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Abstra
tThis thesis presents the measurement of the 
ross-se
tions and asymmetries of tauand muon pairs in e+e� 
ollisions at 
entre-of-mass energies between 192 and 209GeV. The analysis is based on data of about 433 pb�1 
olle
ted during the years1999-2000, by the OPAL dete
tor at LEP (CERN). Cross-se
tions and asymmetrymeasurements of the full energy events (non-radiative) are presented separately fromthe in
lusive sample as these are potentially more interesting for new physi
s sear
hes.The systemati
 un
ertainties for the 
ross-se
tions and asymmetries are assessed. Nosigni�
ant deviations from the Standard Model theoreti
al predi
tions were found ineither 
hannel.In addition, a separate study is presented 
on
erning the feasibility of a possibleforward jet trigger for the ATLAS dete
tor at the LHC whi
h is potentially interestingfor the analysis of Higgs produ
tion via weak boson fusion. Di�erent versions of thealgorithm have been tested with simulated data and the preferred solution is presented.
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Chapter 1
Theory
1.1 Introdu
tionWhat is matter? What is matter made o�? Can the 
omplexity that surrounds usbe explained with simple prin
iples as the an
ients dreamt? Can we understand whythese prin
iples are ne
essary? Parti
le physi
s attempts to answer some of thesediÆ
ult questions based on an the intera
tion between interesting theoreti
al ideasand experiments that employ hundreds of s
ientists and te
hni
ians.Today all known matter 
an be des
ribed with the help of a few fundamentalpointlike 
omponents 
arrying spin 1/2, the leptons and quarks. The quarks andleptons are grouped into generations, ea
h member having similar properties to theequivalent members in other generations. The �rst generation 
onsists of a doubletof quarks (u, d), as well as a doublet of leptons (�e, e). All ordinary matter is madeof the �rst generation. These elementary parti
les intera
t via four di�erent type offor
es: ele
tromagneti
, strong nu
lear, weak nu
lear for
e and gravity. Quarks formbound states (via the strong for
e) of three quarks 
alled baryons and bound statesof a quark with an anti-quark 
alled mesons. Mesons and baryons are all hadrons, asthey all intera
t via the strong for
e (in 
ontrast with the leptons).

1



For
es are mediated via the ex
hange of a quantum of the for
e �eld. The ele
tro-magneti
 for
e is mediated by a photon, the strong for
e is mediated by eight di�erenttypes of gluons, the weak for
e by the W+, W�, Z0 gauge bosons and �nally gravityby a hypotheti
al parti
le 
alled graviton.Table 1.1: A table of the fundamental parti
les together with their 
harges and masses.GenerationI II IIIBOSONS LEPTONSCharge Charge�1e W+W� 0 �e �� ��80:2 GeV=
2 < 3 eV=
2 < 0:19MeV=
2 < 18:2MeV=
20 Z0 �1e e� �� ��91:2 GeV=
2 0:511 MeV=
2 105:7 MeV=
2 1; 777 MeV=
20 
 QUARKS0 Charge0 gluon +23e u 
 t0 5 MeV=
2 1; 500 MeV=
2 � 180; 000 MeV=
2�13e d s b8 MeV=
2 160 MeV=
2 4; 250 MeV=
2

2



1.2 The Gauge Prin
ipleGauge theories have an interesting history: they started from Weyl's e�ort to extendthe very su

essful geometri
al interpretation of gravity by general relativity, to theother then known for
e of nature, ele
tromagnetism. Sin
e then, the gauge prin
iplehad to over
ome many phenomenologi
al obsta
les that hide the gauge 
hara
ter ofthe nu
lear for
es.The basi
 idea of gauge symmetry is that if a physi
al system is invariant withrespe
t to some rigid (spa
e-time independent) transformations, G say, then it remainsinvariant when the group is made lo
al (spa
e-time dependent), that is, when G !G(x�), where x�, �=0, 1, 2, 3 are the spa
e-time 
oordinates, provided that the ordinaryspa
e-time derivatives are 
hanged to the 
ovariant derivatives D�:
�� !D� = �� + _� q A�where q is the 
oupling and A� are the gauge �elds whi
h transform so that D�transforms 
ovariantly with respe
t to the gauge group [1℄.

1.3 Symmetry breaking: The Higgs Me
hanismGauge invarian
e was 
onsidered for a long period impossible to be a symmetry of theshort range nu
lear for
es mediated by massive parti
les, as a mass term for gauge�elds in a Langrangian is not gauge invariant [2℄.Higgs proposed a me
hanism to allow gauge �elds to a
quire mass, without de-stroying the gauge invarian
e of the Langrangian [3℄. More spe
i�
ally he proposedthat there is a �eld in every spa
e-time point (Higgs �eld) whi
h intera
ts with thefor
e-mediating gauge �eld. The intera
tion 
urrent is proportional to the gauge �eld(s
reening 
urrent 
ondition). Su
h a term is similar to a mass term.3



The above 
an be more 
lear by looking at the equation of a massless gauge �eldA�, intera
ting with a �eld � (Higgs �eld):
����A� � ��(��A�) = J�(�)where the 
urrent is : J�(�) = iq(������ �����)by repla
ing �� !D� = �� + _� q A� and requiring the va
uum expe
tation value of �to be non zero, we get the s
reening 
urrent 
ondition (the 
urrent is proportional tothe amplitude of the gauge �eld) :

J� = �M2A�By repla
ing the above 
ondition in the �rst equation we get the equation for amassive �eld (we also 
hoose to work in Lorentz gauge : ��A� = 0 ) :
����A� +M2A� = 0A very important ingredient of this me
hanism is that in order to have a s
reening
urrent 
ondition (a 
urrent proportional to the gauge �eld), a non-zero expe
tationvalue of the Higgs �eld is ne
essary. By assuming a potential invariant with respe
t tothe gauge �eld of the form:V (�)= - 12 �2��� + 12 � �2 ��2and 
hoosing any point in the 
ir
le where V(�) is minimized (ground state), we getby de�nition a non-zero expe
tation value for the Higgs �eld (the V(�) on the 
ir
le is4



non-zero). Thus, we have a system with a symmetri
 Lagrangian but with a groundstate that does not display the same symmetry. A similar example in nature is theferromagnet: A person living inside a ferromagnet would not be able to realize that helives in a symmetri
 world as there is a 'preferred' dire
tion due to the fa
t that thesystem is in the ground state (frozen). If the temperature is in
reased the symmetry isrestored, in a similar way to the observation of ele
troweak symmetry in high energyphysi
s experiments.The theory is still gauge invariant to lo
al Higgs �eld transformations. By 'freezing'this degree of freedom (the phase of the Higgs �eld), a mass term for the gauge bosonis 
reated. This result is independent of the value of the phase we 
hoose for theHiggs �eld, so the symmetry is still there but hidden (or spontaneously broken as it
ommonly said). An important property of gauge theories is that they are proven to berenormalisable (t'Hooft [4℄). By renormalisation we mean the pro
edure of rede�nitionof a �nite numbers of parameters (e.g the 
harge, mass) in order to make the theoryinsensitive to divergen
es appearing in loop diagrams, at very high energies.
1.4 The Standard ModelThe phenomenology of weak intera
tions during the sixties indi
ated that there areleptoni
 transitions (su
h as �e $ e�, �� $ ��); suggesting that these pairs should beregarded as doublets under some group. A weak isospin quantum number t3 
an beassigned to distinguish between members of the multiplets:

t3 = ( (+1=2)(�1=2) 0� �ee� 1AL ; 0� ���� 1AL ::: (1.2)
5



where SU(2)L is the group of unitary matri
es with det(U) = 1 and L is a subs
riptindi
ating that only the left-handed parts of the wavefun
tions are a
tive in these lep-toni
 transitions [5℄. The 
ru
ial step was to follow Weyl's idea and require the groupinvarian
e to be spa
e-time dependent (lo
al gauge invarian
e). To a
hieve uni�
ationof weak intera
tions with ele
tromagnetism Glashow [6℄ proposed that the group hadto be enlarged to the dire
t produ
t of SU(2)L � U(1)Y , where U(1)Y is the groupof unitary matri
es asso
iated with the weak isospin Y de�ned by the relationshipQ = t3 + 1=2Y . In order to make the Lagrangian invariant under SU(2)L � U(1)Ylo
al gauge transformations of the form:	 ! 	0 = 	 exp(i g0 Y �(x)) exp(i g ~� �(x)) (1.3)we have to introdu
e the 
ovariant derivative:�� ! D� = �� + i 12 g0 Y B� + i g ~� ~W� (1.4)where �(x) and �(x) are the rotations in U(1)Y phase and SU(2)L isospin spa
e, g,g0 are the 
ouplings 
onstants, ~� are the Pauli spin matri
es and ~W�, B� are the gauge�elds. Ea
h symmetry of the group introdu
es a 
onserved 
urrent (Noether theorem[7℄). A Higgs doublet �eld is introdu
ed with a va
uum expe
tation value 
hosen su
has to ensure that the symmetry of the subgroup U(1)Q remains unbroken. The last 
on-straint is introdu
ed so that the photon remains massless after the symmetry breaking.A rotation is introdu
ed to de
ouple the wave equations of the gauge �elds B�, W 3� [5℄:A� = 
os �WB� + sin �WW 3�Z� = � sin �WB� + 
os �WW 3� (1.5)where �W is the mixing angle (Glashow-Weinberg angle), W�� � (W 1� � iW 2�)=p2and Z� are the weak mass eigenstates and A� is the massless photon.In order to explain the fa
t that 
avour(weak eigenstate) 
hanging neutral 
urrentswere not observed in weak intera
tions, Glashow, Maiani and Iliopoulos proposed that6



d, s weak eigenstates are given by a rotation of the d, s mass eigenstates (GIM me
ha-nism [8℄). The SU(2)L doublets are the quark and lepton doublets des
ribed in table1.1, with d0, s0 , b0 quarks being mixed quark states given by a rotation of d, s, b:0BBB� d0s0b0 1CCCA = 0BBB� Vud Vus VubV
d V
s V
bVtd Vts Vtb 1CCCA0BBB� dsb 1CCCA (1.6)The matrix is 
alled Cabbibo-Kobayashi-Maskawa (CKM) [9℄, by the name of thephysi
ists who proposed it as an extension to three generations of the GIM me
hanism.The most important property of CKM matrix is its unitarity whi
h redu
es the numberof free parameters.The strong intera
tion is des
ribed by the SU(3)C lo
al gauge group, where C isthe 
onserved 
harge of the group 
alled 
olor. The spe
trum of mesons and baryons
an be explained by assigning a 
olor to the quarks : red, green, blue (Quantum Chro-moDynami
s or QCD). The gauge �eld introdu
ed are 
alled gluons and are masslessas the symmetry remains unbroken [5℄. Parti
les exist only in neutral 
olor, so mesonsare made from quark-antiquark (
olour-anti
olour) pairs and baryons are 
ombinationsof red, green, blue quarks. Quarks 
an not been found in free states, but only asymp-toti
ally at very short distan
es or very high energies. This is due to the fa
t that thee�e
tive 
oupling 
onstant of QCD, being a fun
tion of energy, is de
reasing at high en-ergies where quarks behave as free parti
les. The same 
oupling 
onstant is in
reasingfor low energies and pertubation theory is not able to des
ribe the strong intera
tionfor energies below 1 GeV. The fa
t that only 
olorless obje
ts 
an be observed 
anbe explained by the in
rease to in�nity of the 
oupling 
onstant, in the limit of zeroenergy (and in�nite distan
e). This phenomenon is 
alled 
on�nement.The des
ription of the strong for
e by the gauge prin
iple enlarges the group thatdes
ribes all for
es but gravity to the dire
t produ
t SU(3)C�SU(2)L�U(1)Y known asthe Standard Model [10℄. The most spe
ta
ular experimental su

ess of the model wasthe dis
overy of the W� and Z bosons very 
lose to the values predi
ted by the Model
7



in UA(1) experiment (CERN [11℄). During LEP era the a

ura
y of the experimentaltests of ele
troweak theory has rea
hed unpre
eeding levels and no eviden
e of anysigni�
ant deviation from the model has been observed.
1.5 Beyond the Standard ModelThe Standard Model despite its experimental su

ess is not the �nal theory: it has alarge number of free parameters whi
h are not predi
ted or understood. We do notundestand why parti
les have the masses mentioned in table 1.1 or why there seemto be three generations of quarks and leptons. The ne
essity of the se
ond and thirdgeneration is a mystery. Gravity remains out of this framework, but it is interestingthat as pointed out by Utiyama [12℄ it is also a gauge theory. Thus, after de
ades ofexperimental and theoreti
al advan
es it seems that the gauge invarian
e is a 
ru
ialelement of our understanding of nature.Grand Uni�ed Theories (GUTs) assume that the strong, weak and ele
tromagneti
intera
tions are des
ribed by a single group G (eg. SU(5)), whi
h after a symmetrybreaking similar to the Higgs me
hanism, is left with the symmetry of the StandardModel [5℄, [13℄. This idea implies that leptons and quarks belong to the same mul-tiplet, as there is only one 
oupling 
onstant asso
iated with G. The rotations of thisgroup allows transitions between lepton and quarks whi
h leads to non-
onservation ofbaryon number. No eviden
e of baryon violation has been observed in proton de
ayexperiments.Another interesting idea towards uni�
ation is supersymmetry. It is an extensionof spa
e-time symmetry allowed by algebras based on both 
ommuting and anti
om-muting relations [14℄. A supersymmetry is an invariant property of tranforming boson�elds to fermions and vi
e-versa, thus 
hanging the spin of known parti
les by half aunit [15℄. The non-observation of the supersymmetri
 partners of the known parti
lesat low energies implies that if supersymmetry exists, it must be a broken symmetry.Supergravity is a theory with lo
al supersymmetry. There is no experimental eviden
e8



in favour of supersymmetri
 theories at present.String theories extend the pointlike parti
les to obje
ts with more dimensions. Thetheory attempt to explain all parti
les as di�erent vibration modes of a fundamentalstring. There are no experimental predi
tions at lower energies making the testing ofthe theory a diÆ
ult problem.

9



Chapter 2
The OPAL Dete
tor
2.1 The LEP ColliderThe Large Ele
tron Positron 
ollider is a syn
hrotron installed in a 
ir
ular under-ground tunnel of 27 km 
ir
umferen
e, 100m below the Fren
h-Swiss borders in Geneva.Bun
hes of ele
trons and positrons 
ir
ulate in opposite dire
tions and are for
ed to
ollide at 4 points where the OPAL, ALEPH, L3 and DELPHI dete
tors are lo
ated[16℄.2.1.1 The Inje
tion systemA

eleration of ele
trons and positrons takes pla
e in several stages before the par-ti
les are inje
ted into LEP (�gure 2.1). Initially, ele
trons produ
ed by thermioni
emission from a heated 
athode are a

elerated up to 200 MeV by the LEP Inje
torLina
 (LIL). The ele
trons are de
elerated by a tungsten target produ
ing photons(bremsstrahlung). The emitted photons produ
e ele
tron-positron pairs whi
h are sep-arated by a magneti
 �eld and further a

elerated by a se
ond lina
 up to 600 MeV. Thepositrons are then stored in the Ele
tron Positron A

umulator (EPA) storage ring.When a suÆ
ient population is stored, the ele
trons and positrons are inje
ted into the10



Proton Syn
hrotron (PS), where they are a

elerated up to 3.5 GeV. In the �nal stageparti
les are a

elerated to an energy of 20 GeV in the Super Proton Syn
hrotron,before being inje
ted in LEP [16℄.2.1.2 The a

elerating and transport systemCharged parti
les travelling in a 
ir
ular path emit radiation (photons) due to the
hange in their momentum. The energy loss �E that a parti
le undergoes during a
omplete revolution is proportional to the fourth power of its energy and inverselyproportional to the radius of the a

elerator:�E/E4R ;For high energy light parti
les su
h as ele
trons and positrons this energy loss is sig-ni�
ant and unless it is repla
ed the beam will be soon lost [17℄. LEP was designedto have a large radius of 27 km in order to minimise this e�e
t. The energy loss is
ompensated by using powerful high frequen
y (RF) 
avities installed in the straightse
tions of LEP. In the initial phase known as LEP I, 128 
onventional 
opper RF 
av-ities were used to produ
e 
ollision energies around the Z pole. Gradually from 1995the 
opper RF 
avities were repla
ed by superior super
ondu
ting ones whi
h allowedseveral energy points up to 209 GeV to be explored (LEP II phase).The beam pipe is eva
uated and maintained at a pressure of 10�11 tor in orderto redu
e the 
ollisions of ele
trons and positrons with air mole
ules. Dipole bend-ing magnets keep the parti
les in 
ir
ular orbit. Quadrupole, sextupole and o
tupolemagnets are used to keep the beam fo
used.
2.2 The OPAL Dete
torThe Opal dete
tor was designed to provide pre
ise measurements of all type of �nalstates o

urring in e+e� 
ollisions, over a solid angle of nearly 4�. The dete
tor is11
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required to :� measure the momentum of all 
harged parti
les,� measure the energy and identify ele
trons and photons,� measure the energy of hadrons,� identify muons,� measure the luminosity of the beam.In order to ful�l these requirements, the dete
tor 
onsists of several layers of di�erentsubdete
tors arranged in 
on
entri
 
ylinders around the beam pipe, 
losed at the endsby end
aps (�gure 2.2). The 
entral tra
king system 
onsists of a sili
on mi
rovertexdete
tor and three drift 
hamber devi
es lo
ated inside a solenoid [20℄ . The 
entraltra
king dete
tors are surrounded by a lead glass ele
tromagneti
 
alorimeter withpresampler and the hadroni
 
alorimeter. The outer level are muon dete
tors. Theluminosity is measured by forward dete
tors 
lose to the beam pipe.The right-handed Cartesian 
o-ordinate system used 
an be seen in �gure 2.2: Thez axis is the ele
tron dire
tion, with x axis pointing approximately towards the 
entre(the LEP ring is in
lined) of the a

elerator and y axis verti
al to the x� z plane. Inspheri
al 
oordinates, the polar angle � is the angle with respe
t to the z axis and � isthe azimuthal angle when measured 
lo
kwise from the x axis.2.2.1 The 
entral tra
king systemThe 
entral tra
king dete
tors surround the beryllium beam pipe of outer radius 5.35
m. It 
onsists of a sili
on mi
rovertex dete
tor and three drift 
hambers: a pre
isionvertex dete
tor, a large volume jet 
hamber and z-
hambers. The whole 
entral de-te
tor is lo
ated inside a solenoid providing a uniform magneti
 �eld of 0.435T. The
urvature of the 
harged parti
les moving in the magneti
 �eld is used to measure their13



Figure2.2:
A
ut-awayp
erspe
tivevie
woftheOPA
Ldete
tor.

14



Muon detector

Hadron calorimeter and return yoke

Electromagnetic calorimeter

Presampler

Time of flight detector

Solenoid and Pressure Vessel

Z chambers

Jet chamber

Vertex detector

Microvertex detector

Interaction region

Microvertex detector
Vertex detector

Jet chamber

Z chambers

Presampler

Electromagnetic calorimeter

Original forward detector

Silicon-tungsten forward detector

Hadron calorimeter

Pole tip hadron calorimeter

Muon detector

E
n

d
c
a

p
B

a
rr

e
l

x

x

z

y

1 4 5 m2 3

1 4 5 m2 3

6 m

6 m

a)

b)

Figure 2.3: A diagram of a 
ross-se
tion through the OPAL dete
tor showing the subdete
torsin (a) the barrel and (b) the end
ap regions.
15



Figure 2.4: A diagram of the end view of the sili
on mi
rovertex dete
tor.momentum. The whole 
entral dete
tor is inside a pressure vessel in order to operateat a pressure of 4 bar. The 
ylindri
al stru
ture of the pressure vessel also providesme
hani
al support to the solenoidal 
oil.� The Sili
on Mi
rovertex Dete
tor (SI)The Sili
on Mi
rovertex Dete
tor provides a high pre
ision position measurement
lose to the intera
tion point [21℄. The lo
ation of the de
ay verti
es of shortlived parti
les (se
ondary verti
es) 
an be derived by extrapolation of the re-
onstru
ted tra
ks. This is a 
ru
ial element for many analyses in
luding themeasurement of the � lifetime and identi�
ation of parti
les 
ontaining b and 
quarks, Higgs sear
hes et
. The dete
tor is lo
ated between the beryllium beampipe and the drift 
hambers pressure vessel. Two 
on
entri
 layers of sili
on wafermodules of 30 
m long are lo
ated at a radius of 6 
m and 7.5 
m from the beamaxis. The wafers parallel to the beam axis have a resolution of 10�m and aretilted to 
lose � gaps. Layers of wafers were also added at the z end perpendi
-ular to the beam, to allow measurements in r� z plane. The passage of 
hargedparti
les through the sili
on 
auses 
reation of ele
tron-hole pairs. The ele
tronsindu
e signals on mi
rostrips implanted in the modules.
16



� The Vertex Chamber (CV)The vertex dete
tor surrounds the sili
on mi
rovertex dete
tor and assists thelatter in the task of pre
ise position measurements 
lose to the intera
tion point.The dete
tor has a length of 1m and inner and outer radius of 8 
m and 25.5 
mrespe
tively. Two 
on
entri
 layers of drift 
hambers, ea
h divided into 36 � 
ellsof wires (se
tors) are lo
ated inside the pressure vessel of the 
entral tra
kingsystem. Ea
h se
tor in the inner layer 
ontains a plane of 12 axial (parallel to thebeam) sense wires whi
h range radially from 10.3 
m to 16.2 
m with a spa
ing of0.5 
m . Ea
h outer se
tor 
ontains 6 sense wires (
alled stereo wires) in
lined at4Æ with respe
t to the beam axis, in order to assist the z 
oordinate measurement.The stereo wires range radially from 18.8 
m to 21.3 
m with 0.5 
m spa
ing. Theoperation of all drift 
hambers is based on the same prin
iple: they are �lled witha gas mixture whi
h is ionized when 
harged parti
les traversed the 
hambers.An ele
tri
 �eld is applied between anode and 
athode planes of wires. The timethat the ionized ele
trons need to rea
h the anodes is translated into a distan
efrom the wire. The 
entre of gravity of the signals indu
ed in neighbouring wiresgives very good position resolution. In the r � � plane this is about 50�m . Thetime di�eren
e of the signal indu
ed in the two ends of the anode wires 
ombinedwith stereo wire information give a resolution of 700�m in the r-z plane.� The Jet Chamber (CJ)The jet 
hamber is the prin
ipal tra
king devi
e in OPAL providing informationfor tra
k re
onstru
tion and possible parti
le identi�
ation [22℄. It is basedon a similar design to that used in JADE experiment at PETRA [23℄. It isa 
ylindri
al drift 
hamber 4m long, having an inner and outer radius of 0.5mand 3.7m respe
tively and it is lo
ated inside the pressure vessel. The dete
tor
onsists of 24 identi
al � se
tors. Ea
h se
tor has radial r� z planes, ea
h plane
onsisting of 159 sense wires running parallel to the beam axis. The solid angle
overed by the dete
tor is approximately 98% of 4�. The drift time togetherwith the wire position provide position information in the r � � plane, with aresolution of 135�m. The ratio of the 
harges 
olle
ted at ea
h end of the wires17



gives a 
oarse z 
oordinate measurement with a resolution of 6 
m.� The Z Chambers (CZ)The basi
 task of this subdete
tor is to improve the z 
oordinate measurementof parti
les leaving the jet 
hamber. It is another 
ylindri
al barrel layer of drift
hambers surrounding the Jet Chamber and 
overing a polar angle from 44Æ to136Æ. The dete
tor is divided in 24 parts in �, ea
h part 4m long, 50 
m wide and5.9 
m thi
k. It is also divided in 8 
ells in z, ea
h 
ell being 50 � 50 � 5:9 
m,so that the maximum drift distan
e is 25 
m in the z dire
tion. Inside ea
h 
ellthere are 6 anode wires running in the � dire
tion. The spatial resolution for thez 
oordinate is approximately 300�m.� Time Of Flight (TOF)The purpose of the TOF system is to generate trigger signals, as well as help par-ti
le identi�
ation by measuring the time of 
ight. It also assists the suppressionof 
osmi
 ba
kground by reje
ting parti
les with time of 
ight in
onsistent withan event o

uring from a 
ollision.The barrel TOF dete
tor (TB) 
onsists of 160 s
intillation 
ounters forming an-other barrel layer of radius 2.36m. The 
ounters are 6.84m long with a 
rossse
tion 4:5 � 9 
m2, wrapped with foil and bla
k PVC sheet. Two plexiglasslight guides at ea
h end of the 
ounters 
olle
t the light and transfer it to pho-totubes where it is 
onverted to ele
tri
al signals. The end
ap TOF subdete
tor(TE) 
onsists of a layer of 10 thi
k s
intillation tiles and was installed in 1995to extend trigger 
apabillities for the higher LEP2 ba
kgrounds. The read out isperformed using �bres to 
arry the light 
olle
ted outside the solenoidal magneti
�eld.� The MagnetThe magnet is designed to provide a uniform (�0:5%) magneti
 �eld of 0.435Tinside the 
entral tra
king volume. It is divided into a thin, water-
ooled, alu-minium solenoidal 
oil whi
h surrounds the 
entral tra
king volume and a return
18



yoke made of soft steel plates. The return yoke is also used as the absorptionmedium for the hadroni
 
alorimeter. The solenoid is not divided into shorterse
tions in order to keep the magneti
 �eld between solenoid and the return yokelow, to allow the operation of the ele
troni
s in this region.2.2.2 The Ele
tromagneti
 CalorimetryThe basi
 task of the ele
tromagneti
 
alorimeters is to measure the positions andthe energies of ele
trons, positrons and photons. They also provide useful informa-tion to dis
riminate �0s from photons. The 
alorimeters in general have an absorbingmedium of high density whi
h de
elerates the in
oming parti
les, produ
ing photons(bremsstrahlung). The photons 
reate ele
tron-positron pairs, whi
h intera
t furtherwith the material to generate more photons. Eventually all or most of the energy ofthe parti
le will be 
onverted to 'heat' by this 
as
ade of intera
tions, 
alled ele
tro-magneti
 shower.For both barrel and end
ap ele
tromagneti
 
alorimeters the absorbing medium islead glass blo
ks. Some parti
les in the shower are produ
ed at a speed greater thanthe speed of light in the medium, 
ausing the emission of Cerenkov radiation whi
h is
olle
ted and dete
ted by phototubes. The lead glass dete
tor has an ex
ellent intrinsi
resolution of �E=E ' 5%=pE where E is the energy in GeV of the in
oming parti
le,but due to the fa
t that there are 2-4 radiation lengths of material before the 
alorime-ters, it is likely for the ele
tromagneti
 shower to be initiated before rea
hing them.This phenomenon degrades the energy resolution signi�
antly. In order to improve themeasurement, presampling dete
tors are used before both barrel and end
ap 
alorime-ters. The energy deposit in the presampler gives an estimation of the evolution of theshower whi
h is used to 
orre
t the measurement of the 
alorimeter.� The Barrel Ele
tromagneti
 Presampler (PB)The barrel presampler is a 
ylindri
al layer of radius 2,4m and length 6.6m lo-
ated between the TOF system and the ele
tromagneti
 
alorimeter and 
overing19



a polar angle of j 
os �j < 0:81. The dete
tor is divided into 16 � 
hambers, ea
h
hamber 
onsisting of two layers of limited streamer mode tubes. These are drift
hambers using thi
k anode wires and operated in limited streamer mode. Theanode wires run parallel to the beam axis and in ea
h layer of tubes there are 1 
mwide 
athode strips on both sides oriented at �45Æ with respe
t to the anodes.The spatial positions are obtained by measuring the signals at both ends of thestrips (
harge division).� The End
ap Presampler (PE)The end
ap presampler 
onsists of 32 multiwire 
hambers in 16 � wedges (se
-tors), forming an umbrella shaped stru
ture. The dete
tor is lo
ated between thepressure vessel of the 
entral tra
king system and the ele
tromagneti
 end
ap 
ov-ering a polar angle of 0:95 > j
os�j > 0:83. In order to ful�ll the requirement forgood energy and position resolution together with the severe spa
e restri
tion inthe end
aps, the thin multiwire 
hambers are operated in a high gain mode.� The Barrel Ele
tromagneti
 Calorimeter (EB)The barrel ele
tromagneti
 
alorimeter is made of 9440 lead glass blo
ks, forminga 
ylindri
al layer at a radius 2.46 and 
overing a polar angle of j
os�j < 0:81 [24℄.Ea
h lead glass blo
k has a 
ross-se
tion of 10 � 10 
m2 and depth 37 
m, whi
his approximately 24.6 radiation lengths. The longitudinal axis points towardsthe intera
tion region in order to redu
e the probability for a parti
le to traversemore than one blo
k, having a small o�set with respe
t to the 
ollision point toredu
e parti
le losses in the gaps between blo
ks. The Cerenkov light produ
ed is
olle
ted and guided to magneti
 �eld tolerant phototubes where it is 
onvertedto an ele
tri
al signal.� The End
ap Ele
tromagneti
 Calorimeter (EE)On ea
h side of the dete
tor and between the pressure bell of the 
entral tra
kingsystem and the hadroni
 pole tip 
alorimeter, there is a domed shaped array of1132 lead glass blo
ks 
overing a polar angle of 0:81 < j 
os �j < 0:98. The leadglass blo
ks are aligned parallel to the beam axis, due to geometri
al 
onstraints20



imposed by the pressure bell. They have approximately 22 radiation lengthsof material and are instrumented by spe
ially developed Va

um Photo Triodes(VPTs) in order to operate in the full axial �eld of the magnet.2.2.3 The Hadroni
 CalorimetryThe purpose of the hadroni
 
alorimeter is to measure the energy of the hadrons thattraverse the ele
tromagneti
 
alorimeter and provide useful information for muon iden-ti�
ation. The iron of the return yoke of the magnet is used as absorbing medium.Inelasti
 nu
lear intera
tions of the in
oming hadrons with the absorber lead at highenergies to multiparti
le produ
tion and parti
le emission originating from nu
lear de-
ay of ex
ited nu
lei [25℄. This 
as
ade pro
ess is 
alled a hadroni
 shower and maybe initiated in the 2.2 intera
tion lengths of material before this dete
tor. In order toimprove resolution, information from the ele
tromagneti
 
alorimeter is used to 
or-re
t the energy of the hadroni
 shower. The energy is sampled by positioning streamer
hambers between the layers of iron. The dete
tor is divided into barrel, end
ap andpole-tip 
alorimeter 
overing a solid angle of 97% of 4�.� Barrel and End
ap Hadroni
 Calorimeters (HB and HE)The barrel dete
tor 
onsists of 8 layers of iron slabs sandwi
hed between 9 layersof limited streamer tube 
hambers [26℄. It has a length of 10m with an inner andouter radius of 3.4m and 4.4m respe
tively. The end
ap dete
tor is a very similardesign with 7 layers of 10 
m thi
k iron sandwi
hed between 8 layers of limitedstreamer tubes. Signals are indu
ed on pads in the inner fa
e of the 
hambersand on strips on the outer fa
e. The dete
tor is divided into 48 bins in � and 21bins in �, by grouping together the layers of pads to form 
alorimeter towers.� Hadron Pole-Tip Calorimeter (HP)The Pole-Tip hadron 
alorimeter is used to extend the 
overage of the polar angleup to j 
os �j < 0:99. It is similar to the barrel and end
ap hadroni
 
alorimeter
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with 9 layers of iron and in between 10 layers of dete
tor devi
es. These aremultiwire proportional 
hambers operating in a high gain mode (similar to thoseused in the ele
tromagneti
 end
ap presampler). The intrinsi
 energy resolutionis �E=E ' 100%=pE, but deteriorates up to 140%=pE when the material infront of the dete
tor is taken into a

ount.2.2.4 The Muon Dete
torsThe amount of material of all the subdete
tor layers des
ribed so far ex
eeds 1.3mof iron equivalent or approximately 7 intera
tion lengths for pions. Thus, a parti
letraversing all these layers is very likely to be a muon. The task of the muon dete
tor isto identify muons in the presen
e of a small hadroni
 ba
kground. The identi�
ationof these parti
les is based on extrapolation of the tra
k as re
onstru
ted in the 
entraltra
k system, taking into a

ount energy loss and multiple 
oulomb s
attering andmat
hing it with a tra
k in the muon dete
tor.� Muon Barrel (MB)The barrel muon dete
tor of 110 drift 
hambers forming a 
ylindri
al layer that
overs a polar angle up to j 
os �j < 0:72 [27℄. Ea
h 
hamber has a lengthranging from 6 to 10.4m and 
ross-se
tion of 120 � 9 
m2. It is split into twoadjoining 
ells, with anode wires running parallel to the beam axis. Cathodestrips are lo
ated on the inner sufa
e of the 
ells, with diamond shaped 
athodepads opposite to the anode wire and in parallel to the beam axis. The positionof parti
les in the r � � plane are measured by using the drift time to the anodewires, yielding a resolution of 0.15 
m. The z 
oordinate is measured by the timedi�eren
e of signals at both ends of the anode wires, 
ombined with the signalsindu
ed on the diamond shaped anode wires [27℄.� Muon End
aps (ME)In ea
h end
ap of the dete
tor there are 2 layers of four re
tangular 
hambers6 � 6m2 and 2 pat
h 
hambers 3 � 2:5m2 perpendi
ular to the beam axis22




overing an area of about 150m2 and a polar angle of 0:67 < j 
os �j < 0:985[28℄. Ea
h 
hamber 
onsists of two layers of limited streamer tubes spa
ed by19mm and with the anode wires perpendi
ular with respe
t to ea
h other. Read-out aluminium strips are lo
ated at ea
h side of the layer of streamer tubes, withthe ones on one side oriented perpendi
ular to the wires while the others areparallel. A weighted average of the pulses indu
ed on the strips is used to lo
atethe streamer with a resolution of �1mm [28℄.2.2.5 The FD and SW LuminometersThe main task of the forward dete
tors is to measure the beam-luminosity, de�nedas the fa
tor in the event rate depending on the 
hara
teristi
s of the beams. Let usassume that e+ and e� beams of equal energy and 
onsisting of bun
hes of parti
les are
olliding: if the bun
h of ele
trons has a 
ross-se
tional area A and number of parti
lesN1, a parti
le in the positron bun
h will 'see' a fra
tion of the area equal to �N1=Awhere � is the 
ross-se
tion of e+e� ! X (the total area of overlap of two 
ollidingparti
les). In every passage the number of intera
tions will then be �N1N2=A, whereN2 is the number of parti
les per bun
h in the positron beam. Assuming a frequen
yof bun
h 
ollisions f , the event rate will be [17℄:dNdt = � fN1N2A ; (2.1)The luminosity is de�ned as: L � fN1N2=A and it is measured integrated overtime in inverse barns, where 1 barn � 10�24 
m2. Usually smaller sudivisions are usedsu
h as inverse nanobarns (nb�1) or inverse pi
obarns (pb�1). In LEP the luminosityis measured by 
ounting the number of small angle bhabha events in a region witha

urately known a

eptan
e. The 
hoi
e of the pro
ess e+e� ! e+e� is based on thefa
t that the 
ross-se
tion for this rea
tion is known very a

urately. The two forwarddete
tors used in the luminosity measurement are:
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� Forward Dete
tor The dete
tor 
onsists of 35 sampling layers of lead-s
intillatorsandwi
h, separated in two basi
 modules: the presampler and the main 
alorime-ter with 4 and 20 radiation lengths respe
tively. It is lo
ated at �2:6m from the
ollision point and 
overs an a

eptan
e of 40-150 mrad from the beam axis.Wavelength shifters are used to transfer the light to va
uum phototetrodes.� Sili
on-Tungsten Luminometer This dete
tor is lo
ated at z = �2:4m and
overs a polar angle of 25-59 mrads from the beam axis. It 
onsists of 19 layersof sili
on dete
tors between 18 layers of tungsten. It provides better luminositymeasurements than the forward dete
tor due to the lower lateral spread of theshowers in tungsten and the superior pre
ision position resolution of the sili
ondete
tors.
2.3 Monte Carlo SimulationThe Monte Carlo method is a numeri
al te
hnique to simulate the out
ome of a physi
sexperiment, as predi
ted by the theory being tested. The output results 
an then be
ompared with the data re
orded in the a
tual experiment, allowing a dire
t test ofthe theory. In parti
le physi
s this is typi
al done in two stages:Generation of momentum four-ve
torsMonte-Carlo methods are based on random-number generators: a series of randomvalues are produ
ed r1, r2, .. following a uniform distribution in the interval (0; 1).The next step is to �nd a fun
tion �(r) that is distributed a

ording to a known f(�),given that r follows a uniform distribution between 0 and 1. This is usually performedwith numeri
al methods su
h as the Von Newman's a

eptan
e-reje
tion te
hnique[29℄. If f(�) is the angular distribution of a known physi
al pro
ess, event four ve
tors
an be 
al
ulated based on the kinemati
 
onstraints.
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Simulation of the dete
torGiven the generated event (the momentum of resulting parti
les), the same methodis used to simulate the passage of parti
les through the several dete
tor layers. Thisalso involves random pro
esses, su
h as the produ
tion of ionization, multiple Coulombs
attering et
. For example, if the random pro
ess is 
ausing the de
e
tion of the tra
ka

ording to a gaussian distribution around its momentum ve
tor the same Monte-Carlo method is used to derive the angle of de
e
tion with the use of random numbers[29℄. A

urate dete
tor modelling is a 
ru
ial part of ea
h experiment to allow properunderstanding of the data 
olle
ted.A software pa
kage used in many parti
le physi
s experiments and used by all LEP
ollaborations is GEANT [30℄. This program 
an des
ribe 
omplex dete
tors su
h asOPAL, provided that the geometry and type of materials are given as input. GEANT isused within GOPAL [31℄ software pa
kage (Geant at OPAL). The output produ
ed arethe simulated signals indu
ed in the readout of ea
h subdete
tor. The re
onstru
tionsoftware ROPE [32℄ 
an treat this information as real data to produ
e Monte-Carloevents whi
h are stored as DST tapes for o�ine physi
s analysis.
2.4 Data A
quisition� Trigger systemBun
hes of positrons and ele
trons 
ollide at LEP every 22�s giving a possibleevent rate of 45 kHz. In order to make it feasible to store all this informationa fast sele
tion takes pla
e to redu
e the event rate to 10Hz. The de
ision istaken in real time by a 
exible and programmable system based on informationdelivered from ea
h subdete
tor or standalone signals. The 4� solid angle of thedete
tor is divided into 6 � 24 bins in � and � respe
tively and most subdete
torsprovide trigger signals in this binning. The �nal trigger de
ision is based on
orrelations in spa
e between subdete
tors in � � � together with standalone
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signals triggered by total energy sums or tra
k 
ounting. The interesting physi
sevents are triggered by more than one independent trigger 
ondition, giving aredundan
y to the system whi
h leads to a high eÆ
ien
y. Ba
kgrounds from
osmi
 rays or intera
tions of the beam with the gas in the pipe or the pipe walland noise are signi�
antly suppressed.� Event builder, Filter and Event re
onstru
tionWhen a potentially interesting event is sele
ted by the trigger system, informationfrom the di�erent subdete
tors is read out as subevent stru
tures. These areassembled by the event builder pro
essor and passed to the �lter system. A fastanalysis is 
arried out by the �lter pro
essor where events are 
lassi�ed into basi

ategories (multihadron, dilepton et
) and ba
kground events are reje
ted. Thenext step in this sequen
e is the full re
onstru
tion pro
ess where the events inthe form of raw data are passed as input to the ROPE (Re
onstru
tion of OpalEvents) software pa
kage. Information from a 
alibration database (OPCAL) isused together with the event data to 
al
ulate event quantities su
h as energyand momentum of 
lusters and tra
ks and identify parti
les. These results arestored in the Data Summary Tapes (DSTs) for further analysis.
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Chapter 3
Flavour of LEP2 physi
s
During the years 1989-1995 LEP operated at a 
ollision energy at or near the Z0 mass.A large number of these events (about 17 x 106) were produ
ed allowing pre
ision testsof ele
troweak theory with unpre
edented a

ura
y. Radiative ele
troweak 
orre
tionswere established as an experimental fa
t and from the 
ross-se
tion lineshape of the Zthe number of neutrino spe
ies was 
onstrained to 3 (on 
ondition that m� < MZ=2).The top mass was measured indire
tly by ele
troweak data to a value 
onsistent withthe dire
t measurement performed later at Fermilab. The Z mass is now known to� 2.2 MeV whi
h is an un
ertainty of approximately one part in 5 � 104. Afterthe summer of 1996 the 
opper radiofrequen
y 
avities were gradually repla
ed byniobium super
ondu
ting 
avities allowing the 
ollision energy to rea
h and ex
eed Wboson pair produ
tion threshold (161 GeV). The study of W pairs permitted a pre
isemeasurement of of the W mass (MW ) and the study of the non-abelian 
hara
terof ele
troweak theory via the Triple Gauge Couplings (TGCs). This period knownas LEP2 provided an ex
ellent lab for new physi
s sear
hes su
h as supersymmetri
parti
les, the hypotheti
al Higgs parti
le and even exoti
 extra dimension theories [33℄.In this 
hapter an attempt to give a 
avour of some interesting parts of LEP2 physi
sis made. The last part referring to two fermion physi
s is more detailed as it introdu
es
on
epts useful in the tau and muon pair analysis that follows.
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Figure 3.1: Feynman diagrams for W pair produ
tion: via t 
hannel (left), s 
hannel via aphoton (middle), s 
hannel via a Z boson (right).3.1 W pair physi
sW pairs are produ
ed above the 161 GeV threshold via the s 
hannel or the � ex
hanget 
hannel diagrams (�gure 3.1). Ea
h W boson 
an de
ay leptoni
aly to a 
hargedlepton and a neutrino or hadroni
ally to a quark anti-quark pair with de
ay bran
hingratios of approximately 1/3 and 2/3 respe
tively. Thus the W pair events 
an be
lassi�ed as:� Fully leptoni
 events (W+W� ! l� l�) The presen
e of neutrinos and thelow bran
hing ratio (1/9) redu
es the impa
t of this 
hannel on the W massmeasurement MW .� Semileptoni
 events (W+W� ! qq l�) The experimental signature for theseevents is one lepton and two jets. Due to low ba
kgrounds it is the ideal 
hannelfor extra
ting the W mass.� Fully hadroni
 (W+W� ! qq qq ) It 
ontains at least four jets and hassigni�
ant irredu
ible ba
kgrounds. There are no neutrinos in the �nal state sothe momentum of the de
ay produ
ts is balan
ed.
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3.1.1 Measurement of the W boson massThe pre
ise measurement of the W boson is one of the most important physi
s resultsof LEP2. This is due to the fa
t that when radiative 
orre
tions are taken into a

ount,MW depends quadrati
ally on the mass of the top quark mt and logarithmi
ally on theHiggs mass MH :
MW = ��p2 sin2 �W (1 + ��)�� = f(m2t ; logMH) (3.1)where mt is the top quark mass, sin�W is the weak mixing angle, �� is the radiative
orre
tion to the tree level 
ross-se
tion ( [34℄, [35℄). This dependen
e allows a powerfultest of the Standard Model as well as an indire
t measurement of the Higgs mass. Twobasi
 experimental methods were used to extra
t MW by LEP 
ollaborations [65℄. Inthe �rst method the sensitivity of the in
lusive 
ross-se
tion to MW is exploited at thethreshold of W pair produ
tion. This method has the great advantage of small system-ati
 un
ertainties, but the redu
ed amount of data 
olle
ted at this energy produ
edlarge statisti
al errors.The most pre
ise mass measurement is given by the dire
t re
onstru
tion of MWfrom its observed de
ay produ
ts, on an event by event basis. The mass by dire
tre
onstru
tion of a quark-antiquark W de
ay is then:
Mij =q2EiEj(1� 
os �ij) (3.2)where Ei; Ej are the jet energies, �ij is the jet-jet opening angle (the jet masses havebeen negle
ted here). The relatively poor jet energy resolution of the LEP dete
torsintrodu
es large un
ertainties. In an ele
tron positron 
ollider this problem 
an be
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Figure 3.2: Distributions of the re
onstru
ted W mass for all OPAL data from ps=183 GeV to209 GeV. The points are data with statisti
al error bars, while the Standard Model expe
tationis indi
ated by the histogram [55℄.
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Figure 3.3: Combined results for the W mass measurement obtained by the four LEP 
ollabo-rators [37℄ .redu
ed by exploiting the knowledge of the 
ollision ps energy and energy-momentum
onservation: (E; ~p) = (ps; 0) (3.3)giving four 
onstraints. An additional 
onstraint 
an be imposed by requiring the massof the two re
onstru
ted W bosons to be equal:MW+ =MW� (3.4)The mass resolution 
an be improved signi�
antly by a kinemati
 �t: the measuredparameters are varied until a solution is found whi
h satis�es the imposed 
onstraintsand also minimizes the �2 di�eren
e between the measured and �tted values. Due to theneutrinos involved in the leptoni
 de
ays of W, the fully-leptoni
 
hannel has at leastsix unknown degrees of freedom and is therefore not very useful for measuringMW . Inthe semi-leptoni
 
hannel the number of 
onstraints in the kinemati
 �t is redu
ed by3 due to the unknown momentum of the neutrino. The fully hadroni
 
hannel has the31



additional problem of how to asso
iate jet pairs to W bosons in order to re
onstru
tea
h W boson. The radiation of a gluon 
an 
ompli
ate things even more, and severalanalyses for
e some or all events to be re
onstru
ted as �ve-jet events. The 
orre
tpair 
an be 
hosen as the one with the best kinemati
 �t.MW 
annot be extra
ted by �tting simply an analyti
 Breit-Weigner fun
tion, dueto Initial State Radiation (ISR) whi
h de
reases the 
ollision energy to lower valuesthan the ones already assumed in the kinemati
 �t and dete
tor e�e
ts that distortthe mass distribution. The kinemati
 �t whi
h assumes the 
ollision energy is equalto ps, overestimates MW 
ausing a tail towards higher invariant masses (�gure 3.2).Dete
tor e�e
ts must also be taken into a

ount, as the resolution is not signi�
antlybetter than the W boson width (�W ). To a

ount for these e�e
ts an asymmetri
 Breit-Wigner fun
tion is used [36℄. As there will in general be a bias introdu
ed by thisanalyti
 �tting method, an expli
it bias 
orre
tion is applied based on a 
omparison ofthe Monte-Carlo value used for the W mass (MgenW ) with the value obtained from the�t MfitW .An alternative method in whi
h biases are impli
itly 
orre
ted involves a reweight-ing of Monte-Carlo events in
luding simulation of the dete
tor: A number of MCsamples with di�erent MW and �W are generated and the one whi
h has the best �2when 
ompared with data 
an be 
hosen for a dire
t �t. The problem is then that thelarge number of MC samples needs una

eptable pro
essing time. To over
ome thislimitation just one MC sample is generated with (MW ;�W ). A new MC sample with(MnewW ;�newW ) is 
reated by multiplying ea
h event in the �rst sample by a fa
tor whi
his the ratio of the matrix elements of MnewW with respe
t to the MW [39℄ :!i = jMi(MnewW )j2jMi(MW )j2 (3.5)3.1.2 Test of the non-abelian 
ouplingsA non-abelian lo
al SU(2) invariant theory has a kineti
 term of the form [5℄:
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Figure 3.4: LEP2 pro
esses sensitive to triple gauge 
ouplings
LW = �14 ~F �� ~F�� = �12 (�� ~W� � �� ~W�) �� ~W �+g ( ~W� � ~W�) �� ~W ��14g2 [( ~W� ~W �)2 � ( ~W� ~W�)( ~W � ~W �)℄Clearly the last two lines of this expression leads to three point verti
es (trilin-ear gauge 
ouplings or TGCs) and four point verti
es (Quadrati
 gauge 
ouplings).These intera
tions originate from the kineti
 part of the Lagrangian and exist even inthe absen
e of matter �elds. Thus, self intera
tions of the gauge �elds are a funda-mental 
hara
teristi
 of non-abelian Yangs-Mills theories, su
h as the Standard Model.Absen
e of the Yangs-Mills form of triple gauge 
ouplings would lead to the WW 
ross-se
tion in
reasing with energy and eventually violating unitarity. The measurement ofthe WW 
ross-se
tion provides eviden
e for the non-abelian 
hara
ter of ele
troweakintera
tions as it is 
an be seen by �gure 3.5. The W produ
tion angular distribution isalso sensitive to deviations from the standard 
ouplings (
alled anomalous 
ouplings).The LEP2 pro
esses whi
h are sensitive to TGCs 
an be seen in �gure 3.4. There areseven possible Lorentz invariant 
ouplings for ea
h WWV vertex, where V 
an be aphoton or a Z [35℄. As it is impossible experimentally with LEP data to measure allthese 
ouplings, symmetry 
onstraints are usually imposed: gauge invarian
e, C, P andCP 
onservation redu
e the possible 
ouplings to �ve and these are usually denoted as�
 ; �z; �
; �z; g1z . The SM predi
ts that the value of these parameters are [65℄:�
 = �z = g1z = 1 �
 = �z = 033
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Figure 3.5: The LEP 
ombined results for the WW 
ross-se
tion as a fun
tion of the energy[40℄. The solid 
urve shows the Standard Model predi
tion and the other two lines the e�e
t ofremoving the TGC diagrams.No signi�
ant deviation from the Standard Model predi
tion is seen for any of theele
troweak TGCs studied [38℄.
3.2 Higgs boson sear
hThe Weinberg-Salam SUL(2)� UY (1) ele
troweak model has impressive experimental
on�rmation over the last 25 years. Pre
ision measurements performed in LEP andSLD established the su

ess of the model beyond the tree level diagrams. The onlymissing parti
le not yet experimentaly veri�ed remains the hypotheti
al Higgs par-ti
le, responsible for the ele
troweak symmetry breaking. The dominant produ
tion
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Figure 3.6: Higgs produ
tion through Higgstrahlung (left) or Weak boson fusion (right)pro
esses at LEP2 energies are Higgstrahlung or Weak boson fusion (�gure 3.6). TheHiggstrahlung diagram dominates when on shell Z produ
tion is kinemati
ally allowed(mH < ps �MZ). For a hypotheti
al mass of mH=115 GeV Higgs de
ays predomi-nantly to a bb pair with a bran
hing ratio of approximately 74%, gluons (� 7%), Wpair (� 8%) or a tau pair (� 7%), leading to the following sear
h topologies [42℄, [65℄:� Four jet 
hannel (H ! bb; Z ! qq)This topology arises when the Z de
ays into a quark-antiquark pair and the Higgsinto a bb representing 60% of the Higgs produ
tion 
ross-se
tion. It su�ers froma large irredu
ible ba
kground arising from hadroni
 de
ays of W and Z pairprodu
tion. A kinemati
 �t is used to improve the energy resolution.� Missing energy 
hannel (H ! bb; Z ! �� )In this 
hannel the Z de
ays into neutrinos leading to an a
oplanar pair of b-quarkjets and large missing energy 
lose to MZ .� Leptoni
 
hannel (H ! bb; Z ! ll)This pro
ess is 
hara
terised by the presen
e of a high mass pair of isolated andwell identi�ed 
harged leptons (ele
trons or muons) together with 2 jets arisingfrom the Higgs de
ay.� Tau 
hannels (H ! bb (�+��); Z ! �+��(qq)The experimental signature for this 
hannel is a pair of well 
ollimated tau jetsasso
iated to a high multipli
ity hadroni
 system.35



The interpretation of the results is performed with the help of a binned likelihoodstatisti
al test. More spe
i�
ally the re
onstru
ted mass MH is divided into binswith si(MH) the predi
ted signal events in bin i for a MH Higgs hypothesis and bithe expe
ted ba
kground. Two di�erent likelihoods are 
onstru
ted one for the sig-nal+ba
kground hypothesis and the other for ba
kground only. The probability forobserving ni events in bin i is assumed to be poissonian. The likelihood fun
tions are:
Lsignal+ba
kground = Yi (si + bi)ni e�(si+bi)ni!

Lba
kground = Yi bnii e�bini!The two likelihoods are then 
ompared by taking the logarithm of their ratio:
�2 lnQ(MH) = �2 ln Lsignal+ba
kgroundLba
kgroundThis likelihood ratio 
an be seen in �gure 3.7 and the measure of in
onsisten
ywith the ba
kground hypothesis in �gure 3.8. There is an ex
ess of events 
onsistentwith a signal of 115 GeV but the statisti
al signi�
an
e is only 2.1 �, 
onsistent withba
kground hypothesis too. Experiments at the Large Hadron Collider are expe
tedto give de�nitive results on the nature of symmetry breaking me
hanism.

3.3 Supersymmetri
 Sear
hesAs already mentioned in 
hapter 1, supersymmetry has many ni
e features and manytheorists believe that it is realized somewhere in nature. The question is then how.The Minimal Supersymmetri
 extension to the Standard Model (MSSM) predi
ts that36
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ea
h SM parti
le has one superpartner [65℄. The superpartners of gauge bosons (gaug-inos) have spin 1/2, the partners of fermions (sfermions) have spin 0, and the part-ners of Higgs (Higgsinos) have spin 1/2. The Higgs se
tor 
ontains 2 doublets, withtan � = v2=v1 the ratio of their va
uum expe
tation values. The fa
t that we do notobserve sele
trons with mass equal to ele
trons means that supersymmetry is broken.Several models attempt to des
ribe the nature of the symmetry breaking me
hanism.The physi
al mass eigenstates are derived by mixing the Higgsinos and gauginos to givetwo 
harged fermions ~��i ; i = 1; 2 (
harginos) and four neutral fermions ~�0i ; i = 1; ::4(neutralinos). The 
onservation of Baryon and Lepton number introdu
es a new quan-tum number 
alled R-parity Rp = (�1)3B+L+2S . Assuming that R-parity is 
onservedimplies that supersymmetri
 parti
les are produ
ed in pairs and that the lightest one(Lightest Supersymmetri
 Parti
le or LSP) is stable. Some typi
al sear
hes 
an be
lassi�ed as:� Chargino sear
hes (~��1 ; ~��2 ; m�1 < m�2)In the ele
tron positron 
ollisions they are produ
ed in pairs via 
 and Z ex-
hange in the s-
hannel and via ~�e-ex
hange in the t-
hannel. The experimentalsignatures depend on the mass di�eren
e between ~��1 and the LSP [65℄. Forexample ~��1 ! ~�01l�� via W boson leads to two a
oplanar leptons.� Neutralino sear
hes (~�01; ~�02)A thorough study of e+e� ! ~�01 ~�02 needs to take into a

ount all posible ~�02 de
aysvia a Z boson. For example ~�02 ! ~�01 l+l� or ~�02 ! ~�01qq leading to two a
oplanarleptons or jets and missing momentum from the two undete
ted ~�01's.� Slepton sear
hesEa
h SM 
harged lepton l has two s
alar partners 
alled right ~lR and left ~lL slep-tons. Charged s
alar leptons are pair produ
ed e+e� ! ~l+ ~l� and ~l+ ~l� 
an de
ayinto ~l� ! l� ~�01 leading to two a
oplanar leptons and missing energy.
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� Squark sear
hesThe main produ
tion pro
ess is e+e� ! ~q~�q followed by ~q ! q ~�01 where ~�01 isthe lightest neutralino. The experimental signature is a
oplanar jets with largemissing energy in hadroni
 events.There are many supersymmetry models with di�erent symmetry breaking me
h-anisms leading to a large number of possible sear
hes. There are more than 100free parameters making many of these models under-
onstrained. Experimen-tal input is ne
essary to 
hoose the one that des
ribes nature (if any) in 
ontrastwith the Standard Model whi
h made remarkable predi
tions for the gauge bosonmasses and had fewer free parameters.
3.4 Fermion pair physi
sThe produ
tion of fermion pairs is one of the basi
 pro
esses of the Standard Model.It is des
ribed by the ex
hange of a photon or Z in the s-
hannel. Due to the fa
t thatthe �nal state is identi
al to the initial one the bhabha s
attering pro
ess takes pla
ealso in the t-
hannel (�gure 3.9).The experimental pre
ision of the full LEP2 data set allows new physi
s pro
essesto be investigated in these �nal states. The di�erential 
ross-se
tion is given by:d�d
 = j
s + Zs + (
t + Zt)bhabhas +NewPhysi
s?j2where 
s=t;Zs=t are the photon and Z amplitudes in the s=t 
hannels. The last termrefers to the following sear
hes for new physi
s in
luding:
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Figure 4.3: The Feynman diagrams for dilepton produ
tion via s-
hannel neutral 
urrent ex-
hange and t-
hannel s
attering.� Four-fermionOther pro
esses whi
h are likely to 
ause some ba
kground 
ontamination arethose in whi
h four fermions are produ
ed, WW ! `�`� events are themselves asubset of this 
lass. W-pair produ
tion, the Feynman diagrams for whi
h wereshown in �gures 1.3(b-
), has a 
ross-se
tion of about 17 pb at 200GeV, but this isnot the only pro
ess leading to four fermions. Some of the four-fermion diagramsinterfere with ea
h other, therefore they are generated in the same Monte Carlosample. The other most 
ommon four-fermion pro
esses are:{ Single-W produ
tion giving rise to a We� �nal state as shown in theFeynman diagrams of �gure 4.4(a-b). At 200GeV this pro
ess has a 
ross-se
tion of about 0.6 pb and in about 32% of the 
ases the W boson de
aysleptoni
ally. The s
attered ele
tron is likely to be reasonably unde
e
ted,but if it is observed in the dete
tor it will have the opposite 
harge to thelepton from the W de
ay and is likely to be a
oplanar with missing energydue to the neutrinos. These events do 
ontain a triple gauge boson vertexWWV and therefore 
ontain sensitivity to the 
ouplings, in this sense theseevents 
onstitute signal.{ Z-pair produ
tion, shown in the Feynman diagram of �gure 4.4(
), has a
ross-se
tion of about 1 pb at 200GeV. It is an important ba
kground sour
eat 
entre-of-mass energies above the Z-pair produ
tion threshold of about
96

Figure 3.9: Feynman diagrams for fermion pair produ
tion: via s 
hannel (left) and t 
hannel(right)3.4.1 Conta
t intera
tionsConta
t intera
tions refer to a very general framework to sear
h for new physi
s, frome+e�!ff data. For example we 
an look for another deeper level of substru
ture inquarks and leptons [16℄, [44℄ or ex
hange of new heavy parti
les, assuming an e�e
tiveLagrangian similar to the one used by Fermi to des
ribe nu
lear beta de
ay (weakfor
e) [54℄:
L
onta
t = g2(1 + Æ)�2 Xi;j=L;R �ij[ei
�ei℄[fj
�fj℄where Æ = 1 for bhabhas and 0 otherwise, eL(fL) and eR(fR) are 
hirality pro-je
tions, � the new physi
s energy s
ale and g the unknown 
oupling. The �ij areparameters with values �1, 0 depending on the ve
tor or axial-ve
tor 
hara
ter of thespe
i�
 model. The Standard Model 
ross-se
tion de
reases like s�1 while the 
onta
tintera
tions would grow with s (as in the old Fermi theory). Limits on the energy s
aleor signal for new physi
s 
an be extra
ted by �tting the angular distributions for theleptons or the hadroni
 
ross-se
tions.
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3.4.2 Limits on Z 0 bosonThe hadroni
 and leptoni
 
ross-se
tions and the leptoni
 asymmetries were used to �tdata to models in
luding an additional heavy neutral Z boson. This originates fromGrand Uni�ed Theories (GUT's) where the Standard Model SUC(3)�SUL(2)�UY (1)arises from a master group like E(6), SU(5),.. et
. The master group breaks via aHiggs me
hanism to the S.M, in a similar way the S.M breaks into SUC(3) � UQ(1).For example in E(6) theory two additional gauge groups U�(1) and U (1) are introdu
ed[46℄, [54℄, ea
h related to a new gauge boson �;  ; respe
tively. The new Z00 
an beany mixture of �;  . The observed parti
les are the Z Z 0 resulting from the mixture ofthe SM Z0 and Z00 . The mass of the Z 0 and the mixing angle �M are free parameters.The ex
hange of Z 0 in fermions pairs 
an 
hange the measured 
ross-se
tions andasymmetries. The �2 between the predi
tion of the models and data is used to 
onstrainthese models.3.4.3 Constraints on Low S
ale GravityThe di�eren
e of many orders of magnitude between the two fundamental physi
s s
alesis a puzzle for physi
ists: The ele
troweak s
ale (MEW = 102 GeV) and the energywhere gravity be
ames important known as the Plan
k s
ale MP l ( MP l = 1019 GeV),have a ratio of about 10�17 (hierar
hy problem). A new model has been proposed thatattempts to explain this puzzle [33℄. A

ording to this, gravity is propagating to extra'large' 
ompa
t dimensions, while the rest of gauge intera
tions are 
on�ned to theusual spa
e-time. Kaluza and Klein have introdu
ed tiny 
ompa
t dimensions as earlyas 1927 [45℄. The Plan
k mass in D = n+4 dimensions (MD) is assumed to be at theele
troweak s
ale, so the MP l in the usual spa
e time is:MP l = RnMn+2D ; (3.6)where R is the 
ompa
ti�
ation radius of extra dimensions. By 
hoosing MD � MEWwe 
an solve equation 3.6 for R, allowing the number of extra dimensions to be from
41



n = 2 up to 7 (
onstrained by DMAX=11 predi
ted by superstring theory). The valuen = 1 is ex
luded experimentaly as gravity would be modi�ed at solar system distan
es,but for n = 2 the model predi
ts R � O(1mm) whi
h is not ex
luded. Su
h a theory
ould modify the 2-fermions 
ross-se
tion via the pro
ess e+e� ! G� ! ff, where G�is the hypotheti
al gravity quantum. The theory is parametrized in a similar way tothe 
onta
t intera
tions (but in
luding terms in the 
ross-se
tion proportional to 
os �)and �ts to muon, tau, ele
tron pairs angular distributions are used to 
onstrain thetheory [47℄.
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Chapter 4
Tau pairs Analysis
4.1 Introdu
tionThe analysis of the tau pairs pro
ess e+e� ! ���+(
) presented in this 
hapter in
ludesall the high energy data 
olle
ted by OPAL during the last two years of operation (1999-2000), at energies 192-209 GeV. Taus are produ
ed ba
k-to-ba
k in the 
entre of massframe and de
ay via weak intera
tions to leptons or hadrons.The most important experimental 
hara
teristi
 of two fermion physi
s at LEP2is the frequent emission of one or more initial state radiation photons (ISR), whi
h
ompli
ates the de�nition of 
entre of mass energy and signal and eÆ
ien
y of thesele
tion. Initially, the estimation of the e�e
tive 
entre of mass energy is presented.The sele
tion of tau pairs whi
h is an evolution of the one used at lower energies is thendes
ribed ( [48℄, [49℄, [50℄, [51℄). Then the des
ription of the ba
kground pro
essesand the 
ompli
ations to the eÆ
ien
y due to initial state radiation are dis
ussed.Finally, the Monte-Carlo estimations for the ba
kground and eÆ
ien
ies are des
ribedfollowed by the results and systemati
 
he
ks.
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4.1.1 The e�e
tive 
entre of mass energy ps0The emission of one or more photons by the beam parti
les (ISR), enhan
es signi�
antlythe two fermion 
ross-se
tions, as 
an be seen by the �+�� 
ross-se
tion (�gure 4.1).The radiation of a hard photon de
reases the 
entre of mass energy and as the 
ross-se
tion peaks at the Z pole, 
ollisions are more likely for events with this energy. Thispro
ess is 
alled radiative Z -return and 
auses a large portion of two fermion eventsto be 
lustered around mff =MZ. The de�nition of the redu
ed 
entre of mass energyps0 is 
ompli
ated by the fa
t that Final State Radiation (FSR) 
annot be 
leanlyseparated from ISR sin
e ISR-FSR photon interferen
e terms are not negligible atLEP2 energies.

Figure 4.1: The �+�� 
ross-se
tion as predi
ted by Standard Model (in
luding radiative terms)and at Born level (ex
luding 
orre
tions)The e�e
tive 
ollision energy ps0 is de�ned as the mass of the s-
hannel propagator.The ISR-FSR interferen
e is subtra
ted to make the propagator mass unambiguous.The most interesting events in terms of new physi
s sear
hes are 
ollisions at full energy.This is the reason for studying the events with s0=s > 0:7225 as the 'non-radiative' datasample, where s is the 
entre of mass energy. The in
lusive events are all events withs0=s > 0:01. The experimental determination of ps0 is based on the the polar anglesof the dete
ted parti
les. The measurement of � is based on 
ombining both tra
king44



Figure 4.2: The ps0 distribution for tau pairs at 206 GeV. The open histogram is the Monte-Carlo predi
tion, the yellow(lightgrey) histogram is the predi
tion for non-radiative events and thered (dark grey) is the ba
kground 
ontamination. The points are data.and ele
tromagneti
 
alorimeter 
lusters inside ea
h tau 
one of 35 Æ (se
tion 4.2.2).In all events where no high energy photon is dete
ted, a single ISR photon isassumed to have been emitted along the beam axis without being dete
ted. The energyof su
h a photon E
 and the equivalent ps0 are then given by:
E
 = ps j sin (�1 + �2)jsin �1 + sin �2 + jsin (�1 + �2)j (4.1)

ps0 =qs � 2 E
ps (4.2)where �1, �2 are the dire
tions of the two 
harged 
ones as measured by using both
lusters and tra
ks. 45



If there is a photon (neutral 
one) dete
ted in the ele
tromagneti
 
alorimeter withE
 > 30GeV in addition to the two tau 
ones and the event is planar (the sum ofall angles between the 3 parti
les is greater than 358 Æ), then the ps0 is derived from3-body massless kinemati
s, assuming that the photon is from initial state radiation(ISR) [52℄. The planarity is ne
essary to ensure that all parti
les are dete
ted in theevent. The assumption that the dete
ted photon is due to ISR is based on the fa
tthat �nal state photons are predominantly within the 
harged 
ones. The energy ofthe photon is estimated as :
E
 = ps j sin �3jsin �1 + sin �2 + jsin (�1 + �2)j (4.3)where �3 is the polar angle of the most energeti
 neutral 
one. The ps0 distributionfor tau pairs at 206 GeV is plotted in �gure 4.2. For quality 
he
ks the the ps0 regionwas split into three energeti
 regions:� The Z region: from 0:01 < s0=s up to ps0 < 110 GeV� The intermediate region: from 110 GeV< ps0 up to s0=s < 0:7225� The non-radiative region: with s0=s > 0:7225The 
orrelation between the re
onstru
ted ps0 and the true (generated) ps0 true isreasonably good as 
an be seen in �gure 4.3 for a sample of Monte Carlo tau pairevents generated at ps = 206GeV. The re
onstru
ted 
ollision energy is higher forradiative events where both ele
tron and positron emit a photon resulting to moreba
k-to-ba
k events 
ompared with single photon radiation. The 
orrelation betweenthe re
onstru
ted and generated ps0 for the planar 
andidates when the energeti
dete
ted photon is taken into a

ount is 
learly improved as 
an be seen in �gure 4.4.In a small fra
tion of 
ollisions the emission of an ISR photon from both of the
olliding parti
les 
an result in a ba
k to ba
k event. In this 
ase the re
onstru
ted46



Figure 4.3: The 
orrelation between the re
onstru
ted ps0 and the true (generated) ps0 true fora sample of Monte Carlo tau pair events generated at ps = 206GeV.
ollision energy is overestimated and the events are falsely 
onsidered as non-radiative.These are 
alled feedthrough events and are treated like a ba
kground in the non-radiative sample. An undete
ted FSR photon 
an also 
hange the momentum of the �lepton leading to an underestimation or overestimation of ps0 .
4.2 Sele
tion of tau pairsTaus are heavy leptons with an average lifetime of � 219 fs and the only ones that
an de
ay via weak intera
tion not only leptoni
ally but also hadroni
ally, having atleast one neutrino in the �nal state. The tau pairs are produ
ed ba
k-to-ba
k, unlessthere is photon radiation. Where an initial state photon is emitted (ISR), the 
entre ofmass of the tau pairs is boosted, but the event remains ba
k-to-ba
k in the rest frameof the Z parti
le, unless �nal state radiation o

urs (FSR).47



Figure 4.4: The 
orrelation between the re
onstru
ted ps0 and the true (generated) ps0 truefor planar events with an energeti
 photon when the photon is not taken into a

ount (left),and when it is used for ps0 
al
ulation (right). The sample of Monte Carlo tau pair events wasgenerated at ps = 206GeV.The 
onservation of 
harge implies that tau 
an de
ay to either one 
harged leptonor to an odd number n (
alled 'n-prongs') of 
harged mesons like pions and kaons. Inthe hadroni
 de
ays the quarks are hadronized to form narrow jets. The sele
tion of taupairs is based on a jet-�nding algorithm, whi
h asso
iates tra
ks and ele
tromagneti

alorimeter 
lusters that lie inside 
ones of half-angle of 35Æ. The neutrino(s) produ
ed
ompli
ate further the study of tau pairs as they 
annot be dete
ted. The missingenergy in the tau 
ones means that energy-momentum 
onservation 
annot be usedas a 
onstraint, making the sele
tion far from diÆ
ult than for other lepton or quark-antiquark pairs at LEP. The dete
ted energy for tau pairs (also 
alled visible energy),has a range from high to low values, 
overing a big phase spa
e o

upied by manyba
kground pro
esses.
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4.2.1 Presele
tionA presele
tion is applied before the tau pairs sele
tion 
uts in order to redu
e theamount of non physi
s data re
orded and ensure the quality of the tra
ks and 
alorime-ter 
lusters re
onstru
ted. An event is presele
ted if at least one of the following
ondition is satis�ed [56℄:� There is at least one 'good' tra
k whi
h originates 
lose to the 
ollision point. Thisis ensured by requiring the 
losest approa
h of the tra
k to the intera
tion pointin the r � � plane to be within a distan
e jd0j less than 1 
m and z-
oordinatejz0j less than 50 
m. Aditionally at least 20 hits in the 
entral dete
tors arerequired (CJ, CV, CZ) and the transverse tra
k momentum with respe
t to thebeam axis should be greater than 1.65% of the beam energy.� There are at least two ele
tromagneti
 
alorimeter 
lusters ba
k-to-ba
k within25 Æ, one of whi
h has total 
alorimeter energy greater than 15% of the beamenergy, or two 
lusters with energy deposit greater than 15% of the beam energy.� There is a tra
k in the Muon End
ap (ME) dete
tor whi
h when extrapolatedba
k to the 
ollision point has a distan
e of less than 20 
m from the beam spotwhen measured at z = 0 plane. Only events 
ontaining 4 or less su
h tra
ks are
onsidered.In addition a loose veto is applied to redu
e the multihadroni
 events originatingfrom �nal states 
ontaining quarks su
h as the two fermion pro
ess e+e� ! qq. Theseevents 
an be substantially removed by requiring the total number of tra
ks and ele
-tromagneti
 
alorimeter 
lusters to be less than 18. After the presele
tion most of themultihadroni
 ba
kground and non-physi
s events originating from the intera
tions ofthe beam with the gas or the beam wall, are removed leaving dominantly a dileptondata sample.
49



4.2.2 Multipli
ity 
utsIn addition to the high multipli
ity veto applied in the general presele
tion of leptonpairs a tighter 
ut is applied in the tau sele
tion to redu
e further the hadroni
 ba
k-ground. This is ne
essary as taus are the only leptons pairs that de
ay into hadronsand the data sample is more sensitive to 
ontamination from quark-antiquark pairs.The tighter multipli
ity 
ut requires that the total number of tra
ks is less than 7 andthe number of tra
ks and ele
tromagneti
 
alorimeter 
lusters is less than 16.As already mentioned, the study of a tau 
andidate is based on a 
one algorithm.More spe
i�
ally starting from the most energeti
 tra
k or 
luster, a 
one of half angle35Æ is sear
hed. If new tra
ks or 
lusters are found, a new dire
tion is 
al
ulated byadding ve
torially the initial tra
k/
luster to the next most energeti
 tra
k/
lusterfound within the 
one. The pro
ess is repeated until no more tra
ks or 
lusters arefound. The algorithm then looks for other 
ones, starting from the most energeti
tra
k or 
luster outside the 
one(s) already found. Cones with total net 
harge equalto zero are 
hara
terized as neutral 
ones. The number of 
harged 
ones is required tobe exa
tly two.4.2.3 Event VetosCosmi
 vetoEvents produ
ed in e+e� 
ollisions originate 
lose to the beam 
rossing, in 
ontrastwith 
osmi
 rays whi
h are distributed uniformly over all the dete
tor volume. Inaddition, 
ollision events are in time 
oin
iden
e with the beam-
rossings. Cosmi
rays 
an be strongly suppressed by imposing spa
e-time 
onstraints based on Time-Of-Flight (TOF) measurements and vertex 
uts. In the barrel region for events withat least one TOF measurement, the smallest absolute time re
orded must be within10 ns of the expe
ted time-of-
ight of a parti
le travelling at the speed of light andoriginating at the vertex. For events with two ba
k-to-ba
k TOF measurements there50



is an additional requirement: the di�eren
e between the two 
ounters is required tobe less than 8 ns. For events in the barrel with no TOF measurements, tight vertex
onstraints are imposed:
jX z0j < 10 
m;X jd0j < 0:08 
mwhere jd0j; z0 are the distan
e and z-
oordinate of point of 
losest approa
h of thetra
k to the 
ollision point. The latter is found by extrapolating the tra
k to the r� �plane that in
ludes the intera
tion point. For events in the end
ap region due to poorerposition resolution looser vertex 
uts are applied:
jX z0j < 50 
m;X jd0j < 1:5 
mFinally, 
onstraints are also imposed on the minimum jd0j and average z0 of theevent:
jd0minj < 0:5 
m; z0avr < 20 
mOther event vetoesEvents with two ele
trons represent a large per
entage of ba
kground as they pre-dominantly originate from bhabha s
attering or two photon e+e� ! e+e�e+e� un-tagged events. The identi�
ation of the ele
tron 
an be based on the 
omparison ofits 
alorimeter energy and tra
k momentum: if the 
alorimeter and the tra
k measure-ments are reliable, they should be similar. As the measurement resolution is poorer atlarge 
os � for the 
entral tra
king dete
tors, the ratio of the 
alorimeter 
one energy Eto the tra
k momentum P , 
an be signi�
antly di�erent from unity. The dependen
e
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of the E=P ratio on 
os � angle for a Monte-Carlo sample generated at 206 GeV forthe pro
ess e+e� ! e+e� (bhabhas) 
an be seen in �gure 4.5. To a

ount for the
os� dependen
e, a di�erent sele
tion range is used for the E=P ratio in the barrel,end
aps and the overlap region between these two as listed in table 4.1. Events withtwo ele
trons identi�ed by these E=P sele
tions are reje
ted.

Figure 4.5: E/P distribution versus 
os � before sele
tion is applied for bhabha Monte-Carloevents generated at 206 GeV.The polar angle is measured from the tra
king information.Region polar 
overage E=P rangeBarrel 
os� < 0:79 0:7 < E=P < 1:3Overlap 0:79 < 
os� < 0:815 0:5 < E=P < 1:5End
ap 0:815 < 
os� 0:7 < E=P < 1:5Table 4.1: polar range of ele
tron E=P veto.Due to the importan
e of the ele
tron pair veto, it was attempted to improve itfurther by using the hadroni
 
alorimeter information. More spe
i�
ally, an event 
an52



also be identi�ed as an ele
tron if it is not a muon and has no signi�
ant hadroni
 energydeposit. The new de�nition in addition to the E=P veto 
an suppress to almost zerothe ba
kgound from two photon pro
ess e+e� ! e+e�e+e� and de
rease the bhabhassigni�
antly, with a few per
ent loss in the eÆ
ien
y. However, in the �nal sele
tionit was de
ided to use only the E=P veto, as it was desirable to move towards highereÆ
ien
y in the eÆ
ien
y-purity plane and the Monte-Carlo simulation of the hadroni

alorimeter is less pre
ise than that of the ele
tromagneti
 
alorimeter.Events that satisfy the standard LEP2 muon pairs sele
tion as presented in thenext 
hapter are also reje
ted and as the 
ollision energy is above WW threshold thestandard OPAL WW veto [57℄ is also applied.4.2.4 Visible, expe
ted and missing energyVisible energyThe total energy dete
ted in the ele
tromagneti
 
alorimeter s
aled to the 
ollisionenergy Rshw and the 
orresponding quantity for the total tra
k momentum Rtrk areimportant observables for this analysis: due to neutrino emission, tau pairs are fairlyuniformly distributed in the Rshw, Rtrk plane. In 
ontrast, ba
kground bhabha, twophoton and muon pair events o

upy spe
i�
 regions of the plane and 
an be suppressedby 
uts on these variables.More spe
i�
ally, the bhabhas are very likely to have large momentum tra
ks andlarge energy deposits in the ele
tromagneti
 
alorimeter. The visible energy Rvis,de�ned as the sum of Rshw and Rtrk, is required to be less than 1.1 to redu
e thebhabha 
ontribution. The two photon events are mostly untagged and so only a smallfra
tion of the 
ollision energy is dete
ted. The dis
rimination of the tau pair signalagainst the two photon ba
kground is diÆ
ult as there are many tau pairs at thelower visible energy but events having Rshw < 0:2 and Rtrk < 0:2 are removed fromthe �nal sample. Additionally Rshw was required to be between 0.02 and 0.7 to
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redu
e dimuon(bhabha) events with small(large) 
alorimeter deposits. Finally Rtrkwas required to be less than 0.8 to suppress further bhabhas and non-radiative muonevents.Expe
ted energyThe expe
ted energy of ea
h 
one 
an be 
al
ulated from the measured angles, underthe assumption of a single ISR photon along the beam, as following:
R
one(i) = ps j sin �ijsin �1 + sin �2 + jsin (�1 + �2)j (4.4)An additional ba
kground redu
tion 
an be a
hieved by 
omparing the sum inquadrature of the two expe
ted 
harged 
ones energies to that measured by the 
alorime-ter or the tra
king dete
tors.For bhabha ba
kground the measured energy from both tra
ks or 
alorimeter 
lus-ters should be 
lose to that 
al
ulated using equation 4.4. For muon pairs the 
alorime-ter energy should be low when 
ompared to the expe
ted one. Thus, the following 
utswere applied: P 2
one1 + P 2
one2R2
one1 +R2
one2 < 0:80:02 < E2
one1 + E2
one2R2
one1 +R2
one2 < 0:8where R
one(i), E
one(i) and P
one(i), are the expe
ted, 
alorimeter and tra
k energyfor 
one(i) respe
tively.Missing energyBa
kground pro
esses su
h as bhabhas and two photon 
ollisions tend to have the ve
torof the missing energy parallel to the beam axis due to ISR photons or untagged ele
trons54



Figure 4.6: The PT
lusters distribution for all energies 
ombined. The open histogram is thesignal Monte-Carlo predi
tion, the red(dark), green(medium) and yellow(light) are the predi
tionsfor two fermion, two photon and four-fermion ba
kground pro
esses respe
tively. The points witherror bars are data.respe
tively. In 
ontrast, the missing energy ve
tor in tau pairs due to neutrino emissionhas an amplitude and polar angle over a wide range of values. Thus, a large observedtransverse momentum is a strong 
hara
teristi
 of tau pairs and its value as measuredby the 
alorimeter variable PT
lusters (�gure 4.6) is required to be greater than 0.015ps. In addition, the j 
os �j angle of the missing energy ve
tor as measured from the
alorimeter is required to be less than 0.99.4.2.5 Events with zero 
alorimeter 
one energyAn ex
ess of events where zero 
alorimeter energy is observed in one 
one has led to afurther investigation of this region of phase spa
e. As 
an be seen in �gure 4.7, there
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are 25 data events with zero 
alorimeter energy in the se
ond most energeti
 
one andvery few in the Monte-Carlo simulation. These data events were s
anned visually withthe help of the OPAL event display GROPE [58℄: the most 
ommon 
hara
teristi
 wasthe missasignment of the 
luster to tra
ks in one of the 
ones and noise in the tra
k
hamber. This is 
aused by very poor tra
k re
onstru
tion, as 
an be seen in �gure4.8, leading to tau 
andidate 
ones with no 
alorimeter energy. Due to the fa
t thatthe e�e
t is not simulated well in the Monte-Carlo, events with 
alorimeter energy lessthan 0.1 GeV were removed from the sample.

Figure 4.7: Calorimeter energy of the se
ond most energeti
 
one in the range 0-3 GeV forall high energy data 
ombined. (Most of the data has a larger 
alorimeter energy than 3 GeV).There is a small shift in the peak of the distribution for data and Monte-Carlo due to the fa
tthat the 
alorimeter is optimized for ele
tron identi�
ation.
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 Run : even t  14160 :  25509  Da t e  000707  T ime  071943                                  

 Ebeam 103 . 28  Ev i s   88 . 4  Em i s s  118 . 2  V t x  (    - . 03 ,     . 04 ,     . 45 )               

 Bz=4 . 026  Bunch l e t  1 / 1   Th r us t =  . 9355  Ap l an=  . 0000  Ob l a t =  . 3109  Sphe r =  . 0974     

C t r k (N=  16  Sump=  25 . 1 )  Eca l (N=   7  SumE=  89 . 6 )  Hca l (N=  0  SumE=    . 0 )  

Muon (N=   0 )  Sec  V t x (N=  0 )  Fde t (N=  1  SumE=    . 0 )  

S t a t us
De t  T r

CV  3  3
CJ  3  3
CZ  3  0
TB  3  3
PB  2  0
EB  3  3
PE  3  3
EE  3  3
HT  3  1
HS  3  3
HP  3  1
MB  3  3
ME  3  3
FD  3  0
S I  0  0
SW 3  3

Even t  t ype  b i t s
  4  Low  mu l t  p r ese l      
  8  S i ng l  pho t  p r ese l    
 12  Tagged  t wo  pho t      
 24  S  pho t  EM as s  TOF    
 25  S  pho t  EM and  TOF    
 26  S  pho t  I n - t ime  TOF   
 27  S  pho t  EM c l us       
 30  S  pho t  no  H+MU  ve t   
 32  " Phy s1 "  se l ec t i on    
  1  Z0  t ype  phy s i c s      
 31                      

Y

X

Z

   200 .  cm.   

 Cen t r e  o f  s c r een  i s  (     . 0000 ,     . 0000 ,     . 0000 )         

50  GeV2010 5Figure 4.8: Event display of tra
ks and 
alorimeter 
lusters for an event with zero 
alorimeterenergy.
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4.2.6 A
oplanarity, A
olinearityThe parti
les produ
ed in the pro
ess e+e� ! �+�� are 
onstrained to lie in the sameplane. At full energy the initial taus are produ
ed ba
k-to-ba
k. An ISR photon
an 
hange that by boosting the 
entre of mass frame with respe
t to the lab, butas it is usually emitted along the z-axis, the ba
k-to-ba
kness in the x-y plane is
onserved. Tau de
ays 
annot 
hange the initial dire
tion signi�
antly, as the transversemomentum 
omponent to the 
one dire
tion is limited by the tau mass. Thus, thedi�eren
e between the tau 
one angles when proje
ted on the x-y plane and 
omparedto � is a measure of a
oplanarity and is small for the signal. In 
ontrast, four fermionba
kground events are not 
onstrained to be in the same plane if the tau 
andidatesoriginate from the di�erent de
aying bosons. For this analysis the a
oplanarity isrequired to be less than 30 Æ.The general measure of ba
k-to-ba
kness is the a
olinearity de�ned as the di�eren
efrom � of the angle between the tau 
ones:
�a
olinearity � 180Æ � 
os�1 ( ~p1 � ~p2j ~p1jj ~p2j) (4.5)where ~p1, ~p2 are the ve
tor sum of the 
one tra
k momentum and 
alorimeter energy.The virtual photons in two photon pro
esses do not have usually equal momentum,resulting in highly a
olinear events. In order to suppress this two photon ba
kgroundthe a
olinearity is required to be:

�a
olinearity < 180Æ � 2 tan�1 (2MZpss�M2Z ) + 10Æ (4.6)whi
h for a 
entre of mass energy of 206 GeV is approximately 94 Æ. The 
ut is afun
tion of ps and allows most of the a
olinear taus to pass the sele
tion (�gure 4.9).
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Figure 4.9: The a
olinearity distribution for all energies 
ombined.For planar events with a high energy photon dete
ted as des
ribed in the determi-nation of ps, both a
oplanarity and a
olinearity 
onstraints are not applied as theyare based on the assumption that there are only two 
ones [52℄. The non-appli
ationof a
olinearity and a
oplanarity for planar events with an energeti
 photon in
reasesthe eÆ
ien
y with a negligible in
rease on the ba
kground.4.2.7 Geometri
ally a

epted regionGeometri
al a

eptan
eThe momentum resolution of the dete
tor be
omes poorer for large polar angles. Onlyevents with both tau 
andidate 
ones having a j 
os �j less than 0.9 are a

epted toavoid poorly modelled dete
tor regions.
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Figure 4.10: The �� distribution for all energies (left) and for all data above ps > 200 GeV(right). The open histogram is the Monte-Carlo predi
tion for the signal and the 
oloured(grey)is the ba
kground. The points are data.Anode WiresAs already mentioned in 
hapter 2, the CJ dete
tor 
onsists of 24 identi
al � se
torswith radial r-z planes, ea
h 
onsisting of 159 anode wires running parallel to the beamaxis. It is known sin
e the LEP1 era that high momentum 
harged parti
les passing
lose to the anode wires of the 
entral jet 
hamber (CJ), have relatively poor momentummeasurement and may su�er tra
k re
onstru
tion problems ( [59℄, [60℄). The MonteCarlo modelling of this dete
tor e�e
t is not so pre
ise. The di�eren
e in � from theanode planes is de�ned as: �� � mod(�; 15Æ)� 7:5Æwhere the shifting of 7.5 Æ is ne
essary to take into a

ount that the wires are lo
atedin the middle of ea
h of the 24 se
tors.In �gure 4.10 �� is plotted for non-radiative tau pair 
andidates. These are morelikely to be a�e
ted as they are energeti
 and by de�nition ba
k-to-ba
k. Due to thehigher momentum they have straight tra
ks moving parallel to the wire plane for a60



longer time than radiative events whi
h have more 
urved tra
ks. A small ex
ess ofevents in the region of the anode wires is observed in the non-radiative sample, butdue to mu
h lower statisti
s at LEP2 it was de
ided to to use the LEP1 �du
ial 
ut tode�ne the a

eptan
e. Events with either tra
k within 0.5 Æ di�eren
e in � from theanode wire plane are removed from the �nal sample as a geometri
al 
ut to ex
lude aregion of the tra
king dete
tor that is not well simulated.4.2.8 Likelihood Reje
tion of Two Photon Ba
kgroundAfter applying the 
uts already dis
ussed the ba
kground 
ontamination of the inter-mediate ps0 region was mu
h higher than in the other two ps0 regions in the sele
tionused to derive the preliminary results. The most important ba
kground 
ontributionarises from two photon pro
esses whi
h were a signi�
ant sour
e of the total system-ati
 un
ertainty in the 
ross-se
tion when the OPAL 189 GeV sele
tion was used for apreliminary analysis of the high energy data [55℄. Attempts to redu
e this ba
kgroundusing simple 
uts were not eÆ
ient and so a more e�e
tive observable was 
onstru
tedusing the multivariant dis
riminant likelihood method.Multivariable dis
riminant methodsThe extra
tion of a signal from a data sample is traditionally done with the help of sim-ple 
onditions ('
uts') on single variables. The advantage in this 
ase is that ea
h 
ut
an be studied separately, for example in the estimation of the systemati
 un
ertainties.The big disadvantage is that not all the available information is used as 
orrelation be-tween di�erent variables are not taken into a

ount. For example an event that fails afew 
uts only slightly is more likely to be a signal than an event whi
h passes some ofthem but fails the rest a large amount. In order to use the information given by the
orrelations multivariable dis
riminant methods need to be used, su
h as:
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� Fisher linear dis
riminantA linear 
ombination of n variables is 
onstru
ted and the 
oeÆ
ients are 
al-
ulated su
h that the separation of the signal with the ba
kground for the newobservable is maximum [29℄.� neural networksA single layer (node) is a non-linear fun
tion whi
h takes as input a linear 
om-bination of n-variables. The 
oeÆ
ients are adjusted so as the output separationfor the signal and ba
kground is maximized (training). More than one layer isusually used where ea
h layer takes as inputs the outputs of the previous layers.The separation is optimum, but the te
hnique is often 
riti
ized for being fragileto un
ertainties in the model [61℄.� nearest neighbourThe phase spa
e is partitioned to n-
ubes for n-variables and the signal to ba
k-ground ratio is used to de
ide whether the 
ube will be in the a

epted region[61℄.� likelihood dis
riminant as des
ribed in the next se
tion.The likelihood dis
riminantA new observable is 
onstru
ted from n-input variables 
alled the likelihood probabilityL, su
h as for most of signal events L is peaking near 1 whereas for most of ba
kgroundit is 
on
entrated at lower values ( [62℄, [63℄ ).A probability distribution fun
tion (PDF) is 
onstru
ted for ea
h of the input vari-ables for both signal and ba
kground events by normalizing to unity the distributions(histograms) generated using Monte-Carlo. As the kinemati
s of the three ps0 regionsare di�erent, the study was performed using the distributions of tau pairs and twophoton simulated events in the intermediate ps0 region where the ba
kground problemwas most severe. 62



For a given histogram generated for a variable j the probability for an event gen-erated at bin i to be signal is:
pji (signal) = hji (signal)hji (signal) + hji (ba
kground) (4.7)where hji (signal); hji (ba
kgr:) are the PDFs for variable j, for signal and ba
kgroundMonte-Carlo events. The probability for an event in bin i to be ba
kground is similarly:

pji (ba
kground) = hji (ba
kground)hji (signal) + hji (ba
kground) (4.8)In order to over
ome 
u
tuations due to limited statisti
s in the intermediate ps0energy region, simple polynomial fun
tions were �tted and used to model the distribu-tions pji . The 
ombination of information from n variables is a
hieved by multiplyingall pji :
Pi(signal) = nYj=1 pji (signal): (4.9)

Pi(ba
kground) = nYj=1 pji (ba
kground): (4.10)The 
onstru
tion of the likelihood L is then a
hieved by taking:
L = Pi(signal)Pi(signal) + Pi(ba
kground) ; (4.11)The sele
tion of input variables for the likelihood is not an easy problem. In pra
ti
ea manageably small subset of the possible variables is preferred, with an emphasis on63



those whi
h have signi�
ant dis
riminating power on their own. Di�erent 
ombinationsof variables that were 
onsidered able to dis
riminate tau pairs from two photon eventshave been tested.

Figure 4.11: Correlation between the 
luster 
one energy of the two tau 
andidates for tau pairsMonte-Carlo at 206 GeV. The region 
lose to the line E
one1 = E
one2 is less populated thanthe rest of the plane.Finally the following four variables were used:� jE
one1 � E
one2jwhere E
one1;2 are the 
alorimeter energies asso
iated with the two tau 
ones. Thedete
ted energy for ea
h tau 
one 
oves a wide range of values due to neutrinoemission. Thus, it is unlikely for the two un
orrelated tau 
ones to have the samedete
ted 
alorimeter energy as 
an be seen in �gure 4.11.� PT
lustersThe ve
tor sum of 
alorimeter 
luster momentum transverse to the beam is asalready mentioned an important variable for sele
ting tau pairs.
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� RtrkThe visible energy as measured from the tra
ks for the two photon events isusually small as the initial ele
trons(positrons) are lost in in the beam pipe.� The invariant mass of the two 
ones,as 
al
ulated from the 
ombined 
luster energy and tra
k momentum of the two
ones.The likelihood 
onstru
ted in the intermediate region using the above 4 observables
an be seen in �gure 4.12. The taus have indeed populated the region 
lose to L=1,whereas most of the two photon ba
kground is 
on
entrated at lower values. Thisseparation between the two distributions allows the eÆ
ient reje
tion of a large fra
tionof the two photon ba
kground by reje
ting all events in the intermediate ps0 regionthat have a likelihood L of less than 0.5.
4.3 EÆ
ien
y DeterminationThe eÆ
ien
y �2f of the two fermion pro
ess e+e� ! �+�� is de�ned as the numberof events sele
ted divided by the total number of generated signal events. In additionfor the non-radiative sele
tion the events sele
ted must have generated s0=s > 0:7225.The determination of the eÆ
ien
y is 
ompli
ated by the radiation of photons as somefour fermion events 
an be 
onsidered as signal events. However, this produ
es a verysmall 
hange in the overall sele
tion eÆ
ien
y.4.3.1 Four Fermion eÆ
ien
y 
orre
tionThe de�nition of the e�e
tive 
entre of the mass energy as the mass of s-
hannelpropagator introdu
es a further 
ompli
ation: The events arising from the emissionof additional low mass fermion pairs must be in
luded in the signal de�nition like the
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Figure 4.12: The likelihood distribution in the intermediate ps0 region for all energies 
om-bined. The open histogram is the signal Monte-Carlo predi
tion, the red(dark), green(medium)and yellow(light) are the predi
tions for two fermion, two photon and four-fermion ba
kgroundpro
esses. The points with error bars are data.photons. On the 
ontrary, four fermion events originating from virtual Z boson ineither initial or �nal states must be regarded as ba
kground [54℄. At lower 
ollisionenergies, kinemati
 
uts were used to 
lassify these events to signal if the pair wasprodu
ed via a photon, or to ba
kground if it was produ
ed via a Z boson.For higher energies a di�erent method was introdu
ed by the LEP2 
ollaborations[64℄: ea
h four fermion Monte Carlo event is given a weight of being a signal or aba
kground based on the ratio:
!i = P jMsignalj2P jMsignal +Mba
kgroundj2where P jMsignalj2 is the sum of all amplitudes for a given �nal state originating66



from Feynman diagrams 
ompatible with being a signal andP jMsignal+Mba
kgroundj2is the sum over all su
h four fermion �nal states. The four fermion events passing thesele
tion are multiplied by !i and added to the sele
ted two fermion events under study.The same pro
edure is repeated at the generator level. The four fermion eÆ
ien
y �4fis then the ratio of weighted total of sele
ted events to the weighted total of generatedfour fermion events.4.3.2 EÆ
ien
y estimationThe overall sele
tion eÆ
ien
y � is 
al
ulated by weighting the 
ontribution of twofermion and four fermion events in the measured 
ross-se
tion as follows:� = �1� �4f�tot � �2f + �4f�tot �4fwhere �2f , �4f are the two fermion and four fermion eÆ
ien
ies respe
tively, �4f isthe generated signal four fermion 
ross-se
tion and �tot is the total 
ross-se
tion fromZFITTER [53℄ in
luding pair emission. A more detailed dis
ussion about the sele
tioneÆ
ien
y used by the OPAL two-fermion group 
an be found at [54℄.The eÆ
ien
y estimation for all energies 
an be seen in table 4.2. For the in
lusivesele
tion the eÆ
ien
y ranges from 31.9% up to 33.1%, whereas for the non-radiativesele
tion it varies between 47% - 48%.
4.4 Ba
kground Pro
esses4.4.1 Two photon ba
kgroundTwo photon physi
s refers to pro
esses where the beam ele
tron and positron ea
h emita virtual photon whi
h intera
t to give a lepton-antilepton pair as shown in �gure 4.13or a hadroni
 system. This rea
tion o�ers the opportunity to study interesting physi
s67



EÆ
ien
ies and ba
kgrounds 192 - 206 GeVEnergy EÆ
ien
y (%) Ba
kground (pb) Feedthrough (pb)192 GeV s0=s > 0:01 33.10�0.64�0.81 0.272�0.023�0.045 {s0=s > 0:7225 48.08�0.73�1.18 0.120�0.019�0.017 0.057�0.003�0.003196 GeV s0=s > 0:01 32.85�0.65�0.81 0.273�0.016�0.045 {s0=s > 0:7225 47.80�0.73�1.18 0.119�0.012�0.017 0.051�0.003�0.000200 GeV s0=s > 0:01 32.66�0.65�0.80 0.292�0.017�0.045 {s0=s > 0:7225 47.70�0.73�1.17 0.125�0.014�0.018 0.050�0.003�0.001202 GeV s0=s > 0:01 32.06�0.66�0.79 0.277�0.016�0.045 {s0=s > 0:7225 47.43�0.74�1.17 0.110�0.012�0.017 0.043�0.002�0.001205 GeV s0=s > 0:01 32.22�0.66�0.79 0.263�0.014�0.041 {s0=s > 0:7225 47.78�0.73�1.18 0.100�0.009�0.017 0.044�0.002�0.001206 GeV s0=s > 0:01 31.89�0.66�0.78 0.271�0.017�0.041 {s0=s > 0:7225 47.07�0.74�1.16 0.109�0.012�0.018 0.040�0.002�0.001Table 4.2: EÆ
ien
ies, ba
kgrounds and feedthrough for tau pair analysus for ea
henergy from 192 up to 206 GeV. The �rst error is statisti
al and the se
ond systemati
.
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Physi
s pro
ess Generator s0=s > 0:01 s0=s > 0:7225� (pb) � (pb)2-fermion �+�� KORALZ�+�� KORALZ 0.0328�0.0020 0.0071�0.0010e+e� BHWIDE 0.0699�0.0132 0.0499�0.0112qq PYTHIA 0.0079�0.0020 0.0005�0.00052-photon e+e�qq tagged HERWIG 0.0010�0.0010 0.0000�0.0000e+e�qq untagged PHOJET 0.0000�0.0000 0.0000�0.0000e+e�
�
 PYTHIA 0.0000�0.0000 0.0000�0.0000e+e�e+e� VERMASEREN 0.0279�0.0054 0.0114�0.0034e+e��+�� VERMASEREN 0.0116�0.0034 0.0010�0.0010e+e��+�� VERMASEREN 0.0443�0.0066 0.0098�0.00314-fermion e+e�e+e� GRC4F 0.0016�0.0006 0.0002�0.0002e+e��+�� GRC4F 0.0072�0.0012 0.0012�0.0005e+e��+�� GRC4F 0.0114�0.0015 0.0010�0.0005e+e�qq GRC4F 0.0052�0.0010 0.0010�0.0004qqqq GRC4F 0.0002�0.0002 0.0000�0.0000l+l�qq GRC4F 0.0018�0.0006 0.0010�0.0005l+l�l+l� GRC4F 0.0481�0.0031 0.0247�0.0022Table 4.3: Monte Carlo sample used in eÆ
ien
y and ba
kground estimates at 206 GeVand the ba
kground estimates as 
ross-se
tions for both in
lusive and non-radiativesamples.
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pro
esses as LEP 
an be 
onsidered a high luminosity as well as high energy gammagamma 
ollider [65℄, [66℄. The 
ross-se
tion of these pro
esses in
rease logarithmi
allywith the 
ollision energy and be
ome important ba
kgrounds to many analyses su
has fermion pair produ
tion where the annihilation 
ross-se
tion de
reases like s�1.If the virtualites of the two photons are small, the ele
tron and positron are s
atteredat small angles es
aping undete
ted in the beam pipe (untagged 2 photon events). Inthe 
ase where only one of the photons has large virtuality while the other is quasi-real,only one ele
tron is dete
ted (tagged event). Dete
tion of both ele
tron and positronis very rare .
Figure 4.13: Feynman diagram of a two photon pro
ess

4.4.2 Four Fermion Ba
kgroundFour fermion pro
esses refer to essentially all S.M �nal states at LEP whi
h are not twofermions (e+e�!ff(
)) or multi-photons (e+e�!

(
)). They are 
lassi�ed a

ordingto the intermediate states produ
ed before de
aying to four fermions.�(e+e�!4f) = �(e+e� ! �)�BR(�!4f)The pro
esses are 
lassi�ed as:� WW produ
tion whi
h has been dis
ussed in se
tion 3.1.� e+e�!f �fe+e� produ
tion via multiperipheral graphs. These are the two photonevents dis
ussed in se
tion 4.4.1. 70



� ZZ produ
tion The Feynman diagram for this pro
ess 
an be seen in �gure4.14 (
) The experimental signature depends on wether the Z bosons de
ay to
harged leptons, neutrinos, or quark pairs.� Single W, Z produ
tion as seen in �gures 4.14 (a), (b) and 4.14 (d) respe
-tively.
�
=Z0W+
e�
e+

e�W+�e
�
 e+
e�
e+

e�W+�e
(a) (b)
�e
e�
e+

Z0
Z0
�
 e+
e�
e+

e� Z0e+
(
) (d)Figure 4.4: Examples of Feynman diagrams for the four-fermion pro
esses (a-b) single-W pro-du
tion, (
) Z-pair produ
tion and (d) single-Z produ
tion.

�

e�
e+

e�f
fe+

Figure 4.5: An example of a Feynman diagram for the two-photon pro
ess.
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Figure 4.14: Feynman diagrams for four fermion pro
esses (a-b) single W produ
tion, (
) Z-pairprodu
tion, (d) single Z produ
tion.
4.5 Ba
kground estimation from Monte-CarloThe estimation of the ba
kground for the tau pair sele
tion is performed with the helpof a sample of Monte Carlo events 
reated using the generators listed in table 4.3. Thefeedthrough events are de�ned to have generated s0=s less than 0.7225 but a re
on-stru
ted value above this 
ut. The 
ontribution of the ba
kground and feedthrough tothe measured 
ross-se
tion is estimated by �visible:71



�visible � Nsele
tedNgenerated �generated (4.12)The 
al
ulated 
ross-se
tions are s
aled by E2MC=E2CM to take into a

ount thevery small di�eren
e between the generated Monte-Carlo 
ollision energy EMC andthe luminosity weighted 
entre of mass energy of the data ECM . This s
aling is notapplied to two photon pro
esses, as these remain almost 
onstant within small energyvariations. The total ba
kground for both the in
lusive and non-radiative sele
tionshas no signi�
ant variation between di�erent 
ollision energies.Table 4.3 gives the visible 
ross-se
tion for all ba
kground pro
esses as predi
tedby Monte-Carlo simulation at energy 206 GeV. For the in
lusive sele
tion the totalba
kground level is estimated to be � 11:8% of the observed 
ross-se
tion. The biggest
ontribution to the ba
kground 
omes from the two-fermion diagrams (� 40:8%), inwhi
h a large fra
tion originates from bhabhas (� 25:8%). The two photon pro
esses
ontribute about 31:3%, mainly from e+e��+�� (� 16:3%) and e+e�e+e� (� 10:3%).The four fermion 
ontribution is 27:9%.For the non-radiative sele
tion the ba
kground level is around 8% , with an ad-ditional feedthrough 
ontribution of 3:1% . The bhabhas make the most signi�
antindividual 
ontribution to the ba
kground (� 45:9%), followed by the four fermion(� 26:7%) and two photon (� 20:4%) pro
esses.
4.6 I/FSR interferen
eAs already mentioned the e�e
tive 
ollision energy after ISR, is de�ned as the massof the s-
hannel propagator. This de�nition is ambiguous due to the interferen
ebetween the initial and �nal state radiation. This problem is dealt with by 
al
ulatingthe 
ontribution of the interferen
e terms and subtra
ting it from the data. This
orre
tion removes the ambiguity in ps0 de�nition and allows dire
t 
omparison with
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the KORALZ [68℄ Monte Carlo samples generated with I/FSR interferen
e swit
hedo� [54℄.This 
orre
tion is 
al
ulated by the ZFITTER program [53℄, whi
h allows the 
al-
ulation of the di�erential 
ross-se
tion in
luding (d2�int=dmffd 
os �) or ex
luding(d2�noint=dmffd 
os �) interferen
e. The di�eren
e between these de�nes the di�eren-tial 'interferen
e 
ross-se
tion' d2�IFSR=dmffd 
os �, mff being the invariant mass ofthe fermion pair. The eÆ
ien
y assumed for this 
ross-se
tion EIFSR, is the same asthe one 
al
ulated from MC events whi
h do not in
lude interferen
e:EIFSR(
os �;mff ) = �noint(
os �;mff );where �noint(
os �;mff ) is the eÆ
ien
y without interferen
e as a fun
tion of mff and
os �. In pra
ti
e the 
al
ulation is performed in twenty mff and twelve 
os � bins.
4.7 Measurement of Cross-se
tions & Asymmetries4.7.1 Data quality and LuminosityRe
orded data are used in the tau pair analysis if they satisfy spe
i�
 quality require-ments. Ea
h subdete
tor/subtrigger is given a status whi
h has a range from 0-3,0/1 being when the status of the dete
tor is unknown/unfun
tional and 2/3 if thereare minor/no problems respe
tively. Table 4.4 des
ribes the status required for ea
hsubdete
tor/trigger in this analysis.Status CV CJ TB EB EEDete
tor 2 2 3 3 3Trigger 0 2 3 2 3Table 4.4: The dete
tor and trigger status requirements for the tau pair analysis.The luminosity is measured using small angle bhabha s
attering as dete
ted by thesili
on tungsten monitor (SW), or the forward dete
tor (FW) when SW is not at status73



3. Data where neither of these two subdete
tors is at status 3 are reje
ted. The datasample is divided into 6 energy bins, ea
h having a range and measured integratedluminosity as des
ribed in table 4.5.Energy Range ps R Ldt (pb�1)192 191.0-194.0 191.59 29.14�0.09196 194.0-198.0 195.53 75.92�0.19200 198.0-201.0 199.52 78.04�0.21202 201.0-202.5 201.64 36.85�0.11205 202.5-205.5 204.88 78.57�0.21206 205.5-209.0 206.56 134.68�0.33Table 4.5: The energy bins, their range, the luminosity weighted ECM and the integratedluminosity per energy as used in the tau pair analysis.
4.7.2 Cross-se
tionsThe observed 
ross-se
tion is derived by dividing the number of sele
ted data events bythe integrated luminosity. The measured tau 
ross-se
tion is 
al
ulated by subtra
tingthe visible ba
kground and feedthrough 
ross-se
tion, as well as the I/FSR interferen
eand 
orre
ting for the sele
tion eÆ
ien
y:

� = 1� � NselR Ldt � �bkg � �feed � �int� (4.13)The measured 
ross-se
tions for all energy bins are in
luded in table 4.6 and pre-sented in �gure 4.15. The latter �gure shows that there is no deviation from thetheoreti
al Stanadard Model predi
tions as 
al
ulated by ZFITTER. The insets showthe ratio of the measurements and predi
ted 
ross-se
tions for both in
lusive and non-radiative samples.
74



10
-3

10
-2

10
-1

1

20 40 60 80 100 120 140 160 180 200 220

0.5

0.75

1

1.25

1.5

0.5

0.75

1

1.25

1.5

s′/s > 0.01

s′/s > 0.7225

√s / GeV

σ
(e

- e+
 →

 τ
+
τ- ) 

/ 
n

b
LEP 1

LEP 2 s′/s > 0.01

LEP 2 s′/s > 0.7255

(a)

(b)

Figure 4.15: The 
ross-se
tion measurements for the tau pair analysis as a fun
tion of ps forboth non-radiative and in
lusive samples. The solid line is the Standard Model predi
tion as
al
ulated by ZFITTER. The insets show the ratio of the measurements and predi
ted 
ross-se
tions for (a) s0=s> 0:7225 and (b) s0=s> 0:01.
75



Cross-se
tionsEnergy R Ldt (pb�1) Events � (pb) �SM (pb)192 s0=s > 0:01 29.14 84 7.85�0.95�0.29 7.44s0=s > 0:7225 50 3.16�0.50�0.11 3.10196 s0=s > 0:01 75.92 206 7.39�0.57�0.27 7.11s0=s > 0:7225 120 2.91�0.30�0.10 2.97200 s0=s > 0:01 78.04 205 7.12�0.56�0.27 6.79s0=s > 0:7225 132 3.15�0.31�0.10 2.84202 s0=s > 0:01 36.85 103 7.82�0.86�0.29 6.63s0=s > 0:7225 59 3.02�0.44�0.10 2.77205 s0=s > 0:01 78.57 199 7.01�0.56�0.26 6.40s0=s > 0:7225 119 2.84�0.29�0.09 2.68206 s0=s > 0:01 134.68 321 6.59�0.42�0.25 6.29s0=s > 0:7225 203 2.85�0.22�0.10 2.63Table 4.6: Tau pair 
ross-se
tions for energies 192-206 GeV. The integrated luninosity,the number of sele
ted events and the Standard Model value as 
al
ulated by ZFIT-TER are also shown. The �rst error on the 
ross-se
tion is statisti
al and the se
ondsystemati
.
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4.7.3 Angular distributions and AsymmetriesThe forward-ba
kward asymmetry AFB is measured by 
ounting the number of eventsin the forward NF (
os � > 0) and in the ba
kward region NB (
os � < 0) a

ording to:
AFB = NF �NBNF +NB (4.14)As already mentioned, the radiation of an initial state photon boosts the 
entre ofmass frame, resulting in events whi
h are not ba
k-to-ba
k in the laboratory frame.For these events, the two tau 
ones fall into di�erent 
os� bins, leading to di�erent
orre
tions for eÆ
ien
ies, ba
kgrounds and other e�e
ts. In order to redu
e the sys-temati
 e�e
ts, the distributions for both positive and negative parti
les are 
ombinedin the 
harged-signed -Q 
os� plot (�gures 4.16 , 4.17). Only events where the 
harge
an be reliably determined are used, to avoid migration of events to the wrong side ofthe distribution with respe
t to zero.The measured angular distribution is divided into 40 
os � bins. The 
orre
tion ofthe -Q 
os� distribution is done bin-by-bin in the following steps:� The ba
kground per bin is estimated from Monte Carlo and subtra
ted. For thenon-radiative sele
tion the same pro
edure is also followed for the feedthroughevents.� The I/FSR interferen
e 
ross-se
tion per bin is estimated with ZFITTER andsubtra
ted.� The eÆ
ien
y per bin is 
al
ulated by dividing the distribution of sele
ted bythe generated events. The number of events per bin after ba
kground andfeedthrough subtra
tion is divided by the estimated eÆ
ien
y to derive the 
or-re
ted number of events.� As there is an a

eptan
e 
ut on the 
ones of j 
os �j < 0:9, a 
orre
tion is appliedto 
orre
t to the full-angular range, using ZFITTER.77



Figure 4.16: The �Q 
os� distributions at ps0=192 GeV (upper), 196 GeV (middle), 200GeV (lower). The plots on the left are for the non-radiative samples and on the right are forthe in
lusive samples. The yellow (light grey) histogram is the predi
tion for the tau pairs fromMonte-Carlo. The green (medium grey) and red (dark grey) histograms are the predi
tions forfeedthrough and ba
kground 
ontributions respe
tively and the points represent data.
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Figure 4.17: The �Q 
os� distributions at ps0=202 GeV (upper), 205 GeV (middle), 206GeV (lower). The plots on the left are for the non-radiative samples and on the right are for thein
lusive samples. The 
olour s
heme is the same as in �gure 4.16.
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The measured asymmetries are presented in table 4.7 and plotted in �gure 4.18.The agreement with Standard Model predi
tions is good for both in
lusive and non-radiative samples.
4.8 Systemati
 ErrorsBa
kgroundThe systemati
 error for the ba
kground was estimated by �nding an observable wherethe ba
kground under study 
an be isolated in a spe
i�
 region. The 
uts suppressingthe ba
kground are relaxed and the number of data and Monte-Carlo events for all en-ergies 
ombined are 
ompared. The per
entage di�eren
e is the estimated un
ertaintyfor the ba
kground under study. For the pro
ess e+e� ! �+�� the 
omparison of dataand Monte-Carlo took pla
e in the visible energy plot between 0.88 and 1.12 givinga per
entage di�eren
e of � 4:8%, whereas for the bhabhas the region was 1.2 to 1.6where the di�eren
e was � 19:1%.For the estimation of two-photon ba
kground error the likelihood observable wasemployed: 
uts that suppress this ba
kground like the PT
lusters and visible energy
uts were relaxed. The likelihood was not applied and the 
omparison took pla
e inthe ba
kground-like region (L< 0:5) resulting in an observed di�eren
e of � 9:6%.The estimated value for this error is very similar to that observed when the visibleenergy variable is used. For less signi�
ant ba
kgrounds the un
ertainty was taken
onservatively to be 50% of their visible 
ross-se
tion. The error in the 
ross-se
tion isthen given by:

��(Ba
kground) = ��(bkgsele
ted(pb))� (4.15)
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Figure 4.18: The measured asymmetries for tau pairs as fun
tion of ps for both in
lusive andradiative samples. The solid lines are the Standard Model predi
tions as 
al
ulated by ZFITTER.
81



AsymmetriesEnergy NF NB AFB ASMFB192 GeV s0=s > 0:01 259.28 95.32 0:45+0:10�0:22 � 0:01 0.28s0=s > 0:7225 142.84 18.75 0:81+0:10�0:28 � 0:04 0.56196 GeV s0=s > 0:01 513.44 356.98 0:17+0:08�0:12 � 0:01 0.28s0=s > 0:7225 246.63 122.20 0:36+0:10�0:18 � 0:04 0.56200 GeV s0=s > 0:01 587.85 276.45 0:35+0:07�0:12 � 0:01 0.28s0=s > 0:7225 352.29 73.81 0:69+0:07�0:15 � 0:04 0.55202 GeV s0=s > 0:01 280.49 181.30 0:21+0:10�0:18 � 0:01 0.28s0=s > 0:7225 138.18 60.38 0:41+0:13�0:28 � 0:04 0.55205 GeV s0=s > 0:01 558.79 280.90 0:32+0:07�0:12 � 0:01 0.28s0=s > 0:7225 284.65 89.58 0:55+0:09�0:17 � 0:04 0.55206 GeV s0=s > 0:01 846.72 526.58 0:23+0:06�0:09 � 0:01 0.28s0=s > 0:7225 450.10 180.37 0:45+0:07�0:12 � 0:04 0.55Table 4.7: The 
ore
ted numbers of forward (NF) and ba
kward (NB) events andthe measured asymmetry values at ea
h energy are shown. The measured asymmetryvalues in
lude 
orre
tions for ba
kground and eÆ
ien
y, and are 
orre
ted to the fullsolid angle. The �rst error is statisti
al and the se
ond is systemati
. The �nal 
olumnshows the Standard Model predi
tions as 
al
ulated by ZFITTER.
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Figure 4.19: The likelihood observable with relaxed 
uts for all 
ollision energies 
ombined.EÆ
ien
yThe 
al
ulation of the eÆ
ien
y systemati
 error was performed using LEP1 data toover
ome the limitation of low statisti
s at LEP2. The value of the a
olinearity 
ut asderived from equation 4.5 reje
ts events in the Z peak and so it was modi�ed to be15Æ for this study. The sele
tion was then applied to the data 
olle
ted during 1994and Monte Carlo samples generated at the Z peak and s
aled to data the luminosity(data 
olle
ted during 1999-2000 at Z energies for dete
tor 
alibration were also toolow luminosity). The per
entage di�eren
e between the number of data and Monte-Carlo sele
ted events was 2% and this value was taken as the estimated un
ertainty
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for the eÆ
ien
y. The same pro
edure was repeated separately for the barrel and theend
ap region and the errors found were 1.54% and 3.36% respe
tively. The systemati
un
ertainty introdu
ed to the 
ross-se
tion due to the eÆ
ien
y was estimated as:
��(eff) = ��� � (4.16)LuminosityThe error on the luminosity originates from various sour
es that 
an a�e
t the mea-surement of small angle bhabhas and have been assessed at ea
h energy by the OPAL
ollaboration . These errors 
an be 
lassi�ed in the following 
ategories: experimentalsystemati
s (0.18-0.20%), un
ertainty in the theoreti
al knowledge of the 
ross-se
tion(0.12%) and un
ertainty in the beam energy (0.04-0.05%). The error indu
ed in the
ross-se
tion is then:
��(L) = �LL � (4.17)

FeedthroughThe feedthrough systemati
 was estimated by modifying the s0=s value that de�nes thenon-radiative region to slightly lower and higher values and 
omparing the feedthroughwith the nominal value of s0=s = 0:7225. The error on the 
ross se
tion is given by:
��(feed) = �feed(pb)� (4.18)
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205 GeV 206 GeV��(Sour
e) s0=s > 0:01 s0=s > 0:7225 s0=s > 0:01 s0=s > 0:7225��(�Effstat) 0.143 0.043 0.137 0.045��(�Effsys) 0.172 0.070 0.162 0.070��(�Bkgstat) 0.043 0.019 0.053 0.026��(�Bkgsys) 0.128 0.036 0.129 0.037��(�feedstat) 0.000 0.005 0.000 0.005��(�feedsys) 0.000 0.002 0.000 0.001��(�Lstat) 0.009 0.004 0.007 0.003��(�Lsys) 0.016 0.006 0.015 0.006��(�Interferen
e) 0.005 0.008 0.007 0.010��(Statisti
al) 0.556 0.289 0.416 0.224Table 4.8: Systemati
 errors in pb for tau pairs at energies 205, 206 GeV for bothin
lusive and non-radiative 
ross-se
tions.I/FSR interferen
eThe error due to I/FSR interferen
e was estimated by repeating the pro
ess for the
al
ulation of d2�int=dmffd 
os � as des
ribed in 4.6, but with an eÆ
ien
y [54℄:
E 0IFSR(
os �;mff) = 12[�noint(
os �;mff ) + �noint(
os �;ps)℄ (4.19)Thus, the EIFSR is taken as the average value formed by the eÆ
ien
y in the spe
i�
bin �noint(
os �;mff ) and the largest possible �noint(
os �;ps) at a given 
os �. This wasmotivated as follows [54℄: the approximation EIFSR ' �noint used in the 
al
ulation ofthe interferen
e is good for mff ' ps, as possible radiation in this region is very likelyto be FSR. The same is valid for mff ' mZ, as radiation in this 
ase is very likely tobe ISR. The energies between mZ � ps are a mixture of radiative and non-radiativeevents, 
lasses whi
h have di�erent eÆ
ien
ies. For example in the rare 
ase where mff85



is small and there is an FSR photon emitted, the eÆ
ien
y may be higher than theone estimated by �noint(
os �;mff ). The error on the 
ross-se
tion is :
��(int) = ��0(pb)� (4.20)where ��0 = �int(�noint)� �int(E 0IFSR).AsymmetryThe error on the asymmetry is estimated using Monte-Carlo events in order to havehigher statisti
s. The un
ertainty is assessed by 
omparing the asymmetry valuesderived using di�erent methods to 
al
ulate 
os �: tra
ks, 
lusters or both of them(whi
h is the normal method).The above error is 
ombined in quadrature with the error introdu
ed to the asymme-try when I/FSR interferen
e is 
hanged. The latter is estimated by adding/subtra
tingthe systemati
 error for I/FSR interferen
e to the I/FSR 
orre
tion and 
omparing theasymmetry derived with the normal one. The systemati
 errors for energies 205, 206GeV are presented in table 4.8 and for the rest of the energies in the appendix A.
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Chapter 5
Muon pairs Analysis
5.1 Introdu
tionThe muon pair analysis was performed on the same high energy data set used forthe tau pairs, 
olle
ted during 1999-2000 at 
ollision energies in the range 192-209GeV. The initial state radiation has the same signi�
an
e on the determination of thee�e
tive 
entre of mass energy ps0, signal de�nition and eÆ
ien
y estimation. Thede�nitions and methods used are not repeated here ex
ept where there is a di�eren
ewith respe
t to the tau pairs analysis.Initially, the sele
tion used is des
ribed, whi
h is almost the same as the one usedat lower energies ( [69℄, [70℄, [51℄, [71℄), the only di�eren
e being the use of energeti

alorimeter 
lusters in the determination of ps0 . The Monte-Carlo estimations foreÆ
ien
y and visible ba
kgrounds follow and �nally the results together with systemati

he
ks are presented.
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5.2 Sele
tion of muon pairsMuons are the only 
harged parti
les whi
h travel through all dete
tor layers. Ahigh momentum tra
k is asso
iated with hits in the hadroni
 
alorimeter and themuon 
hambers. For muons the ele
tromagneti
 
alorimeter energy deposit is verysmall 
ompared with their tra
k momentum, as muons are minimum ionizing parti
les.More spe
i�
ally, a high momentum tra
k as des
ribed in the lepton pair presele
tionis 
onsidered a muon 
andidate if either:� NMUONhits=tra
k � 2, where NMUONhits=tra
k is the number of hits asso
iated with the tra
kin the muon 
hambers (ME, MB).� NHCALhits � 4, with NHCALhits=layer < 2, where NHCALhits is the number of hadroni

alorimeter strip hits and NHCALhits=layer is the average number of hits per layer.In addition, for j 
os �j < 0:65, at least one hit is required in the last 3 layers ofstrips.� the momentum of the 
harged tra
k is greater than 15 GeV, with a total ele
-tromagneti
 energy asso
iated with the tra
k less than 3 GeV.An event is 
lassi�ed as a muon pair if there are at least two tra
ks within j 
os �j <0:95 identi�ed as muon 
andidates, separated by at least 320 mrad. For more thantwo 
andidates, the pair with higher total momentum is 
hosen. The lepton pairpresele
tion as des
ribed in the tau analysis is applied. The number of 
harged tra
kssatisfying the tra
k quality requirements of the presele
tion should be less than 3.The determination of ps0 is performed in a similar way as to the tau pairs. Theuse of a possible energeti
 photon in planar events to improve the resolution of ps0around the Z peak has the additional requirement for the angle between the photonand the nearest muon to be greater than 20 Æ. This is ne
essary to ensure that theassumption that the photon is due to ISR is reasonable. In the taus this is not ne
essaryas the photon has to be outside the tau 
one. The ps0 distribution for data taken with
ollision energy 206 GeV 
an be seen in �gure 5.1.88



Figure 5.1: The ps0 distribution for muon pairs at 206 GeV. The open histogram is the Monte-Carlo predi
tion, the yellow(lightgrey) histogram is the predi
tion for non-radiative events and thered (dark grey) is the ba
kground 
ontamination. The points are data.A large fra
tion of the 
ollision energy dete
ted in the pro
ess e+e� ! �+��(
)is dete
ted: the momentum of the two muons is measured by the 
entral tra
kingdete
tors, while the photon may travel undete
ted down the beam pipe or leave itsenergy deposit in the ele
tromagneti
 
alorimeter. In 
ontrast, important ba
kgroundssu
h as tau pairs have large missing energy as mentioned in the tau pair analysis. Alsoin the two photon pro
ess e+e� ! e+e��+��, it is likely that the ele
tron and positronwill be lost in the beam pipe, 
arrying a large fra
tion of the 
ollision energy.The visible energy Evis, de�ned as the sum of the momentum of the two muonsnormalized to the 
ollision energy and the energy of the most energeti
 
alorimeter
luster, 
an be seen in �gure 5.2. When all parti
les of the signal pro
ess are dete
ted,Evis is 
lose to one. The peak in the 
entre of the distribution is mainly due to radiativereturn to Z events where the photon was not dete
ted. As the 
entre of mass energyin
reases, the energy of the photon also in
reases, moving this peak towards lower
89



Figure 5.2: The visible energy Evis for muon pair 
andidates for all energies 
ombined. Theopen histogram represents the signal Monte-Carlo events and the green (grey) is the two photonba
kground. The points are data.energies. The visible energy is required to be more than the lower edge of the 
entralpeak:
Evis > 0:35 + m2(Z0)2s (5.1)In addition, for the non-radiative events, the e�e
tive mass of the two muon 
andi-dates is required to be slightly above the Z peak:
M�� >qM2Z + 0:1s (5.2)
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In
lusive events must satisfy a lower 
ut for the M��, in order to in
lude the Z peak,or have even higher visible energy:
M�� > 70 GeV or,Evis > 0:75 + m2(Z0)2s5.3 Cosmi
 Ray studiesThe study of 
osmi
 rays 
ontamination is signi�
ant for the muon pair analysis due totheir similarities with the signal pro
ess and their 
ontribution to the total systemati
error of the muon pair 
ross-se
tion (for both in
lusive and non-radiative samples it isthe dominant systemati
 error).The reje
tion of 
osmi
 rays is based, as for the tau pairs, on imposing spa
e-time
onstraints to ensure that the event originates from a 
ollision. More spe
i�
ally, anevent is sele
ted if there is at least one TOF hit in the barrel region within 10 ns ofthe expe
ted time of 
ight for a parti
le travelling at the speed of light and originatingfrom the vertex (�gure 5.3 (b)(
)). In addition, for events with two ba
k-to-ba
k TOFhits the di�eren
e between them should be less than 8 ns (�gure 5.3 (a)). Events withno TOF hits in the barrel 
an be re
overed by tight vertex 
uts (�gure 5.4 (a)):

jX z0j < 10 
m;X jd0j < 0:08 
mIn the end
ap the 
uts are relaxed due to the poorer position resolution but aretighter than the end
ap vertex requirements for the tau pair analysis (�gure 5.4 (d)):
jX z0j < 50 
m;X jd0j < 0:6 
m91



Figure 5.3: Time-Of-Flight plots in the barrel region for 206 GeVdata:(a) The di�eren
e �t for events with two ba
k-to-ba
k TOF 
ounter hits,(b) The 
orre
ted measured time t0 for events passing the �t 
ut,(
) The 
orre
ted measured time t0 for events with a only one TOF 
ounter hit.
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Figure 5.4: P jd0j versus P z0 for 206 GeV data(a) Events in the barrel region that fail the TOF 
uts,(b) Events in the barrel region that pass TOF 
uts having ba
k-to-ba
k hits,(
) Events in the barrel region that pass TOF 
uts having a single TOF 
ounter hit,(d) Events in the end
aps.
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The systemati
 error on the 
osmi
 rays is assessed by modifying the time andvertex 
onstraints in order to 
he
k the number of events that are 
lose to the 
uts.The total number of events found 
lose to the 
uts for all energies 
ombined �N isthen divided by the total integrated luminosity to estimate an 'average' 
ross-se
tionfor 
osmi
 rays. The error on the muon pairs 
ross-se
tion is then :
��(
osmi
) = �N� R Ldt (5.3)

5.4 Ba
kground and EÆ
ien
y estimation fromMonteCarloThe ba
kground and eÆ
ien
y estimation is performed in a similar way to the tau pairanalysis. The total ba
kground and eÆ
ien
ies 
an be seen in table 5.1. No signi�
antvariations at single energy points are observed from statisti
al 
u
tuations.The eÆ
ien
ies range from 73% to 74:8% for the in
lusive events and from 87:8%to 87:1% for the non-radiative sele
tion. Table 5.2 gives the visible 
ross-se
tions forall ba
kground pro
esses as predi
ted by Monte-Carlo simulation at 206 GeV. For thein
lusive events the total ba
kground is about 9:2%. The biggest 
ontribution is fromfour fermion events (� 51:3%), followed by the two photon pro
ess e+e� ! e+e��+��� 30:6% and tau pairs (� 18%). The level of ba
kground in the non-radiative sele
tionis signi�
antly lower (� 3:6%) with an additional feedthrough per
entage of (� 1:4%).The four fermion 
ontribution to the ba
kground is � 47:8%, the two photon pro
esse+e� ! e+e��+�� is � 15:8% and tau pairs � 36:4%.

94



EÆ
ien
ies and ba
kgrounds 192 - 206 GeVEnergy EÆ
ien
y (%) Ba
kground (pb) Feedthrough (pb)192 GeV s0=s > 0:01 74.81�0.26�0.75 0.497�0.016�0.026 {s0=s > 0:7225 88.02�0.26�0.88 0.073�0.005�0.006 0.045�0.003�0.004196 GeV s0=s > 0:01 74.27�0.26�0.74 0.524�0.016�0.027 {s0=s > 0:7225 88.06�0.26�0.88 0.074�0.005�0.006 0.041�0.002�0.003200 GeV s0=s > 0:01 73.74�0.27�0.74 0.487�0.015�0.026 {s0=s > 0:7225 87.78�0.26�0.88 0.087�0.005�0.007 0.037�0.002�0.004202 GeV s0=s > 0:01 73.39�0.27�0.73 0.493�0.015�0.026 {s0=s > 0:7225 88.11�0.26�0.88 0.086�0.005�0.006 0.034�0.002�0.002205 GeV s0=s > 0:01 73.23�0.27�0.73 0.472�0.014�0.026 {s0=s > 0:7225 88.00�0.26�0.88 0.089�0.005�0.006 0.031�0.002�0.003206 GeV s0=s > 0:01 73.04�0.27�0.73 0.465�0.014�0.025 {s0=s > 0:7225 87.99�0.26�0.88 0.086�0.005�0.006 0.033�0.002�0.003Table 5.1:EÆ
ien
ies, ba
kgrounds and feedthrough for ea
h energy from 192 up to 206 GeV.The �rst error is statisti
al and the se
ond systemati
.
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Physi
s pro
ess Generator s0=s > 0:01 s0=s > 0:7225� (pb) � (pb)2-fermion �+�� KORALZ�+�� KORALZ 0.0838�0.0033 0.0313�0.0020e+e� BHWIDE 0.0000�0.0000 0.0000�0.0000qq PYTHIA 0.0000�0.0000 0.0000�0.00002-photon e+e�qq tagged HERWIG 0.0000�0.0000 0.0000�0.0000e+e�qq untagged PHOJET 0.0000�0.0000 0.0000�0.0000e+e�
�
 PYTHIA 0.0000�0.0000 0.0000�0.0000e+e�e+e� VERMASEREN 0.0000�0.0000 0.0000�0.0000e+e��+�� VERMASEREN 0.1424�0.0118 0.0136�0.0036e+e��+�� VERMASEREN 0.0000�0.0000 0.0000�0.00004-fermion e+e�e+e� GRC4F 0.0000�0.0000 0.0000�0.0000e+e��+�� GRC4F 0.0672�0.0034 0.0005�0.0003e+e��+�� GRC4F 0.0004�0.0003 0.0002�0.0002e+e�qq GRC4F 0.0000�0.0000 0.0000�0.0000qqqq GRC4F 0.0000�0.0000 0.0000�0.0000l+l�qq GRC4F 0.0006�0.0003 0.0001�0.0001l+l�l+l� GRC4F 0.1705�0.0058 0.0404�0.0028Table 5.2: Monte Carlo sample used in eÆ
ien
y and ba
kground estimates at 206 GeVand the ba
kground estimates as 
ross-se
tions for both in
lusive and non-radiativesamples.
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5.5 Cross-se
tions, Angular distributions and Asym-metriesThe sample for all data 
olle
ted during the years 1999-2000 is divided into the same 6energy bins des
ribed in table 4.5. The data quality minimum requirements are givenin table 5.3. Status CV CJ TB EB EE MEDete
tor 2 2 2 2 2 0Trigger 0 2 2 0 0 2Table 5.3: The status requirements for the muon pair analysisThe 
al
ulation of the 
ross-se
tions is performed using the same pro
edure asthat des
ribed in se
tion 4.7.2: the total number of events is divided by luminosityand the ba
kground, I/FSR interferen
e and feedthrough 
ross-se
tions are subtra
ted.Finally, it is 
orre
ted by the eÆ
ien
y estimated from Monte-Carlo. The measured
ross-se
tions for all energies 
an be seen in table 5.4 and �gure 5.5. The agreementwith the Standard Model theoreti
al predi
tions is good.The asymmetry is 
al
ulated using the same pro
edure as that des
ribed in se
tion4.7.3: the �Q 
os� distribution (�gures 5.6, 5.7) is 
orre
ted on a bin-by bin basis forba
kground, I/FSR interferen
e and eÆ
ien
y. A �nal 
orre
tion to the full-solid angleis applied using ZFITTER. For the asymmetry measurement the value of � is 
al
ulatedusing CV/CZ dete
tors if available and muon 
hambers otherwise. The measuredasymmetries 
an be seen in table 5.5 and plotted in �gure 5.8. The agreement withStandard Model predi
tions is also good.
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Figure 5.5: The 
ross-se
tion measurements for the muon pair analysis as a fun
tion of ps forboth radiative and in
lusive samples. The solid line is the Standard Model predi
tion as 
al
ulatedby ZFITTER. The insets show the ratio of the measurements and predi
ted 
ross-se
tions for (a)s0=s> 0:7225 and (b) s0=s> 0:01.
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Cross-se
tionsEnergy R Ldt (pb�1) Events � (pb) �SM (pb)192 s0=s > 0:01 29.21 176 7.36�0.61�0.13 7.45s0=s > 0:7225 80 2.93�0.35�0.09 3.10196 s0=s > 0:01 76.01 437 7.00�0.37�0.13 7.11s0=s > 0:7225 207 2.92�0.21�0.09 2.97200 s0=s > 0:01 78.04 421 6.61�0.36�0.13 6.80s0=s > 0:7225 203 2.77�0.21�0.09 2.84202 s0=s > 0:01 37.42 174 5.63�0.48�0.12 6.64s0=s > 0:7225 84 2.37�0.28�0.08 2.77205 s0=s > 0:01 78.57 418 6.59�0.35�0.13 6.41s0=s > 0:7225 213 2.90�0.21�0.09 2.68206 s0=s > 0:01 134.54 746 6.93�0.28�0.13 6.29s0=s > 0:7225 351 2.79�0.16�0.09 2.63Table 5.4: Cross-se
tions for energies 192-206 GeV for both in
lusive and non-radiativesamples and the Standard Model predi
tions as 
al
ulated by ZFITTER. The �rst erroron the 
ross-se
tion is statisti
al and the se
ond systemati
.
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Figure 5.6: The �Q 
os� distributions at ps0=192 GeV (upper), 196 GeV (medium), 200GeV (lower). The plots on the left are for the non-radiative samples and on the right are forthe in
lusive samples. The yellow (light grey) histogram is the predi
tion for the muon pairs fromMonte-Carlo. The green (medium grey) and red (dark grey) histograms are the predi
tions forfeedthrough and ba
kground 
ontributions respe
tively and the points represent data.
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Figure 5.7: The �Q 
os� distributions at ps0=202 GeV (upper), 205 GeV (medium),206 GeV (lower). The plots on the left are for the non-radiative samples and on theright are for the in
lusive samples. The 
olour s
heme is the same as in �gure 5.6.
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Figure 5.8: The measured asymmetries for the muon pair pro
ess as as fun
tion of ps for bothin
lusive and radiative samples. The solid line is the Standard Model predi
tion as 
al
ulated byZFITTER.
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AsymmetriesEnergy NF NB AFB ASMFB192 GeV s0=s > 0:01 206.48 169.00 0:10+0:08�0:12 � 0:01 0.28s0=s > 0:7225 102.90 53.12 0:33+0:11�0:21 � 0:02 0.56196 GeV s0=s > 0:01 628.77 287.90 0:36+0:05�0:07 � 0:01 0.28s0=s > 0:7225 339.73 70.73 0:67+0:05�0:10 � 0:02 0.56200 GeV s0=s > 0:01 607.00 281.87 0:35+0:05�0:07 � 0:01 0.28s0=s > 0:7225 318.97 77.35 0:63+0:06�0:10 � 0:01 0.55202 GeV s0=s > 0:01 237.36 127.24 0:29+0:08�0:13 � 0:01 0.28s0=s > 0:7225 122.20 42.09 0:50+0:10�0:20 � 0:01 0.55205 GeV s0=s > 0:01 548.45 334.80 0:23+0:05�0:07 � 0:01 0.28s0=s > 0:7225 313.32 104.43 0:51+0:06�0:10 � 0:01 0.55206 GeV s0=s > 0:01 1013.42 591.42 0:25+0:04�0:05 � 0:01 0.28s0=s > 0:7225 508.12 183.01 0:48+0:05�0:07 � 0:01 0.55Table 5.5: The 
ore
ted numbers of forward (NF) and ba
kward (NB) events andthe measured asymmetry values at ea
h energy are shown. The measured asymmetryvalues in
lude 
orre
tions for ba
kground and eÆ
ien
y, and are 
orre
ted to the fullsolid angle. The �rst error is statisti
al and the se
ond is systemati
. The �nal 
olumnshows the Standard Model predi
tions as 
al
ulated by ZFITTER.
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5.6 Systemati
 ErrorsThe estimation of systemati
 errors for the luminosity, feedthrough and I/FSR inter-feren
e is performed using the same methods as in the tau pair analysis. The prin
iplesfor the errors in eÆ
ien
y, ba
kgrounds and asymmetry are similar, but are dis
ussedhere due to some di�eren
es with respe
t to the tau pair analysis.EÆ
ien
yThe systemati
 error on the eÆ
ien
y was estimated using LEP1 data, as for thetau pairs. The visible energy requirement was 
hanged to the value used at LEP1(Evis > 0:6), as the value 
al
ulated by equation 5.1 is too 
lose to the Z peak. Thesele
tion was applied to data 
olle
ted during 1994 and Monte-Carlo generated at the Zpeak. The per
entage di�eren
e between the number of sele
ted data and Monte-Carloevents was estimated to be 0.95% . The same pro
edure was repeated separately forthe barrel and end
ap regions and the errors found were 0.42% and 2.06% respe
tively.Ba
kgroundThe systemati
 error for the two-photon pro
ess e+e� ! e+e��+�� was estimatedfrom the visible energy plot (�gure 5.2) using the same method as for the tau pairsba
kground systemati
 error estimate: the number of sele
ted data and Monte-Carloevents for all energies 
ombined were 
ompared in the lower Evis region (0.08-0.4),giving a per
entage error of � 6:8%. The four-fermion and tau pairs un
ertaintywas estimated using the a
oplanarity and PT
lusters observables respe
tively. Theper
entage errors were � 15:9%, for the tau pairs and � 8% for the four fermionpro
esses.
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205 GeV 206 GeV��(Sour
e) s0=s > 0:01 s0=s > 0:7225 s0=s > 0:01 s0=s > 0:7225��(�Effstat) 0.024 0.008 0.026 0.008��(�Effsys) 0.066 0.029 0.069 0.028��(�Bkgstat) 0.019 0.006 0.019 0.006��(�Bkgsys) 0.035 0.007 0.035 0.007��(�feedstat) 0.000 0.002 0.000 0.002��(�feedsys) 0.000 0.004 0.000 0.003��(�Lstat) 0.009 0.004 0.007 0.003��(�Lsys) 0.015 0.006 0.015 0.006��(�N
osmi
) 0.095 0.079 0.095 0.079��(�Interferen
e) 0.003 0.011 0.003 0.010��(Statisti
al) 0.354 0.210 0.277 0.157Table 5.6: Systemati
 errors in pb for muon pairs at energies 205, 206 GeV.AsymmetryThe systemati
 un
ertainty on the assymetry was assessed by 
omparing the asymmetryvalues derived using di�erent methods for 
os � 
al
ulation, with the default method.The later uses CV/CZ dete
tors if availiable and muon 
hambers otherwise. The othermethods used for 
os � are: using 
entral tra
king information for both barrel andend
ap, demanding CV/CZ in the barrel and good quality tra
ks and �nally usingCV/CZ if availiable and muon 
hambers otherwise with the additional requirement forthe tra
ks to have good quality (enough dete
tor hits). The error introdu
ed by I/FSRwas estimated with the same pro
edure already desribed in 4.8. The systemati
 errorsfor energies 205, 206 GeV are presented in table 5.6 and for the rest of the energiesin the appendix A.
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Chapter 6
The Forward Jet Triggering forATLAS Dete
tor
6.1 The LHC Collider and the ATLAS Dete
torThe LHC (Large Hadron Collider) is a 7+7 TeV proton proton 
ollider designed tobe installed in the 27 km 
ir
umferen
e LEP tunnel in CERN (�gure 6.1). Theinje
tor 
onsists of a 50 MeV Lina
, the 1.9 GeV proton booster, the 26 GeV PS(Proton Syn
hrotron) and the 450 GeV SPS (Super Proton Syn
hrotron). The designluminosity is 1034 
m�2 s�1. The total energy for new physi
s is mu
h less than 14 TeV(
entre of mass energy), due to the fa
t that the proton's 
onstituents (partons) 
arryonly a fra
tion of proton's momentum and signi�
ant energy is lost to soft s
atteringof other partons.The basi
 physi
s studies are similar to the ones performed at LEP: Higgs bosonsear
h, pre
ision measurements of the Standard Model parameters and supersymmetri
sear
hes. More spe
i�
ally, the Standard Model me
hanism to allow gauge bosons toa
quire mass without destroying the gauge invarian
e of the Lagrangian, the Higgsme
hanism, is still not veri�ed experimentally: the ex
ess observed at LEP is notin
onsistent with the ba
kground hypothesis as explained in 3.2.106



Figure 6.1: The Large Hadron ColliderThe major sear
hes for physi
s beyond the standard model will be fo
used onsear
hes for supersymmetri
 parti
les. If supersymmetri
 parti
les exists on the ele
-troweak s
ale, they are expe
ted to be seen in the ATLAS experiment. Other interestingphysi
s are high pre
ision bottom and top quark physi
s, measurement of the W masswith an error of 2 MeV as well as other ele
troweak parameters measurement su
h astriple gauge 
ouplings.6.1.1 ATLAS dete
torThe overal dete
tor layout is shown in �gure 6.2. It 
onsist of the magnet, the high res-olution inner dete
tor (ID), the liquid argon (LAr) ele
tromagneti
 
alorimeter (EM),the hadroni
 
alorimeters and the muon spe
trometer [72℄. A sophisti
ated triggerand data a
quisition system is required to redu
e the data stored to an a

eptablelevel without losing interesting physi
s events. The magnet system 
onsists of an innerthin super
ondu
ting solenoid surrounding the inner dete
tor and large super
ondu
t-ing air-
ore toroids. As a 
oordinate system the the following 
onvention is used: Theorigin is the 
ollision point. The z-axis is de�ned to be the beam axis. The azimuthal107



Figure 6.2: The ATLAS dete
torangle � and the radius R (de�ned as the distan
e from the beam axis) are used tode�ne a point in the plane transverse to the beam axis. The above de�ne a point in
ylindri
al 
oordinates. It is also useful to use spheri
al 
oordinates by using the polarangle � or even better in terms of the Lorentz invariant pseudo-rapidity:
� = � ln tan �26.1.2 Inner Dete
torThe inner dete
tor is designed to measure the paths of ele
tri
ally 
harged parti
les. Itis 
ontained in the 
entral solenoid (2 Tesla), so that the parti
le paths are 
urved. The
urvature of the tra
k allows the measurement of the momentum and sign of ele
tri

harge. The inner tra
ker 
ombines high resolution dete
tors at the inner radii with
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ontinuous tra
king elements at the outer radii (�gure 6.3).The requirements for momentum and vertex resolution make ne
essary the use of�ne granularity dete
tors. The main reason for that is the very large tra
k densityexpe
ted. The pre
ision requirements have to balan
e the high 
ost. So three di�erentte
hnologies are used:� pixel dete
tor� sili
on strip dete
tors (semi
ondu
tor tra
ker or SCT)� 
ontinuous straw tube tra
king (transition radiation tra
ker or TRT)Pixel dete
torIt is designed to provide a very high granularity for the highest tra
k density, 
lose tothe beam pipe. It 
onsists of thin layers of sili
on subdivided into re
tangular regions('pixels'), of dimension 50 by 300 mi
rons. Ea
h time a parti
le transverses su
h aregion, pairs of holes and ele
trons are 
reated, giving an ele
tri
al pulse. Closer to the
ollision point pixels are pla
ed 
ylindri
ally (three barrel layers) and for large j�j theyare lo
ated on disks (�ve on ea
h side) in order to redu
e the thi
kness of the materialparti
les pass through and to improve position resolution.Semi
ondu
tor Tra
ker (SCT)This subdete
tor is also used for position measurements and is lo
ated a little furtherfrom the 
ollision point. It 
onsists of layers of sili
on mi
rostrip dete
tors, ea
h 
ov-ering an area of 6:36 � 6:40 
m2 with 768 readout strips of 80 mi
rons pit
h. Ea
hlayer has two sets of strips running at an angle of 2.3 degrees relative to ea
h other.When a 
harged parti
le transverses the two set of strips, it gives signals to a strip inea
h set. By the interse
tion of those stru
k strips, we have a very a

urate positionmeasurement. Again 
loser to the 
ollision point the strips are pla
ed 
ylindri
ally109



Figure 6.3: The Inner Tra
ker Dete
tor(eight layers), but for larger j�j they are lo
ated on disks (9 end-
ap wheels on ea
hside). It has mu
h less material per tra
k point and a lower 
ost 
ompared to the pixeldete
tor.Transition radiation tra
ker (TRT)It 
onsists of a large number of straws �lled with a Xe=CF4=CO2 gas mixture. Ea
hstraw has a wire down its axis. With high voltage between the wire and straw wall,
harged parti
les transversing the straw indu
e ele
tri
al pulses that are re
orded (gas-wire drift dete
tors). In the 
enter se
tion the tubes run parallel to the beam pipe butagain for large j�j, they are positioned radially.When a parti
le traverses interfa
es between materials with di�erent refra
tive in-di
es (in this 
ase solid material and gas) with a speed extremely 
lose to the speedof light, X-rays are generated (Transition Radiation). As ele
trons have small mass
ompared to other 
harges parti
les, they have a speed very 
lose to the speed of light,110



so they produ
e transition radiation X-rays. The X-rays intera
t with the gas givinglarger pulses than other 
harged parti
les. This way, we 
an determine wether that theparti
le traversing the dete
tor is an ele
tron (ele
tron IDenti�
ation).The sili
on pixel and strip dete
tors provide about 10 points of the tra
k with ana

ura
y 10-20 mi
rons. The TRT provides further 36 points with an a

ura
y of 150mi
rons. Software is used to 
onvert all these signals into tra
ks (pattern re
ognition)and also to determine momentum and sign of 
harge.6.1.3 CalorimetersThe ATLAS 
alorimeters are shown in �gure 6.4. There are three major se
tions: ele
-tromagneti
 
alorimeter using liquid argon te
hnology (LAr), the hadroni
 
alorimeterusing a mixture of LAr for the end
aps ('wheels' perpendi
ular to the beam axis) ands
intillating tiles for the barrel, as well as the Forward 
alorimeter (also LAr).The Ele
tromagneti
 CalorimeterThe ele
tromagneti
 
alorimeter measures the total energy of ele
trons, positrons andphotons. When these parti
les intera
t with an absorbing medium, they lose momen-tum, produ
ing photons. These photons give positron-ele
tron pairs (pair 
reation)and these further intera
t with the absorbing medium, produ
ing more photons. This
as
ading sequen
e is 
alled ele
tromagneti
 shower. The energy of the initial parti
leis transformed into the rest masses of a large number of ele
tron-positron pairs (thenumber is proportional to the kineti
 energy of the initial parti
le). Between severalplates of absorbing medium, another medium is pla
ed (eg. liquid argon) to sense thepresen
e of the pairs 
reated. Ele
trons or positrons 
ause an ionisation of some of theatoms, leaving ions in their pla
e. The medium is subje
ted to a large ele
tri
 �eld,so ele
trons are 
olle
ted by the positive side of the ele
tri
 �eld used, produ
ing a
urrent pulse proportional to the number of ele
tron-positron pairs 
reated.
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The ele
tromagneti
 
alorimeter is designed to use lead absorber plates in a liquidargon ionisation medium. Liquid argon te
hnology is radiation resistant, provides longterm stability of the dete
tor response, ex
ellent hermeti
ity, as well as good energyresolution. In both barrel and end
ap regions the absorber plates are of an a

ordiongeometry to ensure hermeti
ity. In the barrel the plates are arranged radially in �,whereas in the end
aps they lie in parallel to the beam axis. The granularity dependson the depth in order to keep a balan
e between 
ost and pre
ision.The ele
tromagneti
 
alorimeter is pre
eded in the barrel by a presampler dete
torlayer, lo
ated immediately behind the 
ryostat inner wall, in order to 
orre
t the energyloss in the material in front of the ele
tromagneti
 
alorimeter and to 
ontribute to themeasurement of ele
tromagneti
 showers.The Hadroni
 CalorimeterIt measures the total energy of hadrons (protons, neutrons, pions and kaons). Thehadroni
 
alorimeter is based on the same prin
iple as the ele
tromagneti
 one: Thehadrons intera
t with the dense material used as the absorbing medium, produ
ing ahadroni
 shower (photons and ele
trons have already stopped in the ele
tromagneti

alorimeter). This shower 
onsists of many low energy protons, neutrons, pions andother hadrons. To sense the shower two di�erent te
hnologies were used: In the barrelplasti
 s
intillator plates are used embedded in an iron absorber whi
h also serves asa 
ux return (tile 
alorimeter). The shower when traversing the s
intillating tiles,
auses them to emit light proportional to the in
ident energy. The light is 
onvertedby photomultipliers into an ele
tri
al pulse. The hadroni
 tile 
alorimeter is subdividedinto three se
tions: a 
entral barrel and two extended barrels, with gaps between themto allow spa
e for the 
ryogeni
s feedthroughs for the ele
tromagneti
 
alorimeter andservi
es for the inner dete
tor. The hadroni
 tile 
alorimeter surrounds the 
ryostatswhi
h house the LAr se
tions of the 
alorimeter. In the two end
aps the same LArte
hnology as the ele
tromagneti
 
alorimeter is used, but 
opper plates are used asan absorbing medium. 112



The transverse energy is an important 
on
ept for the 
alorimetry, as for obje
tsnear the speed of light the jet energy/dire
tion 
an easily be 
onverted to transversemomentum. The 
onservation of transverse momentum is the only way to dete
t thepresen
e of neutrinos (by the 
al
ulating the missing momentum), as in the dire
tionof the beam pipe there is a hole (the transverse energy is de�ned as the energy timessin�, where � is the angle between the parti
le's momentum and the beam axis). Alsothe gluons and quarks produ
ed qui
kly pi
k-up additional quark-antiquark pairs andemerge as jets. The jet energy and jet dire
tion represent the energy and dire
tion ofthe initial quark/gluon.Integrated Forward CalorimeterThe integrated forward 
alorimeter uses the same LAr te
hnology and it is used tomeasure ele
trons, photons and hadrons. Due to the fa
t that in the forward region
overing high values of j�j, the radiation is mu
h higher, a novel rod and tube stru
tureis used whi
h allows the LAr gap to be very small. This ensures rapid 
harge 
olle
tionand high density.6.1.4 Muon Spe
trometerMuons are the only parti
les (ex
ept neutrinos) that rea
h the muon spe
trometer, dueto the fa
t that they have about 200 times more mass than the ele
trons and do notintera
t via the strong for
e. The muon spe
trometer is shown on �gure 6.5. It useslarge super
ondu
ting air-
ore toroid magnets to 
urve the path of muons in order tomeasure their momentum and the sign of 
harge. The spe
trometer has separate triggerand high pre
ision tra
king 
hambers. For small j�j the magneti
 �eld is provided bythe large barrel toroid. Two smaller end-
ap magnets inserted into both ends of thebarrel toroid provide the bending for larger j�j. The barrel 
onsists of three 
ylindri
alsuperlayers. The end
aps are also divided into three layers, perpendi
ular to the beamaxis.
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Figure 6.4: The CalorimetersA major role in the design of the spe
trometer was played by the high level ofparti
le 
uxes, requiring di�erent levels of rate 
apability, granularity and radiationhardness for di�erent parts of the dete
tor. For pre
ision measurements 
overing mostj�j, Monitored Drift Tubes (MDT) are used. Close to the intera
tion point, at largej�j, Cathode Strip Chambers (CSC) are used with higher granularities. Finally, for thetrigger system, Resistive Plate Chambers (RPCs) are used in the barrel and Thin GapChambers (TGCs) in the end
ap region.6.1.5 Triggering and Data AquisitionThe ATLAS Triggering and Data Aquisition system is shown in �gure 6.6. Theintera
tion rate is of order 109 Hz for a luminosity of 1034 
m�2 s�1, while the bun
h
rossing rate is 40 MHz. It is designed to store permanently about 100 events/se
,requiring a reje
tion fa
tor of 107 and ex
ellent eÆ
ien
y for rare physi
s events su
has Higgs boson de
ays [73℄.
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Figure 6.5: The Muon Spe
trometerThe sele
tion takes pla
e in three di�erent levels. Full granularity data are storedin pipeline memories while waiting for the Level 1 de
ision (2 �se
s). Only redu
edgranularity data from the 
alorimeter and muon trigger 
hambers are used for the �rstsele
tion level. The 
alorimeter data are used looking for 
lusters indi
ative of ele
trons,photons and jets, as well as missing tranverse energy. Coordinates of interesting obje
ts
alled Regions of Interests (RoIs) are passed to the se
ond level in order to redu
e theamount of full granularity data ne
essary for the Level 2 de
ision. The event rate isredu
ed to 75 kHz. The Level 1 part of the triggering system is des
ribed in detail inthe next 
hapter.After an a

eptan
e from the �rst level, full granularity data are transfered to thereadout bu�ers (ROBs). Derandomisers are used to average out the high instantaneousdata rate 
oming from the �rst level. Data from the ROBs are sele
ted based onRoI information supplied from Level 1, to extra
t features from interesting obje
ts(ele
trons, photons, muons and jet 
andidates). This level redu
es further the eventrate to � 1 kHz.After an a

eptan
e de
ision from Level 2, data stored in the readout bu�ers (ROBs)
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are assembled by an event building network and tranfered to a farm of 
ommer
ialsworkstations for full event re
onstru
tion and sele
tion based on sophisti
ated physi
s
riteria.
6.2 Level 1 Calorimeter TriggerLevel 1 
alorimeter triggering makes the initial sele
tion from an intera
tion rate of109Hz at a luminosity of 1034
m�1s�1 to 75 kHz for the se
ond level while main-taining a high eÆ
ien
y for interesting physi
s pro
esses. Using redu
ed granularityinformation from the 
alorimeter, it sear
hes for high PT ele
trons and photons, as wellas jets, tau leptons de
aying into hadrons and missing energy. Regions of interest (the
oordinates of interesting obje
ts) are passed to the se
ond level in order to redu
e theamount of full granularity data required for the se
ond level of sele
tion.6.2.1 Ar
hite
tural OverviewThe Level 1 
alorimeter trigger is shown in �gure 6.7. Trigger tower signals are trans-mitted as analogue pulses to the prepro
essor, where 
ash analog to digital 
onvertors(FADCs) transform the signals to digital form. As the duration of the 
alorimeter pulsesis several times the bun
h 
rossing interval, a Bun
h Crossing IDenti�
ation (BCID)algorithm is required to asso
iate 
alorimeter pulses with a single bun
h 
rossing. ALook Up Table (LUT) is used for 
alibration in tranverse energy. In the LUT a towerET threshold is applied to redu
e ele
troni
 and pile up noise. In addition, 2� 2 towerET values are summed for both ele
tromagneti
 and hadroni
 
alorimeters and trans-mitted via a serial link to Jet/Energy sum pro
essor. The Cluster Pro
essor, dividedin four 
rates of Central Pro
essing Modules (CPMs), performs the ele
tron/photonand hadron/� algorithms. The similarity of the algorithms allows them to be imple-mented in the same 
hips. The Jet/Energy sum pro
essor 
onsists of two 
rates ea
h
ontaining 16 Jet/Energy sum Modules(JEMs) and performs the jet algorithm. The
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Figure 6.6: The Triggering system.
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Figure 6.7: Ar
hite
tural overview of Level 1 
alorimeter triggering system.results (obje
t multipli
ities) are passed to Level 1 Central Trigger Pro
essor for the�nal Level 1 de
ision.6.2.2 The Triggering AlgorithmsThe algorithms for ele
tron/photon, �/hadrons as well as jets are all based on a �xedsize window of trigger towers ( [73℄, [75℄). Signals from the 
alorimeters are summedinto 'trigger towers' of 0:1 � 0:1 in �, �, with no depth segmentation other than thedivision between ele
tromagneti
 and hadroni
 
alorimeters. The window 
onsists of4�4 trigger towers (ex
ept jets as dis
ussed later in this se
tion) in the �, � dire
tions,and slides in steps of one tower in either dire
tion. There is therefore a large overlap
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between neighbouring windows. This is ne
essary to avoid mis-measuring parti
leswhi
h fall at the boundary between two windows, but does mean that a single parti
le
an pass the algorithm in more than one window. To avoid multiple 
ounting ofparti
les, an additional 'de
lustering' algorithm is needed (des
ribed below).The ele
tron/photon algorithmThe ele
tron/photon algorithm has to trigger on ele
tromagneti
 showers in the 
alorime-ters (shown in �gure 6.8). It is based upon a 4 � 4 array of 0:1 � 0:1 trigger towersin the ele
tromagneti
 and the hadroni
 
alorimeters. It must re
ognise ele
tron andphoton 
andidates among high jet ba
kground. A 
luster is de�ned as one of the fourhorizontal (2�1) or verti
al (1�2) energy sums of the 2�2 
entral window. A triggerobje
t is found if:� The 
luster with the highest energy deposit is above the ele
tromagneti
 
lusterthreshold.� The energy deposits in the ele
tromagneti
/hadroni
 isolation regions are belowthe ele
tromagneti
/hadroni
 isolation thresholds respe
tively. This 
riterion isused to distinguish ele
tron/photons over jets whi
h spread over a bigger area.� To prevent multiple 
ounting due to overlapping windows, a further 
ondition isrequired: the 
entral 2� 2 tower 
luster within the window is a lo
al maximumi.e. is more energeti
 than the 8 other 2� 2 
lusters whi
h 
an be formed withinthe window. This 
ondition is also used to de�ne the 
oordinates of Regionsof Interest (RoIs) for the Level 2 trigger. The above 
riterion is also 
alledde
lustering. To take into a

ount the 
ase where two neighbouring 2�2 
lusters
ontain the same energy, the lo
alET maximum 
ondition is modi�ed: the 
entral
luster has to have more energy than its neighbours along two adjoining edgesand energy greater than or equal to its neighbours along the opposite two edges.
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Hadronic
calorimeter

Trigger towers 

Figure 6.8: The ele
tron/photon algorithm.The �/h algorithmThe task of this algorithm is to dete
t hadroni
 de
ays of � leptons. Hadrons leavean energy deposit in both the ele
tromagneti
 and the hadroni
 
alorimeter. Thealgorithm is very similar to the ele
tron/photon one ex
ept:� The trigger 
lusters are now the sum of 1 � 2 or 2 � 1 ele
tromagneti
 
lustersplus the 
entral 2� 2 hadroni
 towers.� The RoI 
luster in
ludes both the ele
tromagneti
 and the hadroni
 2�2 
entralarea.� The hadroni
 isolation for � is a 12 tower ring.The fa
t that the algorithms are very similar has been exploited in the design bymodifying the ele
tron/photon algorithm slightly [74℄. More spe
i�
ally:� The hadroni
 window is split into two isolation regions, with di�erent energythresholds. 120
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calorimeter
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Vertical sums in
both calorimeters

Horizontal sums in
both calorimeters

(2*2 hadronic sum offers sharper threshold)Figure 6.9: The � , hadron algorithm.� The RoI is the sum of 2 � 2 
entral regions in both the ele
tromagneti
 andhadroni
 
alorimeterThe missing ET and energy sum triggerFor the missing transverse energy and the total transverse energy triggers, the ve
torand s
alar sums of transverse energy over all the 
alorimeter area (up to j�j=4.9) areused. These are de�ned as:
ETmissing = � em;hadXi ~EiT
ET = em;hadXi j ~EiT jFor a trigger a

eptan
e ea
h of these triggers has to be above a de�ned threshold.The main features whi
h a�e
t resolution are:121



� the � granularity for 
onverting ET into Ex, Ey (sums of Æ�=0.2 are 
onvertedinto Ex/Ey 
omponents).� the minimum ET in
luded in the summation (e.g. for the energy sum triggera threshold on the 0:2 � 0:2 jet elements is set and only elements above thisthreshold are used). This is not helpful for jet or missing energy triggers, as itwill sum up all of the noise in the 
alorimeters, but it is ne
essary for the energysum trigger.� the energy loss in 
alorimeter gaps and j�j 
overage.The rapidity range in
luded in the summation if not extended to the forward regiondegrades resolution. Although the missing ET trigger is not in
luded in the basi
 Level1 triggers, its 
ombination with other triggers is important in order to trigger interestingevents with low transverse energy. The s
alar ET sum is in
luded to provide the mostunbiassed possible trigger on the highest-energy 
ollisions.The Jet algorithmThe Jet algorithm is also based on a �xed size, sliding window to measure ET , as wellas an RoI to prevent double 
ounting of jets. In the area � �3.2 the full jet granularityof Æn� Æ�=0:2� 0:2 is used. (Forward Jet Triggering is the subje
t of the next se
tionand will not be examined here). Jet produ
tion is the dominant ba
kground pro
essat the LHC so the task is to provide optimal ET resolution rather than to distinguishdi�erent types of obje
ts. Balan
e between ET , spatial resolution and noise reje
tionrequires di�erent window sizes for single jet triggers (large window optimal) and multi-jets (smaller window optimal). Di�erent window sizes are 0:4� 0:4, 0:6� 0:6, 0:8� 0:8are available. Finally the requirements for the algorithm to trigger are as expe
ted:the RoI must be a lo
al maximum and the jet 
luster window must be above a de�nedthreshold.
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6.3 The Forward Jet Triggering6.3.1 Physi
s MotivationsThe bene�t from the availability of a forward jet triggering is dis
ussed in detail in [76℄.The forward triggering will use the forward liquid argon (LAr) ATLAS 
alorimeter 'senergy deposits in the region of 3:2 � � � 4:9. The following physi
al pro
esses arethought to bene�t:Higgs produ
tion via weak boson fusion (qq ! qHq)The requirement of two forward jets in the triggering suppresses ba
kground fromother QCD pro
esses and improves the Signal to Ba
kground (S/B) ratio. De
aysof the Higgs to two photons, taus or W ?W ? pro
esses might bene�t from a forwardtriggering by the possibility of lowering thresholds for obje
ts like photons, leptonsand taus. In supersymmetri
 models Higgs may de
ay to weakly-intera
ting parti
lesgiving a signature of forward jets and missing energy. A forward jet triggering is 
ru
ialto observe this pro
ess whi
h is 
alled 'the invisible Higgs' [77℄.
q

q

W,Z

W,Z

H

Figure 6.10: Feynman diagram for Higgs produ
tion via weak boson fusion.
Gauge boson 
ouplings via weak boson fusionThe idea is to study single W produ
tion in asso
iation with two forward going jets.Inthe weak boson fusion qq ! qWq, two triple gauge boson verti
es 
ontribute: WW
,123



WWZ. Forward jet triggering 
ould redu
e the ba
kground 
ontributions.Di-jet produ
tion at large rapidity separationSpe
i�
 regions of the kinemati
 phase spa
e (e.g small x Bjorken variable) of QCDdynami
s 
an be probed in the pro
ess of jet pair produ
tion at large rapidity andsmall transverse momenta. At large rapidity separation a forward trigger may be theonly way of triggering on some parts of the 
ross se
tion.Sin
e the LHC experiment is designed to sear
h for new physi
s in the TeV region,we should be able to adapt the triggering system for the physi
s dis
overed. A forwardtriggering might give more 
exibility in order to do that.6.3.2 De�ning the window sizeJets are 
hara
terised by a dispersed, roughly 
oni
al energy deposit in both ele
tro-magneti
 and hadroni
 
alorimeters. The signal granularity for the forward 
alorimeter(FCAL) is an array of 4 � 16 trigger towers in �, � for ea
h end (left/right) of ea
h
alorimeter (hadroni
 and ele
tromagneti
). These are summed over � and in depth toform a single 1� 16 array at ea
h end (left/right), with ea
h element having a size of1:7� 0:4 in �, �.The algorithm will be based on the same elements as the barrel jet algorithm: a�xed-size sliding window, and an ET 
luster and RoI within this. As the FCAL arrayis 1 � 16, the window would only slide in the � dire
tion. Be
ause ea
h tower isrelatively wide in �, the simplest RoI (a single element whi
h is more energeti
 thanits neighbours) might provide a reasonable starting point. This 
riterion should berelaxed to take into a

ount the 
ase where two trigger towers have the same energydeposit: It is required the RoI to be greater than its previous neighbour and greaterand equal than its next neighbour in �.
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The window size 
an be optimized by simulation studies using the ATLFAST sim-ulation software pa
kage [78℄. If the 
luster is too small, not all of the jet's energywill be 
ontained within it, degrading resolution. Conversely, a larger 
luster sumsnoise and pileup ET over a larger area, and so a too large 
luster will also su�er fromdegraded resolution (as well as an in
reasing probability of in
luding more than onejet within the 
luster). Five di�erent window sizes from 1-5 trigger towers in � havebeen simulated using ATLFAST.The ATLFAST software used for this study is fast simulation whi
h models onlylongitudinal shower development. It simulates the dete
tor response as well as theprepro
essor and all the Level 1 algorithms ex
ept the forward jet triggering. Thejet�nder algorithm of ATLFAST models the jet re
onstru
tion whi
h should be pos-sible in o�ine analysis of ATLAS data, and is used as a referen
e when 
omparingthe performan
e of di�erent trigger algorithms. Simulation 
ode for all the di�erentversions of the forward jet triggering algorithms (for 
luster sizes equal to 1-5 triggertowers in �) has been implemented. For ea
h simulated event the most energeti
 jettriggered by the forward jet triggering and the most energeti
 jet found by the jet�nderalgorithm of ATLFAST are 
ompared. The 
orrelation between the energy of the mostenergeti
 jet found by the triggering algorithm and the energy of the most energeti
jet found by the jet�nder algorithm for 
luster sizes 1-4 seems to be good for all 
lustersizes as shown in �gure 6.11.Another way to 
ompare performan
e is the sharpness of the eÆ
ien
y threshold
urve. This is the range in true ET (de�ned by the ATLFAST jet�nder) over whi
hthe trigger eÆ
ien
y rises from a low eÆ
ien
y to a high eÆ
ien
y (e.g. 10%-90%).The sharpness is important be
ause all algorithms 
an 
ross 90% eÆ
ien
y at the sameET by using di�erent thresholds. However, if the threshold 
urve is softer (i.e. moreeÆ
ient for lower ET jets) this will give a higher rate, be
ause there are many morelow-ET jets than high-ET (�gure 6.12).
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Figure 6.11: Energy 
orrelation of the most energeti
 jet found by the triggering (for 
lustersizes 1-4) and by the jet�nder of ATLFAST (Referen
e Jet).
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Figure 6.12: EÆ
ien
ies as a fun
tion of the triggering obje
t momentum for a �xed thresholdof 30 GeV.
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6.3.3 The boundary areaFurther studies in the boundary area between the forward 
alorimeter and the barrelat � = 3:2 have shown that there is a problem in the energy resolution in this area: Jetsleave their energy deposits in both 
alorimeters (forward and 
entral), so the re
on-stru
ted energy found by all versions of the forward algorithm is less than the a
tualjet energy. This is shown in �gure 6.13 where the same plots for the energy 
orrelationbetween the most energeti
 jet found by the triggering and the most energeti
 jet foundby the jet�nder of ATLFAST are plotted only for the boundary region (� � 3:2): the
orrelation is worse for all 
luster sizes.

Figure 6.13: Energy 
orrelation of the most energeti
 jet found by the triggering (for 
lustersizes 1-4) and by the jet�nder of ATLFAST (Referen
e Jet), in the boundary region.
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To solve this problem we have to perform a trigger algorithm based on a �xedwindow spanning both 
alorimeters, to in
lude the jet energy deposit falling in theboundary region. This is not trivial as the geometry of the 
entral and the forward
alorimeter is di�erent: 0:2�0:2 in the 
entral and 1:7�0:4 in the forward 
alorimeter.Two di�erent possible solutions were tested:� Treating the forward 
alorimeter as an extension of the 
entral and perform the
entral jet trigger algorithm in both. But in order to do that ea
h trigger towerof the forward 
alorimeter was divided into two 1:7�0:2 elements and ea
h one ofthem was treated as a 
entral trigger tower, having half the energy deposit of theoriginal forward trigger tower. As there are two di�erent versions of the 
entraljet triggering algorithm for window sizes 0:4 � 0:4 and 0:8 � 0:8, both of themwere tested for this extension of the 
entral algorithm in the forward region.� Add to ea
h 1:7� 0:4 forward trigger tower the two 0:2� 0:2 neighbour 
entraltowers to form a window of size 2:1�0:4. This window now in
ludes the possibleenergy deposit in the 
entral tower. The forward algorithm des
ribed earlier isperformed over all the new windows formed without any further modi�
ation. A
lear disadvantage of this method is the possible double 
ounting due to the fa
tthat the 0:2� 0:2 
entral towers added to the forward trigger tower are also usedby an independent 
entral algorithm.The results for these two approa
hes are shown in �gure 6.14 for the energy 
or-relation of the most energeti
 jet found by the triggering and the most energeti
 jetfound by ATLFAST jet�nder, plotted for the whole forward 
alorimeter area. Theupper two plots are for 
luster sizes two and three of the se
ond approa
h (Æ�=0.8, 1.2respe
tively) and the lower two plots are for the window size 0:4 � 0:4 and 0:8 � 0:8of the �rst approa
h. A

ording to these plots the energy 
orrelation is good for bothapproa
hes and better in general when 
ompared to the plots in �gure 6.11. Theimprovement in the 
orrelation is most striking in the boundary region as 
an be seenin �gure 6.15.
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Figure 6.14: Energy 
orrelation for 
luster size 2, 3 (upper left and right) for the modi�ed FCALalgorithm (adding 
entral towers) and window sizes 0:4 � 0:4, 0:8 � 0:8 (lower left, right) whentreating FCAL as part the 
entral 
alorimeter.FCAL (adding 
entral towers) FCAL as extension of 
entral regionCluster Size Window SizeAlgorithm 1 2 3 4 0:4� 0:4 0:8� 0:8Threshold 21 GeV 24 GeV 30 GeV 31 GeV 21 GeV 24 GeVTable 6.1: Typi
al thresholds for all versions of forward jet triggering algorithm that give a �xedrate of � 1 kHz .
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Figure 6.15: Energy 
orrelation in the boundary region, for 
luster size 2, 3 (upper left andright) and window sizes 0:4� 0:4, 0:8 � 0:8 (lower left, right).The next interesting question is what are the typi
al thresholds for the forward jettriggering giving a reasonable trigger rate. The later is estimated as:Rate = L � �QCD � F (6.1)where L is the intergrated luminosity (� 1033), �QCD is the total QCD 
ross-se
tionand F is the fra
tion of generated events triggered. For a �xed rate of � 1 kHz thethresholds required for all di�erent versions of the forward jet triggering alogorithmwere estimated as seen in table 6.1. The eÆ
ien
y plots for these thresholds arepresented in 6.16. For a threshold �xed to give a rate of � 1 kHz all versions areeÆ
ient for jets of 35-40 GeV. The forward jet triggering is very likely to be 
ombined131



Figure 6.16: EÆ
ien
ies as a fun
tion of triggering obje
t momentum for the thresholds of table6.1 , using 
luster size 2, 3 (upper left and right) and window sizes 0:4 � 0:4, 0:8 � 0:8 (lowerleft, right).with other trigger 
onditions like missing ET allowing even lower thresholds or lowerthresholds.The � distribution of the forward jets in the physi
s studies mentioned 
over all therange from � = 0 up to 5 rather than the barrel or forward region. Thus, it is desirableto have the same framework for both . The treatment of the forward 
alorimeter as partof the barrel for the jet algorithm has also the advantage of being easier to implementin terms of hardware design. The window size 0:8 � 0:8 has at least as good energy
orrelation between the jet found by the triggering system and the referen
e as the
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other versions and has an equally sharp eÆ
ien
y threshold 
urve. Therefore, it was
hosen as the prefered solution. As a result of the feasibility to trigger on forward jetswith resonable rates, the hardware design was modi�ed to allow su
h a trigger.
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Con
lusionsDuring the last 12 years of LEP operation the Standard Model has passed su

es-fully all diÆ
ult tests. The lo
al, non-abelian gauge 
hara
ter of ele
troweak intera
-tions has been veri�ed. Two fermion observables su
h as 
ross-se
tions and asymme-tries are an important part of the predi
tions made by the model and their angulardistributions 
an be used to sear
h for new physi
s.In this thesis the analysis of tau pairs (e+e� ! �+��) and muon pairs (e+e� !�+��) is presented. The e�e
tive 
entre of mass energy, signal and eÆ
ien
y de�nitionare 
ompli
ated for both 
hannels by the frequent emission of one or more initial statephotons. The e�e
tive 
entre of mass energy is 
al
ulated by the angles of the twofermions assuming an undete
ted ISR photon emitted along the beam pipe. For planarevents with a dete
ted energeti
 photon the expe
ted energy of the latter is used inthe 
al
ulation to improve ps0 re
onstru
tion.The sele
tion of tau pairs is 
ompli
ated by the neutrinos(s) produ
ed in tau de-
ays. A large number of 
uts is ne
essary to suppress the ba
kground levels based onevent multipli
ity, visible, missing and expe
ted energy, as well as the 
oplanarity and
olinearity of the tau pairs. The ele
tron veto was implemented su
h as to take intoa

ount the dependan
e from the polar angle of the E=P ratio.Two dete
tor e�e
ts were studied: events with poor tra
k re
onstru
tion leadingto misassigned tra
k and 
lusters and thus zero 
alorimeter energy in the tau 
oneand events passing 
lose to the anode wires of the CJ dete
tor with poor momentummeasurement. As the ba
kground level in the intermediate ps0 region was � 40% (atleast double of the level in the otherps0 regions) in the sele
tion used in the preliminaryresults [54℄, a multivariable dis
riminant method (likelihood) was employed to suppressit eÆ
iently. This 
ut balan
es the ba
kground levels in all regions and suppresses theun
ertainty introdu
ed by the two photon ba
kground pro
esses. The 
ross-se
tionsand asymmetries were measured and no deviation from the Standard Model predi
tionswas found. The dominant systemati
 error for both in
lusive and non-radiative 
ross-134



se
tions is introdu
ed by the eÆ
ien
y un
ertainty.The sele
tion of muon pairs 
onsists of a smaller number of 
uts based on the visibleenergy and invariant mass of the muon 
andidates as muons have a 
lean experimentalsignature. Cosmi
 rays were vetoed by imposing spa
e-time 
onstraints to ensure thatevents originate from 
ollisions. The un
ertainty introdu
ed by the 
osmi
 rays inthe 
ross-se
tion is the dominant systemati
 error for both in
lusive and non-radiativesamples. The 
ross-se
tions and asymmetries were measured and found to be in goodagreement with the Standard Model predi
tions.The feasibility of a forward jet trigger for the ATLAS dete
tor at the LHC hasbeen studied. The requirement of two forward jets 
an help to suppress the QCDba
kground from other pro
esses in the Higgs produ
tion via weak boson fusion. Dif-ferent window and 
luster sizes have been studied. The re
onstru
tion of the jet energyin the boundary region between the forward 
alorimeter and the barrel was found tobe poor 
ompared to the rest of the j�j region. Two di�erent approa
hes were testedto improve the resolution : the �rst was treating the forward 
alorimeter as part of thebarrel by dividing the towers into two parts, ea
h having half the original energy andthe se
ond solution was adding the two neighbouring end
ap towers to ea
h forwardtower. The �rst solution was prefered due to the fa
t that it was easier to implement interms of hardware design. In addition, for at least some physi
s studies the jet triggershould be as uniform as possible over all �. Reasonable trigger rates 
an be a
hievedfor two forward-ba
kward jets of 35-40GeV energy ea
h, espe
ially if 
ombined withother triggers.
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Appendix A
Systemati
 errors
� Tau pairs{ Table A1: systemati
 errors for energies 192, 196 GeV.{ Table A2: systemati
 errors for energies 200, 202 GeV.� Muon Pairs{ Table A3: systemati
 errors for energies 192, 196 GeV.{ Table A4: systemati
 errors for energies 200, 202 GeV.
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192 GeV 196 GeV��(Sour
e) s0=s > 0:01 s0=s > 0:7225 s0=s > 0:01 s0=s > 0:7225��(�Effstat) 0.153 0.048 0.146 0.045��(�Effsys) 0.193 0.078 0.182 0.072��(�Bkgstat) 0.068 0.040 0.049 0.026��(�Bkgsys) 0.137 0.035 0.136 0.036��(�feedstat) 0.000 0.006 0.000 0.006��(�feedsys) 0.000 0.006 0.000 0.000��(�Lstat) 0.016 0.007 0.010 0.004��(�Lsys) 0.019 0.008 0.016 0.006��(�Interferen
e) 0.006 0.010 0.006 0.010��(Statisti
al) 0.948 0.502 0.574 0.300Table A.1: Systemati
 errors in pb for tau pairs at energies 192, 196 GeV.
200 GeV 202 GeV��(Sour
e) s0=s > 0:01 s0=s > 0:7225 s0=s > 0:01 s0=s > 0:7225��(�Effstat) 0.142 0.048 0.161 0.047��(�Effsys) 0.175 0.077 0.192 0.074��(�Bkgstat) 0.053 0.028 0.050 0.025��(�Bkgsys) 0.137 0.038 0.140 0.037��(�feedstat) 0.000 0.006 0.000 0.005��(�feedsys) 0.000 0.003 0.000 0.002��(�Lstat) 0.010 0.004 0.015 0.006��(�Lsys) 0.016 0.007 0.018 0.007��(�Interferen
e) 0.005 0.009 0.006 0.009��(Statisti
al) 0.560 0.307 0.857 0.437Table A.2: Systemati
 errors in pb for tau pairs at energies 200, 202 GeV.
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192 GeV 196 GeV��(Sour
e) s0=s > 0:01 s0=s > 0:7225 s0=s > 0:01 s0=s > 0:7225��(�Effstat) 0.026 0.009 0.025 0.008��(�Effsys) 0.074 0.029 0.070 0.029��(�Bkgstat) 0.021 0.006 0.021 0.006��(�Bkgsys) 0.035 0.007 0.037 0.006��(�feedstat) 0.000 0.003 0.000 0.003��(�feedsys) 0.000 0.004 0.000 0.004��(�Lstat) 0.015 0.006 0.009 0.004��(�Lsys) 0.018 0.007 0.015 0.006��(�N
osmi
) 0.093 0.079 0.093 0.079��(�Interferen
e) 0.004 0.013 0.003 0.012��(Statisti
al) 0.606 0.345 0.370 0.213Table A.3: Systemati
 errors in pb for muon pairs at energies 192, 196 GeV.200 GeV 202 GeV��(Sour
e) s0=s > 0:01 s0=s > 0:7225 s0=s > 0:01 s0=s > 0:7225��(�Effstat) 0.024 0.008 0.021 0.007��(�Effsys) 0.066 0.028 0.056 0.024��(�Bkgstat) 0.020 0.006 0.020 0.006��(�Bkgsys) 0.035 0.007 0.036 0.007��(�feedstat) 0.000 0.003 0.000 0.002��(�feedsys) 0.000 0.004 0.000 0.003��(�Lstat) 0.009 0.004 0.011 0.004��(�Lsys) 0.015 0.006 0.013 0.005��(�N
osmi
) 0.094 0.079 0.095 0.079��(�Interferen
e) 0.003 0.011 0.003 0.011��(Statisti
al) 0.355 0.206 0.479 0.276Table A.4: Systemati
 errors in pb for muon pairs at energies 200, 202 GeV.
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