HERWIG 123.5 100,000
Four-fermion | Excalibur 22.1 170,000

Table 3.3: Background Monte Carlo samples used to study systematic errors.
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detectors, and so on, are computed.

ECAL cluster ECAL clusters are reconstructed from the barrel and the endcap electromagnetic
calorimeter hits. Hits in the overlap region between the barrel and the endcaps are merged to
form a cluster. The energy, the corrected cluster energy, the position, the cluster shape param-
eters are stored for each cluster. The energy correction includes the correction of the effect of
materials in front of calorimeters.

HCAL tower cluster HCAL tower clusters are reconstructed from the hadron calorimeter towers.
For each cluster, the energy and the position are stored.

HCAL strip cluster HCAL strip clusters are reconstructed from the hadron calorimeter strip hits. A
HCAL strip cluster provides tracking information and helps muon identification.

Muon segment Muon segments are reconstructed from the hits in the muon detectors independently
of the other tracking devices. For each Muon segment, the track direction, the track position,
hit multiplicities are stored.

Forward Detector cluster Forward detector clusters are reconstructed from the hits collected in the
forward detectors. The measured energy of the each forward detector element is stored.

There are several important functions to make analyses effective. In the Higgs search, particle
identification and mass reconstruction play very important roles. In the higgsstrahlung process,
the Higgs boson is produced recoiling against Z°. A good Z° mass reconstraction gives good
discrimination against the background events. To improve the resolution of mass reconstruction, a
good energy flow measurement is important. Particle identification is of particular importance in
the channels which are characterized by a presence of certain particles, such as electron, muon, tau
and b quark.

The following sections describe the tools used in the analysis.

3.4.1 Track and Cluster Quality Condition

To remove the tracks and clusters caused by detector noise or those with bad measurement, only
tracks and clusters having a good quality are used for the analysis. The requirements of a good
quality track are as follows:

e The track has at least 50 % of the maximum measurable points expected in the jet chamber and
at least 20 measured points.

e The track has a transverse momentum, pyy, higher than 120 MeV.

e The distance of closest approach to the beam axis, |dy|, should be less than 2.5cm, and the
z coordinate of the point of the closest approach to the nominal interaction point, 2z, should
satisfy |zo| <20 cm.

e The x? of the track fit in 7—¢ and r—z direction are both smaller than 100.
The requirement of the good ECAL and HCAL clusters are the followings,

e The ECAL cluster has raw energy higher than 100 MeV for the barrel and 200 MeV for the
endcaps.
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e The endcap ECAL cluster is formed from at least two lead glass blocks.

e The HCAL tower cluster has energy higher than 0.6, 0.6, and 2.0 GeV for the barrel, the endcaps,
and the poletips, respectively.

The requirement of the good ECAL and HCAL clusters are the followings,

3.4.2 Energy Flow Algorithm

The easiest way to determine the energy flow of an event is simply to add all ECAL and HCAL
clusters. In this case energy flow particles of the event are all ECAL and HCAL tower clusters. However,
in the OPAL detector, the momentum measurement in the central tracker has better resolution than
the energy measurement in the calorimeter for the low momentum charged particles. This applies
to the most of the tracks. Measurement of the direction is also important in the mass reconstruction.
The angular resolution of the charged track is better than that of calorimeter cluster. However,
simply adding up the charged tracks, ECAL, and HCAL clusters causes double counting of the
charged particle contributions. The resolution of energy flow becomes worse. Therefore the energy
algorithm starts from to set all charged tracks as energy flow particles to improve the direction
measurement and try to add neutral particle contribution from calorimeter information to avoid the
double counting.

The energy flow algorithm first tries to find charged track association to the ECAL and HCAL
clusters. If a charged track has associated clusters, the charged track contribution is subtracted from
the calorimeter energy in the following way. The calorimeter cluster is removed if the corrected
energy of the cluster is smaller than the threshold energy, Ey,(p, ). If the corrected energy of the
clusterislarger then Einp,0), the mean expected energy, Emean(p; 0), is subtracted from the calorimeter
cluster. The functions Ey,(p, ) and Emean(p, §) are determined from single track response evaluated
by a Monte Carlo simulation. The calorimeter clusters which are not associated with any charged
track are treated as neutral clusters.

The above procedure is repeated to all charged tracks and results in the revised energy flow
particles (tracks and neutral clusters). Figure 3.5(A) shows the distribution of the total energy for
the well contained hadronic events taken at the Z° peak in 1994. The gaussian fit gives the energy
resolution of og =9.5 GeV. The angular resolutions in r—¢ and r—z directions are obtained from the
back-to-back two-jet samples at the Z° peak. Figure 3.5 (B) and (C) show the distributions of angles,
A¢ and A6 defined by 180° — ¢;; and 180° — 6,;, where ¢;; and §;; are the opening angle of two jets
in 7—¢ and r—z plane, respectively. To see the resolution for single jet, the angles are divided by v/2
in the plot. The angular resolutions are measured to be 23 mrad for both ¢ and ¢.

3.4.3 Hadronic Event Selection

The hadronic event selection used in this analysis is so-called “Tokyo multihadronic event selec-
tion”, one of the standard hadronic event selections used in OPAL.

The selection is based on the electromagnetic clusters and the charged track multiplicity. An
electromagnetic cluster is required to satisfy the same criteria as given in section 3.4.1. Each track
should have at least 20 space points measured by the central tracking detector. The distance of closest
approach to the beam axis, |dp|, should be less than 2 cm, and the z coordinate of the point of closes
approach, zg, should satisfy |z| <40 cm. The momentum component transverse to the beam axis, pyy,
must exceed 50 MeV/c.
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Figure 3.5: (A) Distribution of the total energy for the well contained hadronic events taken at Z°
peak in 1994. The angular resolutions of the jet in (B) for the azimuthal angle and in (C) for the polar
angle.

Events are selected if they satisfy all of the following conditions.
e The event contains at least 7 clusters.
e The event contains at least 5 charged tracks.

e The ratio of the total visible energy observed in electromagnetic calorimeter, ) Eqys, to the
center-of-mass energy, /s, satisfies

m Z Equ
e = \/g = >0.1.
e The energy balance along the beam direction satisfies
| 2 Eclus €08 Oclus|
Ry = < 0.65,
bal > Eetus

where 6,5 is the polar angle of each cluster.

3.4.4 Jet Findings

The energy flow particles are grouped into a desired number of jets according to the search
topologies. There are several standard jet finding algorithms commonly used in high energy physics
analyses. The algorithm mainly used in this analysis is the Durham (k;) [31] algorithm.

For each pair of the energy flow particles, the jet resolution parameter,

2min(E}, E7)(1 — cos ;)
i Boum ’

(3.1)
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is calculated, where E; and E; are the energies of the energy flow particles, §;; is the opening angle
between i-the and j-th energy flow particles, and Es,n, is the total energy sum.

Of all the possible combinations, the pair with the smallest jet resolution parameter is replaced
by a pseudo particle with an energy

E;;j = E; + Ej, (3.2)
and a three momentum 5
o ij Lo
Pij = 7 = (i +Pj (3.3)
) |pi +pj| ( 7 J)?

where p; and p; are the three momenta of the particles. This procedure is repeated until all the
pairs have the jet resolution parameter exceeding the threshold ycyt, or the desired number of jets are
reconstructed.

3.4.5 Lepton Identification
Lepton identification is very important for the Higgs search and is used
e in the electron and muon channels,
e in b flavour tagging, and
e in the tau channels.

In the electron and muon channels, the leptons are expected to have a very high momentum because
the leptons directly originate from the Z° decay. The identification optimized to high momentum
leptons is therefore treated as a separate issue and described in section 3.5.

In the b flavour tagging, the electron and muon identification is used to tag leptons from the
leptonic decay of b hadrons. In the tau channels, the electron and muon identifications are used to
identify leptonic decay of the tau. The description of overall tau lepton identification can be found in
section3.8. The following paragraphs describe the electron [32] and muon [33] identifications used
in the b flavour tagging and the tau chnnels.

Electron Identification The electron identification is usually performed using two parameters, i.e.
theionization loss dE//dx and the energy of the electromagnetic cluster (E) divided by the momentum
of the track (p) associated with the cluster, E/p. For electron tracks, dE/dzx is expected to be about 10
keV/cm for p > 2.0 GeV/c and E/p is about unity.

In this method, electrons were identified using artificial neural network technique. This neural
network consists of an input layer with 12 input nodes, a hidden layer with 15 nodes, and an output
layer with an output node. Input parameters are as follows:

(1) the momentum of the track,

(2) the cos @ of the track,

(3) the dE/dx of the track measured by the jet chamber,

(4) the expected error of dE/dx measurement,

(5) the ratio E/p,

(6) the number of lead-glass blocks in the electromagnetic cluster,
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(7) the Econe/pa

(8) the number of blocks in the electromagnetic cluster where E o is defined,

(9) the ratio Econe/ Econe2,
(10) the distance between the electromagnetic cluster and the track in ¢ direction,
(11) the distance between the electromagnetic cluster and the track in ¢ direction, and
(12) the multiplicity of presampler hits in front of electromagnetic calorimeters,

where E is the electromagnetic energy associated to the charged track, and Econe is the total energy
within the cone with a half angle of 30 mrad around the track extrapolated to the cluster. The
parameter Eqner is the energy defined as Eqone2 = E — Econe. The neural network was trained by
the Monte Carlo samples to output 1 for electron and 0 for other particles. Figure 3.6 (A) shows the
distribution of the neural network output.

Muon Identification Muon identification is based on the penetration of a muon track through
the hadron calorimeter which has a large material as an absorber for all region of the solid angle.
A charged track measured in the central tracker is extrapolated to the outer detectors. The muon
segment associated with this extrapolated track is looked for and the matching parameter between
the track and the muon segment is examined. This matching parameter is defined as

As\  [A0)\2

()6
where A¢ and A6 are the differences between the extrapolated track and the muon segment in the
¢ and 6 directions respectively, and o, and o4 are their errors. The distribution of this variable x is
shown in Figure 3.6 (B). This variable was required to be less than 3.0 for muon candidates. If there
were more than one extrapolated muon tracks associated with one muon segment, the charged track
with the smallest distance to the muon segment is considered as the candidate of the muon track for
this segment. On the other hand, if there are more than one muon segments associated with one

extrapolated charged track, the segment with the smallest x is considered as the candidate of the
segment for this track.

3.4.6 B tagging

Since the branching fraction of the Higgs boson to the b quark pair is more than 80 % for the
Higgs boson mass relevant in the LEP2 energies, an efficient and high purity b tagging provides
a good signal and background seperation in the Higgs search, especially in the four jets and the
missing energy channels. Because the main background events in these channels come from the W
pair production which have no b flavour in the final state. Background events from the Z°Z° process
can also be reduced by requiring the b flavour in its final state because the branching fraction to the
b quark pair is lower (~15%) than that of Higgs boson.

There are three types of methods for tagging the b flavor. The first type is based on the lifetime
information. This type can be further divided into two methods, namely secondary vertex tag and
impact parameter tag. The secondary vertex tag tries to reconstruct the decay vertex explicitly. An
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NN Output

Figure 3.6: (A) Neural network output distributions for electron identification. Points with error
bars are for the hadronic events taken at the calibration runs. Hatched (Open) histogram shows
the expected distribution of electron (other particles) tracks. Tracks having momentum higher than
2 GeV are plotted. (B) Distribution of the matching parameter, x. Hatched histogram shows the
expected distribution for the muon tracks. Tracks having momentum higher than 3 GeV are plotted.

event, or a jet of an event, is tagged when a decay vertex is found and is significantly displaced
from the primary vertex. On the other hand, the impact parameter tag uses the distribution of the
impact parameters of the tracks in each event. The distribution is usually transformed to one variable
which efficiently discriminates the b flavor from the other flavors. An example of such a variable is
the forward multiplicity, which was first used by MARK-II in the reference [34]. A more elaborate
technique, using a product of likelihoods for all tracks produced at the primary vertex, was recently
used by ALEPH [35].

The second type of methods tries to tag the lepton from the semileptonic decay of the b hadron.
The lepton from the b hadron tends to have a high transverse momentum with respect to the quark
direction because of the heavy b quark mass.

The third type of methods uses the heaviness of the b hadron. Distributions of kinematic variables,
such as boosted sphericity, or rapidity, are usually combined to emphasize the difference between
flavors. An example of the usage of this type can be found in the reference [36], in which 21 kinematic
variables are combined by an artificial neural network.

In this study, the secondary vertex tag, the impact parameter tag, and the lepton tag are used.
The secondary vertex fiding algorithms described in the following paragraphs are the 3-dementional
extension of the methods used in the references [37] and [38].

Primary Vertex Finding Before reconstructing secondary vertices or measuring impact parameters,
one has to know the position of the primary vertex. The position of the primary vertex is determined

event-by-event, by fitting the measured trajectory of the tracks in each event to a common point
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in three-dimension. The knowledge of the position and the size of the beam spot is used as an
additional constraint to the fit. The primary vertex finding proceeds as follows. First, all the tracks in
the event are considered to have been produced at the primary vertex. Loose quality cuts, |dy| < 2cm
and |zp| < 200 cm are applied to the tracks. Two imaginary tracks running through the center of the
average beam spot in the = and y directions, with errors corresponding to the beam spread, are added
to constrain the primary vertex in the beam spot. The tracks, including two imaginary ones, are fitted
to a common vertex in three dimension. If any track contributes to the overall x? by more than 4, the
track with the largest x? contribution is removed and the fit is repeated. The primary vertex finding
succeeds if more than two real tracks remain after the iteration. Figure3.7 shows distributions of
reconstucted position of the primary vertices with respect to the nominal beam collision point.

1% T T [%) T T %) LB L T

NN ) 001 (B) ; 1 & [(© :

3 ¥ g . 000, : ]
~0-4000* : + ] S [ ' kS [ Y
** " * [ ! #* L Ho

s 4000} 8 30001 s ]

2000 o ] i D | 2000p S ]

I R | 2000F o . ;
‘ r - . 1 1000j ]
R J.«-T"'\ Ll :"‘-,.‘.L R I - .4..-4'-'7"'.‘ Ll “'."r-—».—\ L ] 0 \M‘W"\".\ Ll \‘"f"r-«.u
Q15 0 6,6 o1 Boi 5005 0 Goos 001 3 70T 23
g, (cm) o, (cm) g, (cm)

Figure 3.7: Distributions of reconstructed primary vertex position with respect to the nominal beam
collision point in (A) z, (B) y, and (C) z direction.

Secondary Vertex Finding with Tear Down Algorithm The “tear down” algorithm [37] is in prin-
ciple the same as the algorithm used in the primary vertex finding. At first, all the tracks in the jet
are fitted to a common vertex point. If one or more tracks contribute to the x* by more than 4, the
track with the largest contribution is removed and the fit is repeated. The procedure converges when
all the remaining tracks contribute less than 4 to the overall x?, or an insufficient number of tracks
remain. Additional cuts are applied to the input tracks. The tracks must have the impact parameter
error smaller than 0.1 cm, and the impact parameter should be smaller than 3 mm in r—¢. The former
cut removes poorly measured tracks, and the latter the tracks from decays of long-lived particles
such as K? and A. When the secondary vertex is successfully found, the decay length || is defined as
the distance between the primary and the secondary vertices projected onto the direction of the total
momentum of the tracks assigned to the secondary vertex. The sign of the decay length is also defined
using the total vertex momentum: L > 0 if the secondary vertex is displaced from the primary vertex
in the same direction as the vertex momentum, and L < 0 otherwise. The significance of the decay
length L/oy, is defined as the decay length divided by the measurement error. The distributions of
the decay length significance obtained by the tear down algorithm for the calibration data taken at
Z° pole and Monte Carlo events are shown in Figure 3.8 (A).

40



Secondary Vertex Finding with Build Up Algorithm Contrary to the tear down vertexing, the
“build up” algorithm [38] tries to reconstruct the secondary vertices from the tracks with large
impact parameters. At first, three tracks with the largest impact parameter significances, defined
as b/ oy, are considered as seed tracks. The intersections of all pairs of the seed tracks in the jet are
taken as seed vertices. The other tracks in the jet are then fitted, one by one, to a seed vertex. The
combination with the smallest x? is retained. This process of adding tracks is repeated until the x>
probability becomes smaller than 1 %. This procedure is applied to all the seed vertices. The decay
length is calculated in the same way as the tear down vertexing. If several vertices are found in
single jet, the vertex with the largest number of assigned tracks is retained. If still ambiguous, the
vertex with the most significant separation from the primary vertex is chosen. The distributions of
the decay length significance obtained by the build up algorithm for the calibration data taken at the
Z° pole and the Monte Carlo events are shown in Figure 3.8 (B).
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Figure 3.8: Distribution of decay length significance obtained by (A) the tear down and (B) the
build up algorithms. Points with error bars correspond to the calibration runs taken at the Z° pole.
Histograms are distributions expected by the Monte Carlo events. Open, single hatched, and double
hatched histograms are for the b, ¢, and uds flavour jets.

Forward Multiplicity The forward multiplicity of the jet is determined by counting the number of
tracks having impact parameter significance larger than a certain cut value Sp;n. In this analysis Smin
is set to 2.5. Supplemental track quality requirements are applied in order to reject badly measured
tracks and tracks which have wrong association to the silicon micro vertex detector hits, which tend
to have large impact parameter significance. Tracks are required to have their impact parameters
smaller than 0.3 cm, and expected measurement error of the impact parameters less than 0.1 cm in
3-dimention. Figure 3.9 (A) shows the forward multiplicity distribution.
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Lepton Tagging Electrons and muons in a jet are identified using the methods described in 3.4.5.
For the tagged leptons, transverse momenta, p;, are calculated with respect to the jet axis containing
the lepton. Figure 3.9 (B) shows the distribution of momentum of the highest p; lepton in the jet, in
which at least one lepton is identified.
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Figure 3.9: (A): Forward multiplicity distribution. (B): Distribution of transverse momentum with
respect to the nearest jet. The conventions of figures are the same as Figure 3.8 .

3.4.7 Kinematic Fit

The simplest way to reconstruct the mass of a particle is to calculate the invariant mass of the two
jets. However, the mass resolution of this naive invariant mass method is poor. The mass resolu-
tion can be improved by imposing the energy—-momentum conservation in the mass reconstruction
procedure. Kinematic fit is introduced to include these constraints in the mass reconstruction. The
observed quantities are modified within the error of these quantities to minimize a x? constructed
with these variables. The minimization of the x? is performed by iterative procedure imposing
the constraints by Lagrange multipliers. For the jets the inputs are one scalar momentum and two
directions.

Under the ZOH? event hypothesis, an additional constraint can be added that one of the recon-
structed mass should be the mass of Z°. There is another constraint that the two reconstructed
masses are the same in the WHW ™ hypothesis. Figure3.10 (A) shows the reconstructed mass distri-
butions before and after the kinematic fit for the Higgs boson Monte Carlo sample of m;0 =65 GeV.
Significant improvement can be seen in the figure.

3.4.8 Effective Center-of-mass Energy

Since multihadronic events are often produced as the “radiative return” to the ZY, it is useful
to know the effective center-of-mass energy, V/s', excluding the initial state photon. The effective
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center-of-mass energy is calculated from the measured energy of isolated photon, E,, by the following
formula;

Vs = /s —2E,\/5.

If any isolated photon is not found in the event, the energy of the photon is obtained by performing
a kinematic fit to a system of jets and an unmeasured photon along the beam direction, imposing
constraints of the energy-momentum conservation. Figure 3.10 (B) shows the v/’ distribution of the
multilihadronic events collected at /s =161 GeV together with the Monte Carlo expectation.
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Figure 3.10: (A): The effect of kinematic fit. Solid (dashed) histogram shows the reconstructed mass
distribution of the signal Monte Carlo sample of 65 GeV Higgs mass after (before) the kinematic fit.
(B): Etfective center-of-mass energy distribution of hadronic events. Points with error bars show the
data taken at 161 GeV. Open (hatched) histogram shows the expected distribution for multihadronic
(four-fermion) events.

3.5 The Electron and Muon Channels

The electron and muon channels arise when the Z° decays to a pair of electrons or muons.
Although these channels together have the smallest branching fraction of about 6.7%, these channels
have very clean event signatures. Hence a good background reduction is expected. The final states
of these channels are characterized by:

e No missing energy,
e presence of a pair of energetic, isolated, and oppositely charged leptons with same species,
o the invariant mass of the lepton pair consistent with the Z° mass, and

e a clean four jet structure which consists of the two leptons and two hadronic jets.
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The possible background sources of these channels are high multiplicity events without missing
energy, namely multihadronic events and four-fermion events.

The multihadronic events, ete™— g, can fake the signal when the events contain two fake
leptons or when the events contain heavy flavour quarks (b or c) which decays semileptonically.
These events can be reduced by requiring the lepton isolation because the fake leptons tend to be
close to the jet activities. The hadronic W-pair production process, ete”—=WTW~— qgqq, has a
large cross-section. These events can be effectively suppressed by requiring two energetic leptons.
Since a semileptonic W-pair events, ete” >WHTW ™ — (rqq, has a real lepton in its final state, the
lepton tagging is less effective to remove them. But this type of event can be suppressed by requiring
high visible energy and by requiring the lepton isolation. Since leptons don’t make a mass peak
in the events from the above three background sources, the invariant mass distribution is expected
to be flat. Requiring the lepton pair invariant mass be consistent with myo effectively rejects these
background events. The process eTe ™ —Z%+ Z°/Z%* /v where the Z° decays to a lepton pair has the
same event structure as the signal events. Fortunately the cross-section of this type of events is small
(~ 0.05 pb) under the threshold of the pair production of the real Z°Z°, \/s < 2my if one requires the
mass of hadronic systems to be in the search region of mypo. The events from Z%* can be removed
by requiring large opening angle between the two hadronic jets. In the electron channel, the process
ete~—Z%Te™ can also be the background. Since the electron pair of this process doesn’t have mass
peak and the electrons tend to escape to the beam pipe, this process is not very serious.

The event selection proceeds as follows. First the events without missing energy and having a
four jet structure are selected. A pair of energetic leptons are then tagged in the selected events.
Finally the invariant mass of the lepton pair is required to have a mass consistent with that of Z°.

The criteria are optimized to select the signal events where the Higgs decays hadronically, because
the contribution of the tau decay process is about 6 % to those channels. However, as the requirement
to the hadronic system is very loose, some sensitivity is also expected to the tau case.

3.5.1 Preselection

A preselection is designed to select high multiplicity events with four-jet like structure and
without missing energy. The preselection rejects most of the two-photon events and the lepton-pair
events. The cuts for the preselection are listed in the following.

(P1) There should be at least six good charged tracks.

(P2) The total visible energy normalized by the center-of-mass energy, Ryis, and the total visible
momentum in z direction, pf,;, should satisfy the following conditions.

il <100 - (Ryis —0.4) and Ryis > 0.6 at 161 GeV

1P| < Eem - (Ruis — 0.5) and Ryis > 0.6 at 172 GeV

The first cut eliminates radiative return events in which photon goes away to the beam direction.
The second cut rejects most of the two-photon events and some of WHW~—/rqqg events. The
distributions of the p{; and Ryis are shown in Figures 3.11 (A)-(D).

(P3) The event is reconstructed as a four jet final state with the Durham algorithm. The jet recon-
struction parameter for the four jet final state, y34, is required to be larger than 0.001. This cut
suppresses non-radiative qq events and radiative qq events in which photon from the initial
state radiation is detected. The distribution of log,, y34 is shown in Figure 3.11 (E).
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Figure 3.11: (A)—(D): Scatter plots of p,, and Ryis for (A) qG events, (B) four-fermion events, (C) real
data, and (D) expected signal events after cut (P1). All plots are for 172 GeV data. (E): Jet resolution
parameter, y34, distributions after cut (P2). Points with error bars are for the data. Open (hatched)
histogram shows the expected distribution for qq (four-fermion) background events. The expected
distribution for the Higgs signal is shown with dotted histogram. The sigal distribution is scaled up
by 1000 for visibility.

The above preselection retains about 94 (88) % of the signal events in which the Higgs decays
hadronically for electron (muon) channel, while most of the two-photon and the lepton pair events
are eliminated. The difference of the efficiencies between the electron and muon channels comes
from the difference of the detector acceptance of the calorimetry and the tracking devices. The signal
events eliminated in the preselection include events with one (two) lepton(s) which is not detected
or with a jet which goes to the forward region. The remaining background events are dominantly
four-fermion events and qq(y) events.

3.5.2 Lepton Pair Selection
The events are further required to contain at least one pair of oppositely charged leptons with

same species tagged by the methods described in the following paragraphs.

Electron Pair Tagging at 161 GeV  As the two electrons coming from the Z° decay shoul be energetic,
the two highest-energy electromagnetic calorimeter clusters are considered as electron candidates.
The nearest track to each cluster in —¢ space is associated to the cluster.

The following criteria are applied to the events with the electron candidates.

e The two associated tracks should have opposite charges.

e The momentum of the associated track has to be greater than 5 GeV.

45



e One of the background sources is the conversion of high energy photons. The eTe™ pair
converted from a high energy photon is sometimes reconstructed as a single track. The dE/dx
of such a track is two times higher than that of an ordinary electron track. Therefore the dE/dx
of the associated track measured in the central detector is required to be at most 15 keV/cm.
The distribution of the dE/dx is shown in Figure3.12 (A). A peak around dE/dxz =20 keV/cm
corresponds to the conversion tracks.

e The lateral spread of cascade shower in the calorimeter is expected to be small for electrons.
The number of blocks which contains 90% of the cluster energy, Nog, should not exceed 7.

e The cluster energy divided by the momentum of the associated track, E/p, should be within
the region 0.6 < E/p < 4. At least one electron candidate should satisfy E/p < 1.5. The E/p
distributions are shown in Figure 3.12 (B)-(E).
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Figure 3.12: (A): The dE/dx distributions for the data (points), Monte Carlo qq events (open his-
togram) and four-fermion events (hatched histogram). All simulated distributions are normalized
to the luminosity of the data. Dotted lines show the distributions for the expected signal events of
myp =65 GeV scaled up by a factor of 100. (B)—~(E): E/p distribtuions for (B) qg, (C) four-fermion, (D)
data, and (E) expected signal events. The electron candidates in the preselected events, which satisfy
all the electron identification requirements except the plotted variable, are plotted.

Electron Tagging at 172 GeV The electron tagging used for the 161 GeV analysis is modified in
order to increase the efficiency at 172 GeV. At 161 GeV only the two highest clusters are considered
as the electron candidate clusters. The association of the track is also limited to the nearest one even
if another track has more electron-like properties. At the 172 GeV analysis, every cluster satisfying
the following criteria is considered as an electron candidate cluster.

e The energy of the cluster has to be higher than 5 GeV.
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e The Ny of the cluster should satisfy the following condition;
Noy < 5 if |cosf| < 0.75
Noog < 6 if |cos6| > 0.75,
where 6 is the polar angle of the candidate cluster.

The different cut values of Ny reflects the different amount of material in front of the calorimeter and
the fact that the barrel calorimeter has a pointing geometry while the endcaps have a coaxial geometry.
Figures 3.13 (A) and (B) show the scatter plots of Ny versus | cos 8| for then clusters of electrons and
other particles obtained from the Monte Carlo signal and qg event samples, respectively.
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Figure 3.13: Satter plots of Nog versus | cos 6| for (A) electrons in the signal Monte Carlo samples and
(B) other particles in the q@ Monte Carlo sample. Lines in the plots show the cut positions.

The tracks around the clusters are then examined to form a track-cluster pair by the following
criteria.

e The distance between the cluster center and the extrapolated intersection of the track should
be smaller than 100 mrad in both § and ¢ directions.

e The momentum of the track should be higher than 2 GeV.
e The normalized E/p, E/p, ., is larger than —6. The value E/p, .., is defined as

1-FE/p
E/pnorm:o_E//
p

where o/, is the expected error of E/p calculated from the expected errors of the energy and
momentum measurements.

The reason why E/p_ . is used instead of E/p is that the ratio E/p has large measurement error in
the overlap region of the barrel and the endcaps and in the forward regions. In the overlap region, the
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energy resolution of cluster is degraded due to a large amount of material in front of the calorimeter.
The track momentum is badly measured in the forward region, where the number of measurement
points in the central tracker is limited. Figures3.14 (A)—(C) show the expected errors of the energy;,
momentum, and E/p measurements as a function of | cos | for the Bhabha scattering events taken
in the calibration runs. Figures3.14 (D) and (E) show the distributions of the E/p,,.,.,, for electrons
and other particles obtained from the Monte Carlo samples. The distribution for electrons has a
peak at zero while the E/p, ... of the other particles is distributed in the higher value. Removing
simply high E/p . events not only effectively reduces background tracks, but also rejects a non-
negligible amount of real electrons. A tight cut of E/p,,,.., is therefore applied by a pair-wise manner
as described later.
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Figure 3.14: (A)—-(C): Distributions of expected error of (A) cluster energy, (B) track momentum, and
(C) E/p as a function of | cos|. (D)—(E): Distributions of the E/p,,... for (D) electrons in the Higgs
signal samples and for (E) other particles in the g§g Monte Carlo samples.

If there are more than one track satisfying these criteria, the track with the smallest ¢ difference
is selected.

Since electrons often radiate photons and/or start to make showers in the detector material in
front of the electromagnetic calorimeter, the energy of an electron is sometimes deposited in more
than one cluster. This deteriorates the resolution of the electron pair invariant mass. An attempt is
made to merge “satellite” clusters around the candidate cluster to the electron candidate clusters.
Figures 3.15 (A) and (B) show the distribution of the opening angle between electron track and the
satellite cluster and the distribution of the energy of the satellite clusters in the Bhabha events taken at
91 GeV runs. A cluster is merged to an electron candidate cluster if the cluster satisfies the following
conditions.
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e The angle between the cluster and the electron candidate track should be smaller than 10° in
3-dimension.

e There should be no other track within a 20° half-angle cone around the electron candidate track.

e The cluster should be in the region | cos 8| < 0.85 to ensure the isolation of the electron.

The effect of merging satellite clusters to the mass resolution is shown in Figures 3.15 (C) and (D).
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Figure 3.15: Distributions of (A) angle between satellite cluster center and the electron track and (B)
energy of satellite cluster. Histograms (points with error bars) are for Bhabha Monte Carlo events
(Low multiplicity event taken at the Z° pole in 1994). Distributions of the invariant mass of the two
electrons for (C) the data and (D) the Monte Carlo samples before (dashed lines) and after (solid
lines) merging the satellite clusters.

Finally two track-cluster pairs are chosen by the following criteria.
e The two tracks have opposite charges.
e The pair has an invariant mass closest to the Z° mass.

To further reduce misidentification of electron pairs, at least one electron candidate is required to
have E/p, . satisfying the condition

—25< E/pnorm <.

The distributions of the E/p_ .. of two electrons together with the selected regions are shown in
Figure3.16.
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Figure 3.16: Distributions of E /pnorm values of the two track-cluster pairs for (A) qg(v), (B) four-
fermion, (C) data and (D) signal events. Solid lines show the cut positions.

Muon Pair Tagging The muon tagging method used here is based on the scheme used in the LEP1
lineshape analyses [39]. A charged track is identified as a muon if it satisfies either of the following
conditions.

e Atleast two muon chamber hits are associated with the track within A¢ = (100 + 100/p) mrad,
with the momentum p in GeV.

e At least four hadron calorimeter strips are associated with the track within A¢ = (20 + 100/p)
mrad, with p in GeV. The average number of strips in layers containing hits has to be less than
2 to discriminate against hadrons. For | cos f| < 0.65, where tracks traverse all 9 layers of strips
in the barrel calorimeter, a hit in one of the last 3 layers of strips is required.

e The track has momentum p > 15 GeV and the electromagnetic energy associated to the track
within A¢ < 70 mrad is less than 3 GeV.

The pair of oppositely charged muon candidates with its invariant mass nearest to the 79 mass is
selected as the muon pair candidate.

3.5.3 Main Selection

(1) Both leptons of the candidate pair must have an energy larger than 25 (20) GeV with at least
one of them larger than 35 (30) GeV at 161 (172) GeV. The scatter plots of the energies of the
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two lepton candidates are shown in Figure 3.17.

(2) The rest of the event excluding the candidate lepton pair is reconstructed as two jets using the
Durham algorithm. Fake leptons from qg(y) or WTW~—/rqq events tend to be near the jet
activities. Leptonisolation is ensured by requiring that each lepton has a transverse momentum,
pt, calculated with respect to the nearest jet axis, larger than 10 GeV. Figure3.18 shows the
p¢ distributions after cut (1). This cut effectively eliminates the qd events and WTW ™ —/(vqq
events.

(3) The selected events must have a lepton pair with an invariant mass consistent with the Z° boson
mass. For electrons the invariant mass of the lepton pair must lie between 75 GeV and 105 GeV,
while for muons it must lie between 60 GeV and 120 GeV. The different mass windows take
into account the different resolutions for electrons and muons. Figures3.19 (A) and (B) show
the distributions of the lepton pair invariant mass for the electron and the muon channels,
respectively.

(4) In order to suppress ete —Z%Z% /4* background events, the opening angle of the jet pair is
required to be larger than 50°. Figures 3.19 (C) and (D) show the distributions of opening angle
after cut(3).

— - -~ 80 —
3 | A 3 (8)
D60 - ] O]
= | ® DATA(W . el ® DATA (l1) 1
W o DATA(e w O DATA (p) ]
40 o Signal | o Signal
- Background | - 0r - Backgroundé . .
20 - ' o o . "=
| i 20 + ‘e e
ol ﬁ 3 o 9
L - 3 o | &%\3 D) ]
% 20 a0 & % "0 a4 e 8
E, (GeV) E, (GeV)

Figure 3.17: Scatter plots of the energies of the two lepton candidates, after requiring two leptons for
(A) 161 GeV and (B) 172 GeV. The solid lines indicate the positions of cut (1). Large open (tilled)
dots show electron (muon) candidate events, while small dots and squares are for the predicted
background events and the expected Higgs boson signal.
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Figure 3.18: Distributions of two lepton transverse momenta with respect to the nearest jet axis
after cut (1) for (A) qq and (B) four-fermion background events. The distributions for the data (solid
circles) and expected signal events (squares) are shown in (C) and (D) for electron and muon channels,
respectively. All plots are for the 172 GeV data.
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Figure 3.19: (A)—(B): Distributions of lepton pair invariant mass after cut (2) for the (A) electron
and (B) muon channels. Open (hatched) histograms show the predicted distributions for qq (four-
termion) background events. The distributions of the expected signals are shown by the dotted
histograms. The horizontal arrows show the selected regions. (C)—(D): Distributions of opening
angle of two jets after cut(3) for the (C) elctron and (D) muon channels in the 171 GeV analysis. The
vertical lines show the cut value. Dashed (dotted) histograms show the expected signal distributions
for myp =65 (68) GeV.
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3.5.4 Result

After all the cuts, no events survive in the electron and muon channels, while 0.10+0.04 and
0.1440.02 background events are expected in total at 161 GeV and 172 GeV, respectively. The signal
detection efficiencies for the 65 (68) GeV Higgs boson for the 161 (172) GeV analysis are 61.6 (65.3)% for
the electron channel and 71.1 (70.3)% for the muon channel. The numbers of observed and expected
events after each stage of the selection are given in Table 3.4. In the table the detection efficiencies
for a 65 (68) GeV Higgs boson are also listed for the 161 (172) GeV data. The detection efficiencies
for the Higgs boson of different masses are given in Table 3.5. Improvement in the electron channel
analysis in the 172 GeV analysis can be seen with respect to that of the 161 GeV analysis.

| Cut | Data | Totalbkg. || qq(y) | 4ferm. | electron (%) muon (%) |

| 161 GeV | Efficiency myo=65 GeV |
Preselection 337 330.0 299.4 30.7 89.9 82.6
Tow electron 4 6.8 5.0 1.9 68.0 —
cut (1) 0 0.4 0.2 0.2 66.5 —
cut (2) 0 0.2 0.06 0.15 64.8 —
cut (3) 0 0.06 0.01 0.05 61.6 —
cut (4) 0 0.0640.02 0.01 0.05 61.6 —
Two muon 31 30.4 27.3 3.1 — 79.1
cut (1) 0 0.5 0.3 0.2 — 76.3
cut (2) 0 0.1 0.03 0.09 — 72.5
cut (3) 0 0.1 | <0.01 0.08 — 71.1
cut (4) 01 0.04£0.03 || <0.01 0.04 — 71.1

‘ 172 GeV H Efficiency m;0=68 GeV
Preselection 325 336 246 89.8 88.9 82.8
Two electron 34 30.0 19.3 10.1 74.4 —
cut (1) 1 1.2 0.5 0.7 70.5 —
cut (2) 1 0.5 0.1 0.4 68.0 —
cut (3) 0 0.1 0.02 0.09 65.3 —
cut (4) 0 0.08+0.02 0.02 0.06 65.3 —
Two muon 43 50.4 37.1 13.3 — 77.9
cut (1) 1 0.8 0.4 0.4 — 74.9
cut (2) 0 0.3 0.1 0.2 — 72.1
cut (3) 0 0.08 || <0.01 0.08 — 70.3
cut (4) 0 0.06+0.01 | <0.01 0.06 — 70.3

Table 3.4: The numbers of events after each cut for the data and the expected background in the
electron and muon channels. Background estimates are normalized to the integrated luminosity.
The last two columns show the detection efficiencies for electron and muon channels for a 65 (68)
GeV Higgs boson for 161 (172) GeV.
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| 50 | 55 | 60 | 65 | 68 | 70 | 75 | 80 |
electron || 59.0 [ 61.9 | 63.4 | 61.3 | 57.7 | 52.6 | 33.1 | 14.6
muon || 68.1 | 69.6 | 704 | 705 | 69.4 | 67.8 | 60.1 | 46.1
electron | 63.0 | 63.2 | 63.6 | 64.8 | 65.3 | 65.3 | 63.5 | 57.6
muon || 71.0 | 70.1 | 69.4 | 69.7 | 70.3 | 70.6 | 71.3 | 70.8

161 GeV

172 GeV

Table 3.5: Signal detection efficiencies as a function of Higgs boson mass for the electron and muon
channels.

3.5.5 Systematics Errors

The signal detection efficiencies quoted in Table 3.5 are affected by various systematic uncertain-
ties.

o Comparing the visible energy distributions of hadronic events taken at the Z° pole and the
Monte Carlo samples, the Monte Carlo samples give relatively 8 % better energy resolution
(See Figure 3.5). The R,;s cut is tightened by 0.03 corresponding to the visible energy of 5 GeV,
which corresponds to twice the difference of the energy resolution between data and Monte
Carlo. The efficiencies before and after this change are the same within the statistical accuracy.
No systematic error is quoated from the modeling of visible energy.

e The systematic error from the modeling of the y34 value is estimated as follows. The yz4
distributions after cut (P2) are compared between the data and the Monte Carlo. The cut value
at which the data give the same effciency as the Monte Carlo is found to be 0.0009. Taking the
difference of 10 % as an uncertainty, the cut value is tightned from 0.001 to 0.0011 to estimate the
systematic error. This gives a systematic error of 0.35 (0.37) % for the electron (muon) channel.

e Since the resolutions of the jet direction, the track direction, the track momentum and the cluster
energy measurements agree well between the data and the Monte Carlo, the systematic errors
from the lepton p; measurement, the lepton system invariant mass, and the opening angle of
the hadron jets are neglected.

e Uncertainties on the lepton tagging efficiencies are estimated using the large angle Bhabha
scattering event sample and the muon pair event sample taken at 91 GeV in order to get enough
well-controlled samples. In such samples, if one tags one lepton with a strong requirement, the
other should be a lepton of the same flavour. Applying the lepton identification to the known
lepton, the efficiency can be estimated. The measured efficiencies of electron identification is
shown in Figure 3.20 (A). The efficiencies obtained from the data and the Monte Carlo samples
are compared. The relative difference as a function of cos § is then summed up according to the
probability density of the lepton direction obtained from the Higgs signal Monte Carlo sample.
Figures 3.20 (B), (C) and (D) show the relative difference of the electron tagging efficiency,
the probability density, and the relative difference multiplied by the probability density. The
difference is doubled because a signal event contains two leptons. Thus systematic shifts of
the lepton-pair tagging efficiencies are obtained as 0.5610.17 % for the electron channel and
as 0.42+0.10 % for the muon channel. The correction of 0.56 % and 0.42 % are included in
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the efficiencies shown in the Tables3.4 and 3.5. The errors of the corrections are treated as
systematic errors.

e The effect from the fragmentation is estimated by comparing the samples in which the Higgs
decays to c¢, gg and the normal sample excluding the events in which the Higgs decays into
7777, The average of the efficiencies in the Higgs mass range of 50 — 75 GeV are consistent
within the statistical error for both the electron and muon channels. However conservatively
taking the largest difference, this systematic error is estimated as 0.23 % (0.27 %) for the electron
(muon) channel.

Assuming all systematic errors to be independent, the total systematic errors on the signal detection
efficiencies are calculated as 0.45 % for electron channel and 0.47 % for muon channel relative to the
efficiencies quated in Tables 3.4 and 3.5.
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Figure 3.20: (A): Electron tagging efficiency as a function of cos 6 for data (points) and Monte Carlo
(histogram) events. (B): Relative difference of the electron tagging efficiency. (C): Probability density
of the electron direction obtained from the Higgs Signal sample of mip =68 GeV. (D): Relative
difference of the efficiency multiplied by the probability.
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3.6

The Four Jets Channel

The event topology of the four jets channel is characterized by,

four energetic hadron jets,
no missing energy, and

presence of b quark decay.

The backgrounds are Z°/y*—qq events accompanied by hard gluon emissions as well as the four-
fermion processes, essentially ete”—WTW in this energy region.

The selection of candidate events and the suppression of background is done in two steps. A
preselection is first performed in order to reduce the events which is not kinematically compatible
with the signal. A tighter kinematic selection and a b tagging are then applied using a likelihood
technique.

First, a large part of the Z°/y*—qq background is eliminated by selecting well defined four jet
topologies using the cuts listed below:

(1)
(2)

3)

4)

(6)

The events must be qualified as a hadronic final state described in section 3.4.3.

The radiative process ete™—Z%y—qqy is largely eliminated by requiring that the effective
center-of-mass energy, Vs', calculated as described in section 3.4.8, is at least 140 GeV (150 GeV)
at /s = 161 GeV (/s = 172 GeV).

The final state particles of an event are grouped into four jets using the Durham algorithm. The
jet resolution parameter, y34, at which the number of jets changes from 3 to 4, is required to be
larger than 0.005.

The Z° /v*—qq background is further suppressed by requiring that the event shape parameter
C[40] is larger than 0.45. The C parameter is defined as,

C =3(MA2+ M3+ Xh3),

where \; (¢ = 1,2, 3) is the eigenvalue of the sphericity tensor,
o

PPy

gaB _ 2 21

Zj |p; |

where p; is the momuntum of the j-th energy flow particle. The C parameter is large for a

(Oé,,B = 17273)a

spherical event.

Each of the fourjetsis required to contain atleast two tracks and two electromagnetic calorimeter
clusters.

To discriminate against poorly reconstructed events, a kinematic fit, using energy and momen-
tum conservation constraints (4C-fit), is required to converge with a probability larger than 0.01.
The ete” —H"Z? hypothesis is tested by a kinematic fit which, in addition to the energy and
momentum conservation constraints, also forces two of the four jets to have an invariant mass
equal to the Z° boson mass (5C-fit). This fit is applied in turn to all six possible combinations
of the four jets to the Z° and H° bosons. The fit is required to converge for at least one combi-
nation with a probability of at least 0.01. The combination yielding the highest x*-probability
is selected.
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Table 3.6 shows the number of selected events in the data and the Monte Carlo at each stage of the
cuts for both center-of-mass energies. After removing most of the two-photon background events
(cut(1)), a good agreement between the observed data and the expected background can be seen.

‘ Cut H Data H Total bkg. H qq(y) ’ 4-ferm. H Efficiency (%) ’
| 161 GeV | o =65GeV |
(1) 1572 13984 [ 13459 | 525 99.9
2) 395 3775 | 351.1| 26.4 89.5
3) 65 541 380 | 161 81.4
4) 51 406 | 262 144 75.6
) 49 332 215| 117 70.5
(6) 26 242 140| 102 62.3
| £72>09 | 0[075+008[ 049] 026 | 32.1 |
| 172 GeV | My = 68 GeV |
(1) 1409 1306.7 [ 1189.7 | 117.0 99.7
2) 367 3812 | 3128 | 684 87.8
3) 93 847 || 335| 512 79.3
(4) 77 709 | 229| 480 75.8
) 68 603 | 181 | 422 70.2
(6) 56 503 | 126 377 61.4
| £12>0.925 | 1]088+007| 034 055 28.5 |

Table 3.6: The numbers of events after each cut of the selection for the data at 161 (172) GeV and the
expected background in the four jets channel. The background estimates are normalized to 10.0 (10.4
pb~!). The last column shows the selection efficiencies for the Z"H°— qqbb final state.

Next, a likelihood technique is employed in order to classify the remaining events as either (1)
Z°/v*—qq, (2) four-fermion process, or (3) Z'H—qqgbb. To select signal events with low background,
the information from 14 quantities (described below) are combined, which provide a good separation
between the three different event classes. Half of the variables are related to the kinematics of the
events, and the other half are related to the b tagging. For each event the measured values z; (i=1...14)
of these variables are compared with probability density functions normalized to unity obtained from
the Monte Carlo events processed through the full detector simulation. The likelihood for each event
tobelong to any of the three event classes is calculated as follows. For a single variable, the probability
for an event to belong to a class j is given by

JHED)

J" i) = )
Pil) = S8 )

where fg (z;) denotes the probability density for the event class j and variable i. The likelihood
function for the class j is defined as the normalized product of the p! (z;)

[T pl ()

£(F) = :
@) Z%:l H?:lpf(xi)
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where n = 14 is the number of variables. In order to select an event as a candidate, its likelihood
for being a signal event is required to be larger than a certain value depending on the preferred
signal /background ratio.

The first set of variables is used to select events whose kinematics are compatible with the signal.

(1) the smallest angle between any pair of jets.
(2) the smallest di-jet mass.

(3) the highest jet energy.

(4) the lowest jet energy.

(5) the di-jet mass closest to mzo. The four-momenta of the jets obtained from the 4C-fit are used
to calculate these quantities.

(6) The probability of the best kinematic fit requiring the energy—-momentum conservation and
equal di-jet masses.

(7) the larger 8 = p/FE factor of the two di-jet momenta calculated from the jet pair combination
closest to the WTW~ hypothesis. The best jet pair combination under the W*W~ hypothesis is
determined by minimizing (pgijet1 — z)? + (Pdijet2 — z)?, where z is 6 GeV (30 GeV) at /s =161
GeV (172 GeV). This quantity vanishes for perfectly reconstructed on-shell WHW~ events.

The second set of variables is used to tag b flavour hadrons. Secondary vertices are identified
in each jet separately using the methods described in section 3.4.6. To improve the quality of the
vertices, each accepted vertex is required to have at least two tracks containing 2 silicon microvertex
hits in both r—¢ and r—z strips. The variables to discriminate between the b flavour and lighter
flavours are the followings.

(8) sum of the decay length significance of the vertices found in the candidate Higgs jets by the
tear down algorithm.

(9) the maximum forward multiplicity among four jets.
(10) the invariant mass of the tracks in the vertex with the largest decay length significance.
(11) the smaller of the two Higgs jet masses.

(12) the sum of the momenta of the highest momentum track associated with each vertex of the two
Higgs jets.

(13) thelargest transverse momentum of an identified lepton (electron or muon) with respect to the
corresponding jet axis.

(14) the sum of the two largest numbers of significant tracks in the four jets.

The reference distributions of the likelihood variables are shown in Figures 3.21 and 3.22 for the 161
GeV and 172 GeV analyses, respectively.

Finally the likelihood for each event is required to be larger than 0.90 at \/s = 161 GeV and larger
than 0.925 at \/s = 172 GeV (i.e., £3(Z) > 0.90 (0.925)). The likelihood requirement is tightened for
the higher center-of-mass energy in order to retain the same background level for both energies.
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The analysis is tuned with a reference mass of myp =65 GeV (68 GeV) at /s = 161 GeV (172 GeV)
with a resulting efficiency of 32.1% (28.5%). The efficiencies for different Higgs boson masses are
listed in Table 3.7. The resulting expected background is 0.49 (0.34) events from Z°/~v* and 0.26 (0.55)
events from the four-fermion processes. Other background sources are negligible. The total expected
background is 0.75+0.08 (stat)+0.25 (syst) (0.884+0.07+0.18) events. The background systematics are
dominated by the error in the modeling of the variables used in the likelihood.

For each of the fourteen input quantities, a good agreement between the data and the Monte
Carlo is observed. This can be seen in Figures 3.23 and 3.24, where the distributions of the likelihood
inputs of the data and the simulated background are shown. The agreement between the data and
the Monte Carlo, in particular for b tagging related quantities, is also checked with the data taken in
the calibration runs.

Figures 3.25 (A) and (B) show the distributions of the signal likelihood for the preselected events
from the 161 GeV and 172 GeV data. It can be seen that the expected signal is concentrated at large
values of the likelihood. The enhancement of the background at large likelihood values is due to
irreducible signal like four-fermions and QCD four jets events containing the b flavour.

No events survive the likelihood cut of 0.9 at /s =161 GeV. With a cut at 0.925 in the likelihood
variable one candidate event is selected from the data collected at /s = 172 GeV. The likelihood
of this event is 0.993. The invariant mass of the two jets associated with the Higgs boson decay is
75.6 +3.0 GeV. Both of the Higgs candidate jets have displaced secondary vertices with significances
of 6.1 and 2.0, and charged multiplicities of 4 and 3. One of the jets assigned to the Z°-candidate has
also a displaced secondary vertex with a significance of 4.6 and multiplicity of 2.

| [ 50 | 55| 60| 65| 68| 70| 75 | 80 |
161 [ 21.7 [ 24.7 [ 27.0 [ 28.2 | 284 | 282 | 26.6 | 23.3
172 | 22.9 | 26.9 | 30.3 | 31.9 | 31.7 | 30.8 | 259 | 15.9

Table 3.7: Signal detection efficiencies of the four jets channel for different Higgs boson masses.

Systematic Errors The signal detection efficiencies at /s = 161 GeV (172 GeV) are affected by the
following uncertainties. Limited statistics of the Monte Carlo samples cause the systematic error of
4% (2%). The effect of modeling of the physics quantities used in the preselection is evaluated as
follows. The agreement of the variables between the real data and the Monte Carlo expectations
is checked with the data taken at the calibration runs. The systematic shifts of the variables are
corrected. If the resolution is too optimistic, the cut values are tightened to reflect the uncertainty
and see how the variation of the cut value affects to the efficiencies. Systematic uncertainty is found
in Vs’ resolution, y34, and the C parameter. The systematic uncertainties of the description of the
preselection variables give 5% (2%) systematic errors in total.

Systematics errors form the modeling of the variables used in the likelihood selection is dominated
by the uncertainties of the b tagging variables. The effect of the tracking resolution is estimated by
varyng the tracking resolution in the Monte Carlo samples. The modeling including the b tagging
variables has been checked also by a re-weighting procedure. The distributions for the data and
the Monte Carlo samples are compared, in which x? is defined to quantify the agreement by the
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following formula;

N vars NFin (Ndata NMC)Z
2 2 2 ij Vi
X = Z bin Z Xijs  Xij = MC (3.4)
i=1 Ni j=1 Nij

where NV is the number of variables and NP is the number of bins in the ith distribution. The
event weight, w is determined iteratively by the bin which gives the largest ij as the follows,

N_data
Wnew = Wold X {( Zlj\/[C _1> Oz—l—l},

where « is a factor between 0 and 1, stabilizing the iterative procedure and having small sensitivity
to the final results. The distributions are re-generated using the new event weight. The re-genrated
distributions are again compared and event weight is determined iteratively. The iteration is termi-
nated when the y? becomes smaller than a cut off value, ¢. Using the event weight, the variation of
the efficiencies is checked. Finally modeling of the variables used in the likelihood selection gives a
systematic uncertainty of 10% (7%).

The binning of reference distributions yields a contribution to the systematic error of 1% (2%).

Taking these uncertainties as independent and adding them in quadrature result in a total relative
systematic error on the signal efficiency of 12% (8%).

3.7 The Missing Energy Channel

The event topology of the missing energy channel is characterized by:

e alarge missing momentum corresponding to a neutrino pair from the Z° decay,
e acoplaner two energetic hadronic jets, and

e presence of the b quark decay.

The background consists of badly measured Z°/y*—qq events, and four-fermion processes with a
neutrino in the final state, such as W W~ —¢*vqqand W¥eTr—qgeTr, and events in which particles
go undetected down the beam pipe such as eTe™—Z% and two-photon events.

(1) To reduce two-photon and beam-wall interactions, a preselection is applied.

— There must be more than six tracks which pass the quality cuts described in 3.4.1.

— The number of good tracks must exceed 20% of the total number of reconstructed tracks
in the event.

— The energy deposited in each side of the forward calorimeter, the gamma catcher and the
silicon tungsten detector must be less than 2 GeV, 5 GeV, and 5 GeV, respectively.

— The fraction of the energy deposited in the region | cos#| > 0.9 must not exceed 30(50)%
of the total visible energy in the event at 161 (172) GeV.

— The total transverse momentum of the event, p,;,, must be greater than 1 GeV.

— The visible mass must satisfy myis > 4 GeV.
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(2) To remove background events in which particles go undetected down the beam pipe, the polar
angle, Omiss, of the missing momentum (Pmiss = —Pvis) Must satisfy | cos Omiss| < 0.9. The z
component of the visible momentum, pZ, is required to be less than 30 GeV.

(3) Many of the ete~—Z0 events in which the photon is within the detector acceptance will
survive the previous cuts. An electromagnetic cluster is identified as an isolated photon if no
charged track except for the track tagged as conversion is found within a cone of 20° half angle
around the cluster. If the event contains an isolated photon with an energy of more than 30
GeV, the event is rejected. This cut is only applied for 161 GeV data.

(4) The remaining two-photon background is eliminated by requiring p!;; > 8 GeV. As a precau-
tion against large fluctuations in the measured hadronic energy, pl;, is recalculated excluding
hadronic calorimeter clusters and is also required to be larger than 5 (8) GeV.

(5) The event is reconstructed as a two-jet events using the Durham algorithm. Both jets are
required to have a polar angle satisfying |cosf| < 0.9, to ensure good containment. The jet
resolution parameter, 3, at which the event changes from the two-jet to the three-jet topology
is required to be less than 0.05 at 161 GeV.

(6) The dominant remaining background comes from the Z°/v*—qq events in which the two jets
tend to be back-to-back, in contrast to the signal events in which the jets are expected to be
acoplaner. This background is suppressed by requiring that the jet-jet acoplanarity angle, ¢acop,
be larger than 8°(5°). The acoplanarity angle is defined as 180° — ¢;; where ¢;; is the angle
between the two jets in the plane perpendicular to the beam direction.

Some of the distributions used in the missing energy channels are shown in Figure 3.26 and
Figure 3.27 for the 161 and 172 GeV analyses, respectively.

After applying the above criteria, most of the remaining background events are WTW~—/(rqq
events in which lepton is undetected or mixed in the jet activities or irreducible Z°Z°—vqq events.
According to the W-pair production cross-section, different selections are further applied for (A) 161
GeV and (B) 172 GeV.

(A) 161 GeV

(A7) To reduce four-fermion backgrounds which include an intermediate, on-shell, vector boson,
the selected events are required to satisfy myis < 75 GeV.

(B) 172 GeV

(B7) Since the Higgs boson recoils against the Z° boson decaying into a pair of neutrinos, the
signal has a missing mass close to my 0. The remaining backgrounds, predominantly from well
contained multi-hadron and four-fermion events including the semi-leptonic WrW~ decays,
typically have small missing masses. These backgrounds are reduced by the missing mass
requirement 76 < mmiss < 120 GeV.

(B8) The WHW~events with one of the W bosons decaying leptonically and the other decaying into
hadronic jets are reduced by requiring that the events have no isolated leptons. In this context,
leptons are low-multiplicity jets with one (two or three) tracks associated to electromagnetic or
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hadronic energy clusters, confined to a cone of 5° (7°) half-angle, having an invariant mass less
than 2.5 GeV and momentum in excess of 5 GeV. The lepton is considered isolated if the sum of
the track momenta and the electromagnetic energies contained between the above lepton cone
and an isolation cone of 25° half-angle does not exceed 10% (15%) of the lepton energy. If the
lepton cone has only one track, the isolation cone is not allowed to contain another track.

(B9) The remaining background is mostly from semi-leptonic WrW~ and Wer events where the
charged lepton goes undetected down the beam pipe. These events are suppressed by requiring
b hadrons in the hadronic jets for events with a visible mass close to the W boson mass. Each
of the two hadronic jets is required to contain a secondary vertex with at least two tracks, each
containing two hits in the r—¢ strip of the silicon microvertex detector. The two vertices are
reconstructed according to the tear down method described in section 3.4.6. The scatter plot
of the sum of the decay length significances, 3 g, and the visible mass of the event is shown in
Figure 3.27 (D). The cut lines are also shown.

The numbers of observed and expected events after each stage of the selection are given in
Table 3.8. The detection efficiencies for 65 GeV and 68 GeV Higgs bosons are also shown in Table 3.8.
The selection retains one event at 161 GeV. The expected background is 0.940.1 for 161 GeV
and 0.55+0.05 for 172 GeV. The candidate event has p!,; = 39.1 GeV, Eyis = 53.1 GeV, and my;s =
37.0 GeV. After corrections, the mass of the event is 39.3 &+ 4.9 GeV, while the missing mass is
96.1 + 10.0 GeV. These properties are compatible with those of the process eTe™—Z%+Z%/y*—vpqg.

The detection efficiencies for different Higgs boson masses are listed in Table 3.9. These include a
small correction due to accelerator-related backgrounds in the forward detectors which are not fully
simulated.

Systematic Errors The detection efficiencies of the 161 (172) GeV selections are affected by the
following uncertainties: Monte Carlo statistics, 2.0% (2.2%). Uncertainties from fragmentation, 1.5%
(1.5%); from modeling of the cut variables, 3.0% (3.8%). In the 172 GeV analysis, uncertainties from
the lepton and the b flavour tagging efficiencies give additional systematic errors of 5.6% and 2.6 %,
respectively. Taking these uncertainties as independent and adding them in quadrature result in a
total systematic uncertainty of 3.9% (7.7%).

3.8 The Tau Channels

The event topology of the tau channel is characterized by,

e presence of two tau leptons,

e two energetic hadronic jets, and

e either of the invariant masses of the taus or jets consistent with the Z’mass.

The main backgrounds are Z° /v*—qq with two mis-identfied tau leptons and four-fermion processes
with leptons in the final state.

The tau identification method in this analysis is developed to identify tau leptons in a high
multiplicity environment. The identification method consists of three different algorithms, which
address different decay channels of the tau lepton, namely (A) electron, (B) muon and (C) hadron(s).
The basic idea of these methods is to find an isolated narrow jet or high momentum lepton.
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Figure 3.26: Distributions of variables used in the missing energy channel at 161 GeV. (A): The
direction of total missing momentum, | cos 0m;s|, after cut (1). (B): Jet resolution paramter, log,, y23,
after cut (4). (C): Acoplanarity angle, ¢acop, after cut (5). (D): Visible mass, myis, after cut (6). Points
with error bars show the distributions of the data events. Open, hatched, and double hatched
histograms are Monte Carlo expectations from the qq, four-fermion, and two-photon events. Dotted
histograms shows the expected distributions of the 65 GeV Higgs boson. The signal histograms are
scaled up for visibility. Vertical lines in the plots indicate the cut positions.
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Figure 3.27: Distributions of variables used in the missing energy channel at 172 GeV{A): Total
transverse momentum, p;, before applying the p: cut. (B): Acoplanarity angle, gacop, after cut (5). (C):
Missing mass, mmis, after cut(6). The convention of the plots are the same as Figure 3.26. (D): Scatter
plot of the sum of decay length signiticance and visible mass my;s after cut (B§) together with the cut
lines. Open squares (small dots) show the distribution for the signal (expected background) events.
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| Cut | Data || Totalbkg. || qq(y) | 4-ferm. |

¥y H Efficiency (%) ‘

| 161 GeV | Mg = 65 GeV |
(1) | 2055 19365 || 7782 38.0 | 1120.1 80.5
2) | 1068 1047.7 || 3321 285 | 687.0 71.6
(3) | 1002 989.6 | 2749 27.7 | 686.9 71.6
(4) 166 1469 | 128.7 18.0 0.2 67.1
(5) 134 116.8 | 109.4 7.2 0.2 56.4
(6) 6.6 24 4.1 0.1 47.6
(A7) 1 0.9+0.1 0.2 0.7 0.1 46.0
| 172 GeV | My = 68 GeV
(1) | 2984 2829 713 105 | 2011 83.3
2) | 1468 1486 || 302.1 86.7 | 1097 73.6
(4) 173 1775 | 121.0 56.0 | 037 71.9
(5) 163 1659 | 1135 520 | 0.30 64.3
(6) 53 58.5 18.3 40.0 | 0.30 62.3
(B7) 2 2.2 0.6 15 0.1 55.2
(B8) 1 1.6 0.52 1.0 0.1 52.8
(B9) 0| 0.55+0.05 | 0275 | 0.275 0 427

Table 3.8: The numbers of events after each cut for the data and the expected background for the
missing energy channel. The background estimates are normalized to the data. The quoted error is
statistical only. The last column shows the selection eftficiencies for a 65 (68) GeV Higgs boson for the
161 (172) analysis.

| [ 50 | 55| 60 | 65| 68 [ 70 | 75 | 80 |

161
172

59.5
42.0

56.7
46.6

52.0
46.9

45.7
44 .4

41.3
427

38.1
41.3

29.6
34.3

20.4
19.2

Table 3.9: Signal detection efficiencies for the missing energy channel as a function of the Higgs

boson masses.
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(A) Electron An electron, identified by the method described in section 3.4.5, is classified as an
electron tau candidate if the electron satisfies the following requirements.

e The momentum of the electron track exceeds 2 GeV.

e The number of electromagnetic clusters within a cone of 26° half-angle around the electron

track, N28, must be less than six.

e The ratio of the electromagnetic energy within an 11° cone to that within a 30° cone, érlr{ 30,

must be greater than 0.7.

e There must be no hadronic calorimeter cluster with energy greater than 0.6 GeV associated
with the electron track.

e The electron should not be tagged as a photon conversion by the method described in refer-
ence [41].
(B) Muon A muon, identified by the method described in section 3.4.5, is classified as a muon tau
candidate if the muon satisfies the following conditions.
e The momentum of the track exceeds 3 GeV.

e The N2 is less than 5.

e The ratio of the scalar sum of all track momenta within an 11° cone to that within a 30° cone,

Ritl /3 must be greater than 0.7.

(C) Hadron The remaining tau lepton decays are identified as narrow, isolated jets. Jets are recon-
structed using a cone algorithm [42] with a half-angle of 23° and with an associated energy of at least
3 GeV. Within each resulting jet, a narrow sub-jet of 11° half-angle and having the highest energy is
formed in an iterative procedure. The narrow sub-jets are accepted as tau candidates if they satisfy
the following requirements.

e The jet axis is in the region | cos f| < 0.92.
e The ratio Rg,{ s grater than 0.6.

If there are two tau lepton candidates with momentum vectors separated by less than 23°, one
being identified as a leptonic decay and one as a narrow jet, the candidate identified as a leptonic
decay is selected.

The selection proceeds as follows:

(1) Atleast two tau lepton candidate are found by the method described above.
(2) The total track multiplicity of the event must exceed eight.

(3) Most of the two-photon and ete™—Z0 background events are eliminated by applying the
following set up cuts.

— The energy in the forward calorimeter, gamma catcher, and silicon tungsten detector are
required to be less than 4, 10, and 10 GeV, respectively.
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— The direction of the total missing momentum,fp,iss should satisfy | cos Omiss| <0.97.
- The total transverse momentum, p!,, is required to be larger than 3 GeV.

— The scalar sum of all track and cluster transverse momenta is required to be larger than
40 GeV.

(4) The remaining Z°/v*—qg background, with and without radiation, is partially suppressed by
requiring that events contain at least four jets, reconstructed using the cone algorithm with
a 23° half-angle. The electrons and muons from tau lepton decays are recognized as low-
multiplicity “jets”. Further suppression is done by removing the events containing isolated
photons with energies of more than 15 GeV. An isolated photon is defined in this channel as
an electromagnetic cluster with no track within a cone of 30° half-angle.

(5) In the signal events, 2.3 tau candidates are identified per event on average. Fake candidate
pairs are removed by requiring that the sum of charges be zero. At172 GeV, fake tau candidates
containing three charged tracks are removed, if a x? probability of the tracks originating from
a common vertex in three dimensions is larger than 1%. Then pairwise isolation parameter is
required to satisfy, | cos aj - cos an| < 0.8, where q; is the angle between the direction of the ith
tau candidate and that of the nearest track not associated with it. In the cases where more than
one candidate pair pass the selection, the pair with the lowest track multiplicity is chosen and,
in case of ambiguity, the one with the lowest value of | cos a; - cos aa|.

The hadronic part of the event, obtained by excluding the selected tau lepton pair, is then split
into two jets using the Durham algorithm. The invariant masses of the tau lepton pair, m,,, and
of the hadron jets, mp,q, are calculated using only the tau lepton and jet momentum directions and
requiring the energy—-momentum conservation. At this point the selection split into two flows, one
(A) sensitive to the ZH—77 7~ qq final state and the other (B) sensitive to the Z’H—qgr* 7 final
state.

(6A) The selected events must satisfy the following set of cuts.

The event must satisfy 75 GeV< m,, < 105 GeV and mp,q >30 GeV.

The visible energy, E\;s, is required to be less than 145 (155) GeV at 161 (172) GeV, since
the neutrinos from the tau lepton decays give rise to a relatively large missing energy.

If the tau lepton candidates are both classified as electron decay or both as muon decay,
their opening angle is required to be larger than 90°. This cut is implemented to suppress
specific four-fermion backgrounds, from ete~—Z°/+* + Z°/y* and ete~—Z%te".

If the tau lepton candidates are both classified as electron decay, neither of the electrons is
allowed to lie within 36° of the beam axis.

(6B) The selected events must satisfy the following set of cuts. Since in this case the mass cuts
are less effective against the background, the requirements on the properties of the tau lepton
candidates are tightened.

- The events must satisfy 75 GeV< mp,q < 105 GeV and m,> > 30 GeV.
- The opening angle of the tau lepton pair must be larger than 110°.

— If one of the tau candidates has a track multiplicity exceeding two, the pairwise isolation
cut is tightened to | cos aj - cos ap| < 0.55.
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- To suppress four-fermion backgrounds, a lepton pair of the same species is rejected.

— To suppress the process WHW~—/vqq, the events are rejected if they contain any track or
cluster with an energy exceeding 40 GeV.

Some distributions of variables used in the tau channels are shown in Figure 3.28. The numbers of
observed and expected events after each stage of the selection are given in Table 3.10. The detection
efficiency for a 65 (68) GeV Higgs boson is also given. No candidate events are observed while the
background is estimated to be 0.16+0.04 (0.59+0.04) events.

The detection efficiencies for different Higgs boson masses are given in Table 3.11. These include
a small correction of 2.3 % coming from accelerator-related backgrounds in the forward detectors
which are not fully simulated.

2 9y ' 13 | - (B)
ElwTam T8 P _
‘g 7 2 é/, # ‘T %500 E
E ] ?:- 1 %%%%775 T ]
N %%”/ MR
210 E // iy 3
7 // /% ]
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Figure 3.28: (A): Distribution of the pair-wise isolation variable after cut (3) at 161 GeV. (B): Recon-
structed tau-pair invariant mass distribution after cut (4) at 172 GeV. Points with error bars are the
distributions for the data events. Open (Hatched) histograms show the Monte Carlo expectations
from the qq (four-fermion) events. Dashed histograms show expected distributions for the signal.
For visibility, the signal distributions are scaled.

Systematic Errors The detection efficiencies of the 161 (172) GeV selections are affected by the fol-
lowing uncertainties: Monte Carlo statistics, 2.8 (2.8) %; uncertainty in the tau lepton identification
efficiency, 2.0 (4.3)%; uncertainties in the modeling of cut variables excluding the tau lepton identifi-
cation, 6.0 (9.1)% in case A and 4.0 (7.6)% in case B; uncertainties in the modeling of fragmentation and
hadronization, 1.2 (1.2)%. Taking these uncertainties as independent and adding them in quadrature
results in a total systematic uncertainty of 7.0 (10.4)% (case A) and 5.4 (9.2)% (case B) (relative errors).
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‘ Cut H Data H Total bkg. H qq(y) ‘ 4-ferm. ‘ ¥y ‘EJ“K_ H (%), case A ‘ (%), case B ‘

| 161 GeV | Mo =65 GeV | mgo =65 GeV |
1) | 858 7784 [ 95.6 29.8 | 604.7 [ 483 59.7 59.6
@) | 402 398.0 | 92.8 182 | 287.0 0 59.4 59.0
3) 45 447 | 309 133 0.5 0 54.8 53.5
(4) 32 301 | 19.6 10.1 0.4 0 52.6 51.5
(5) 0 3.3 1.2 2.1 0 0 44.0 36.6
(6-A) 0 [ 0.10+0.03 || 0.04 0.06 0 0 20.3 -
(6-B) 0 [ 0.06+0.03 || 0.02 0.04 0 0 - 19.5
| 172 GeV | myp =68 GeV | mp = 68 GeV
1) [ 857 6115 77.8 79.9 | 4216 | 322 58.5 59.3
2 | 358 3069 | 752 36.8 | 1949 0 58.3 58.6
3) 50 55.1 || 23.6 31.2 0.3 0 54.0 52.9
(4) 37 401 | 152 24.7 0.2 0 51.7 50.8
(5) 15 20.1 6.9 132 | <0.07 0 41.8 40.8
(6-A) 0 [ 0.41+0.03 || <0.01 041 | <0.07 0 22.9 -
(6-B) 0 [ 0.18+0.02 || 0.02 0.16 | <0.07 0 - 18.9

Table 3.10: The numbers of events after each cut for the data and the expected background for the tau
channels. The background estimate is normalized to data. The last two columns show the selection
efficiencies, for cases A and B, for 65 (68) GeV Higgs boson for 161 (172) GeV.

| | 50 | 55 | 60 | 65 | 68 | 70 | 75 | 80 |

HOortr | 148 [ 17.8 | 195 | 194 | 183 | 17.0 | 121 | 42
161GeV | o yqq [ 262 | 256 | 239 | 211 | 189 | 173 | 128 | 80
HOortr~ | 83 |11.6 | 151 | 17.9 | 189 | 19.3 | 183 | 14.1
172GeV I jo_yqq | 287 | 28.0 | 266 | 245 | 229 | 217 | 182 | 14.0

Table 3.11: Signal detection efficiencies for the tau channels for the different Higgs boson masses.
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Chapter 4

Results

4,1 Statistical Combination of the Channels

Each statistical procedure starts with the construction of a single test-statistic, X, from the number
and the pattern of the selected events. In this case X is a function of the reconstructed Higgs boson
mass. The test-statistic observed, X, is compared to distributions of the same test-statistic, expected
on the basis of “gedanken experiments” for particular Higgs boson mass hypotheses. These are
obtained either analytically or using Monte Carlo simulation. A given mass hypothesis is excluded
at the confidence level 1 — CL, where CL is the probability for gedanken experiments to obtain
Xoib < Xopbs, and Xy, is the test-statistic expected for the signal and background hypothesis. This is
the classical definition:

CLsyp = P(Xs+b < Xobs)- (4.1)

Instead of C'Lg .y, the normalized signal confidence level

P(Xs+b < Xobs)

CLs =
T P(Xp < Xgps)

(4.2)

is defined. Here Xj, is the test-statistic expected assuming background only and X is that expected
assuming signal only. The 95% c.1. lower limit for the Higgs boson mass is the value of the hypothetical
mass which yields CLs = 0.05.

The statistical method used here is based on fractional event counting [43]. A weight is assigned
to each selected candidate, i, according to a filter function w; = F(m;). The argument m; is the
reconstructed Higgs boson mass in the event; however, any other discriminating observable can be
used instead. The weights attributed to candidate events are added in all channels resulting in a
total weight w = >, w;, which is the test-statistic X in equations (4.1) and (4.2). The filter function,
F(m;), depends on the hypothetical Higgs boson mass, m;o; therefore, the total weight w, is also a
function of myyp: it becomes large at values of m;0 where candidate events cluster. The probability
distribution of the total weight, P(w)s,p, including signal and background events, forms the basis
for the evaluation of confidence levels.

In principle, the filter function F'(m) is arbitrary. The construction of the weight distribution
function, P;(w), for the case of one signal event and no background event, is illustrated in Figure 4.1,
assuming a specific form for F(m). In the figure, the function D(m) describes the actual mass
distribution and the hatched areas indicate the probability P;(w)Aw for the Higgs particle to yield
a weight inside an interval Aw. The P(w) distributions for fixed numbers of signal events and
no background event can be obtained from P;(w) by iterative integration, and the total probability
density Ps(w) is obtained by adding the whole set of functions, weighted with the Poisson distribution
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Figure4.1: Relation between the mass distribution D(m), the filter function F'(m), and the probability
P (w)Aw (hatched area) for one candidate event to have a weight w + Aw/2. In the example the
weight area is chosen as w + Aw/2 = 0.7 £ 0.1.

for the expected number of Higgs bosons. The distribution Ps(w) is thus sensitive to the Higgs boson
production rate.

An analogous procedure leads to the w distribution, P,(w), of background events, which can
be combined with the signal distribution, Ps(w), to evaluate the overall distribution, Py p(w). The
function P, (w) includes then the background predicted by the Standard Model and depends on
the signal rate which is a function of myy.

The confidence level is computed, in accordance with equation (4.2), as

B fowObS s+b(w)dw

Ls = . 4.
e = Ry ) .

The denominator is introduced to avoid situations with excessively low limits arising when less
candidates are observed than expected.

The filter function is chosen to provide good discrimination between signal and background
events. For a single decay channel and a flat background distribution it is adequate to use the mass
distribution itself: F/(m) = %ﬂ:j, where D,y is the maximum value of D(m). When several channels
with different efficiencies and (backgrounds are to be combined, a channel-dependent filter function

is introduced to account for the differing signal-to-background ratios:

1 Di(m
Fi(m) =K —— o5 'DZ( L (4.4)
C+ m ,max

Here, Sj is the expected signal rate in channel £ and b, the differential background rate. The factor K
is chosen such as to fix the largest value of Fj(m) to unity. The constant C is a free parameter which
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can be optimized by minimizing the signal confidence level in background only gedanken experiments,
as a function of the Higgs boson mass hypothesis.
The above filter function has the following properties:

e In the limit of very low background, F.(m) approaches a universal value K/C at the mass peak
positions, independently of the channel number &;

e Fj(m) is invariant under arbitrary splitting of any decay channel;

e If the background is large compared to the signal, Fj.(m) is proportional to the local signal to
background ratio;

e For C equal to the total number of expected events, the maximum of Fj,(m) is proportional to
the probability for a candidate in channel k to be a signal event.

4.2 Lower Mass Limit for the Standard Model Higgs Boson

The following uncertainties affecting the numbers of expected signal events are common to all
search channels:

e the uncertainty in the integrated luminosity: 0.6%,

e the uncertainty in the Higgs boson production cross-section [44], which includes that from the
collider energy: 1%, and

e the uncertainty of the Higgs decay branching ratios: 2% [44, 45].

Taking these uncertainties as independent and adding them in quadrature results in a systematic
error, common to all search channels, of 3% (relative). In estimating the number of expected events
for an assumed Higgs boson mass, these uncertainties are added in quadrature to those affecting the
individual search channels.

The signal detection efficiencies as functions of the Higgs boson mass are summarized in Fig-
ure 4.2 (A) for 161 GeV and (B) for 172 GeV.

To derive a new limit on the Higgs boson mass, this search, with one candidate event in the four
jets channel at 172 GeV (m30=75.6+3.0 GeV where the error is derived by a Gaussian fit to the peak of
a 75 GeV Higgs Monte Carlo distribution), is combined with earlier OPAL searches at /s ~=myo with
one candidate in the leptonic channel (m;=61.2 &+ 1.0 GeV). Two candidates from earlier searches
with mpp< 25 GeV are not considered further.

Figure 4.3 (A) shows the number of expected events for 161 GeV, 172 GeV and their sum, as a
function of the Higgs boson mass. Also shown is the 95% confidence level upper limit on the number
of observed candidate events. A lower limit on the Higgs boson mass, 69.4 GeV, is extracted
at the 95% Confidence Level. In deriving this limit, the probability that a candidate event with
a given observed mass actually originates from a Higgs boson of arbitrary mass is calculated as
described in section 4.1. The expected background is reduced by the systematic error per channel
and then subtracted. It is found that the errors on the background estimation have marginal effects
on the results, reducing the derived limit only by 0.1 GeV. The systematic errors are incorporated
into the limit according to the method prescribed in reference [46], reducing the derived limit by
an additional 0.1 GeV. The effect of channel weighting and background subtraction is small. If all
channels were assigned equal weights, irrespective of the expected rate and background, and no
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Figure 4.2: Signal selection efficiencies as functions of the Higgs boson mass (A) for 161 GeV and (B)
for 172 GeV analyses.

background subtraction had performed, the limit would go down to only 69.0 GeV. If the results
from the search at the Z° were not included, the limit would be 68.8 GeV.

Figure 4.3 (B) shows the measured confidence level and the expected one (averaged over a large
number of hypothetical experiments with no signal and candidates spread according to the expected
background distributions) as functions of the Higgs boson mass. From this Figure it can be seen
that the expected limit is at 65.4 GeV and the expected confidence level for the experimental limit
of 69.4 GeV is 82%. According to Monte Carlo trial experiments a reasonable value of 11.8% was
found for the probability of inferring a mass limit greater than or equal to 69.4 GeV assuming no
contribution from a Higgs boson signal.

4.3 Combined Lower Mass Limit from Four LEP Experiments

The results of the four LEP experiments at LEP2 energies are combined, where the different
statistical procedures are adopted in each experiment [47]. Figure 4.4 shows expected and observed
confidencelevels obtained from combining the results of LEP experiments separately for four different
statistical procedures. On combining the results, only the searches at LEP2 energies are considered.
All four procedures give similar mass limits. The lowest obtained value of 77.5 GeV is chosen as the
conservative combined limit. Table4.1 summarizes the efficiencies, expected events, and observed
events for each of the four experiments.
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Figure 4.3: (A): Expected number of events as a function of the Higgs boson mass for the searches
at the Z° pole (dotted), including 161 GeV analysis (dashed) and the grand total (solid line). The
dash-dotted horizontal line is the 95% confidence level upper limit for a possible Higgs boson signal
in the presence of the observed high-mass candidate events. The intersection of the solid curve with
the dash-dotted curve, indicated by the arrow, determines the 95% conftidence level lower limit. (B)
The expected (dashed) and measured (solid) confidence levels as functions of the Higgs boson mass.
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lower bounds, expected and observed, for the mass of the Standar Model Higgs boson.
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OPAL ALEPH DELPHI L3
e | Nig e | Nig e | Nig e | Nig
| 161 GeV
Four Jets 30.8% | 0.75 || 21.1% | 0.17 | 21.6 % | 0.30 | 28.1 % | 0.77
Missing Energy 38.1% | 0.90 || 26.3 % | 0.06 | 36.3% | 0.65 | 46.0 % | 0.40
Tau 172 % | 0.16 || 18.0% | 0.07 | 22.4% | 0.63 | 5.4 % | 0.01
Electron and Muon 60.2% | 0.10 || 64.2% | 0.06 | 55.4 % | 0.17 | 40.0 % | 0.07
‘ 172 GeV
Four Jets 28.2% | 0.88 || 21.9% | 0.23 | 23.6 % | 0.50 | 38.5 % | 3.68
Missing Energy 41.3% | 0.55 || 429 % | 0.09 | 42.8 % | 0.61 | 69.4 % | 1.46
Tau 20.7% | 0.59 || 18.6 % | 0.05 | 24.4% | 1.13 | 24.6 % | 0.48
Electron and Muon 68.0% | 0.14 || 74.8 % | 0.11 | 53.5% | 0.33 | 57.1 % | 0.33
Total Exp. Signal 3.05 2.85 2.72 3.86
Total Exp. Background 4.07 0.84 424 7.21
Total Observed Events 2 0 2 6
Exp. Limit 65.4 GeV 68.5 GeV 65.1 GeV 65.8 GeV
Obs. Limit 68.8 GeV 69.6 GeV 65.7 GeV 69.0 GeV

Table 4.1: The efficiencies and expected background events in each search channel of four LEP
experiments for a Higgs boson mass of the 70 GeV. The total expected number of signal events, total
expected background events, and total observed events are also shown. The last two rows shows the
expected and observed mass limits using the data collected at the LEP2 energies.
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Chapter 5

Summary

A search for the Standard Model Higgs boson has been performed for the data collected in 1996 by
the OPAL detector at center-of-mass energies of 161.3, 170.3 and 172.3 GeV. The data used in the
alalysis corespond to 10.0 pb~! at 161.3 GeV, 1.0 pb ! at 170.3 GeV, and 9.4 pb~! at 172.3 GeV. The
search is sensitive to the main final states in which the Higgs boson is produced in association with
a fermion anti-fermion pair; namely four jets, two jets with missing energy, and two jets with a pair
of leptons. Two candidate events have been observed, one at 161.3 GeV and the other at 172.3 GeV,
consistent with the Standard Model background expectations. Combined with earlier searches at
center-of-mass energies in the vicinity of the Z° resonance, this search leads to a lower limit of 69.4
GeV for the mass of the Standard Model Higgs boson, at the 95% confidence level.
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Appendix A

The OPAL Collaboration

The OPAL detector was built and is operated by the collaboration of the following people from 34
institutes:

K. Ackerstaff®, G. Alexander?, J. Allison'®, N. Altekamp®, K.J. Anderson’, S. Anderson'?, S. Arcelli?,
S. Asai?*, D. Axen?, G. Azuelos'®?, A H.Ball'’, E. Barberio®, R.J. Barlow'®, R. Bartoldus?,

J.R. Batley5, S.Baumann?, J. Bechtluft'*, C. Beeston'®, T. Behnke®, A.N. Bell!, K.W. Bell®, G. Bella%,
S. Bentvelsen®, S. Bethke!#, O. Biebel 4, A. Biguzzis, S.D.Bird!®, V. Blobel?, 1.]. Bloodworth!,

J.E. Bloomer!, M. Bobinski'?, P. Bock!!, D. Bonacorsi?, M. Boutemeur®*, B.T. Bouwens!?, S. Braibant'?,
L. Brigliadori?, R.M. Brown?’, H.J. Burckhart®, C. Burgard®, R. Biirgin'?, P. Capiluppi?,

RK. Carnegieé, A.A.Carter'?, J.R. Carter?, C.Y. Chang”, D.G. Charlton'?, D. Chrisman?,
P.E.L.Clarke'?, I. Cohen?3, J.E. Conboy15, O.C. Cooke?, M. Cuffiani?, S. Dado?, C. Dallapiccola”,
G.M. Dallavalle?, R. Davis®, S. De ]onglz, L.A. del Pozo?, K. Desch?, B. Dienes®*?, M.S. Dixit’, E. do
Couto e Silva'?, M. Doucet!®, E. Duchovni?®, G. Duckeck®, L.P. Duerdoth!®, D. Eatough!®®,

J.E.G. Edwards!®, P.G. Estabrooks®, H.G. Evans’, M. Evans'3, F. Fabbri?, M. Fanti?, A.A. Faust®,
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