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QUANDO MORRO VOGLIO LE TUE MANI

Quando morrd voglio le tue mani sui miei occhi:
voglio la luce e il frumento delle tue mani amate,
passare una volta ancora su di me la loro freschezza,

sentire la soavita che cambio il mio destino.

Voglio che tu viva mentr’io, addormentato, t’attendo,
voglio che le tue orecchie continuino a udire il vento,
che fiuti I’aroma del mare che amammo uniti

e che continui a calpestare ’arena che calpestammo

Voglio che cio che amo continui a esser vivo
e te amai e cantai sopra tutte le cose,
per questo continua a fiorire, fiorita,

perché raggiunga tutto cio che il mio amore ti ordina,
perché la mia ombra passeggi per la tua chioma,
perché cosi conoscano la ragione del mio canto.

Pablo Neruda

A te.
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Chapitre 1

Résumé

1.1 Introduction

La physique des particule élémentaires étudie les constituants fondamentaux de la
matiere et leurs intéractions. Les intéractions entre particules peuvent étre de qua-
tre types: intéraction gravitationelle, électromagnétique, faible et forte. En 1961
Glashow [2] a formulé une théorie dans laquelle 'intéraction électromagétique et
I'intéraction faible sont unifiées, dans une théorie électrofaible, completée apres par
Weinberg et Salam [3]. Cette théorie est basée sur 'invariance locale de Jauge de
la densité du Lagrangien et sur I’existence d’une particule scalaire, neutre, le boson
de Higgs, qui, a travers le mécanisme de la brisure spontanée de symétrie, permet
de generer les masses des particules. Dans le méme temps une nouvelle théorie de
Jauge fut introduite, qui décrivait les intéractions fortes entre quarks: la Chromo-
dynamique Quantique (QCD). L’ensemble de la théorie électrofaible et de la théorie
QCD forment aujourd’hui le Modéle Standard [3] des intéractions entre particules
élementaires. Dans la théorie électrofaible, basée sur la symétrie de Jauge SU(2) x
U(1), chaque intéraction est transmise par I’échange d’un boson de jauge médiateur
de l'intéraction correspondante: les bosons W=, le boson neutre Z et le photon 1.
La Chromodynamique Quantique est basée sur la symétrie SU(3) de couleur et huit
gluons colorées sont les médiateurs de I'intéraction forte. Les bosons W et Z ont
été découverts au collisioneur pp au CERN dans les expériences UA(1) et UA(2) en
1983.

Le collisioneur LEP (Large Electron Positron Collider) & été construit essentielle-
ment pour effectuer une mesure précise des paramétres du Modéle Standard.

Dans une premieére phase, commencée en 1989, 4 une énergie dans le centre de masse
/s de collision /s ~ 91 GeV, correspondant & la masse du Z, plusieurs millions
de désintegrations du Z ont été enregistrés par chacune des expériences du LEP,
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ALEPH, DELPHI, L3, OPAL. Ces données ont permis une mesure trés precise
des parametres du Modele Standard, comme la masse du boson Z, le nombre de
générations a partir du comptage des neutrinos légers et I’angle de Weinberg. Le
Modele Standard reproduit avec une grande précision toutes les mesures effectuées,
mais le boson de Higgs n’a pas encore été observé.

Apres cette premiere phase, on est passé & LEP2 en 1995, pour explorer des plus
hautes énergies jusqu’a environ 200 GeV d’énergie dans le centre de masse. L’un des
objectifs fondamentaux de cette deuxiéme phase est la mesure de la masse du boson
W. L’intérét pour cette mesure est particulierement dii au fait que les corrections
radiatives du Modele Standard dépendent de la masse du W et de la masse du boson
de Higgs. Une mesure précise de My, permettra de fixer une limite stricte sur la
valeur de la masse du Higgs, s’il n’y a pas encore d’observation directe.

Dans cette these nous allons exposer les études sur la mesure de la section efficace de
la réaction ete™ — W*W~. Nous discuterons aussi la mesure de la masse du boson
W 4 I’énergie dans le centre de masse /s = 161 GeV avec la méthode de la section
efficace et a plus hautes énergies, /s = 172 GeV et /s = 183 GeV, avec la méthode
de reconstruction dirécte du boson W.

1.2 Le LEP

Le LEP est actuellement le plus grand collisioneur ete™ du monde. Il a été construit
avec une circonférence de ~ 27 Km pour étudier les collisions e*e™ & une énergie dans
le centre de masse de /s >~ 90 GeV jusqu’a =~ 200 GeV. Les électrons et les positrons,
circulant dans le LEP en direction opposée, sont d’abord accelerés & I’énergie voulue
et apres sont mis en collisions dans les quatre points d’interactions ou se trouvent
les quatre détecteurs: ALEPH [51], DELPHI [52], L3 [49] et OPAL [53]. De 1989 &
1995 LEP a tourné & une énergie dans le centre de masse autour du pic du Z. En
1995 pour la premiere fois LEP a atteint une énergie de /s = 130 — 136 GeV. En
1996 LEP a obtenu des énergies plus élévées du seuil de production de bosons W,
V/s=161 et /s =172 GeV en 1996 et \/s= 183 GeV en 1997, ot les sections efficaces
de production de paires de W sont plus élevées.

1.3 Le détecteur L3

Le détecteur L3 (Figure 5.3) est installé au point d’interactions n® 2 & 50 m sous
terre. Il est entouré par un aimant de 7800 t qui produit un champ magnétique de
0.5 T. A l'intérieur de I'aimant le détecteur est appuyé sur un tube de support de
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240 t, avec un diametre interne de 4.45 m et une longueur de 32 m.

Le spectrometre a été dessiné pour obtenir une bonne résolution en énergie dans la
mésure des muons, des électrons et des photons. Pour le spectrometre & muons, le
but était d’obtenir une résolution sur la mesure de I'impulsion Ap/p ~ 2 % & 50
GeV. Cela est obtenu en maximisant la longueur de la trajectoire du muon. De cette
facon 1’éspace disponible pour le reste du détecteur est réduit, ce qui impose le choix
des calorimeétres et d’une chambre centrale tres compactes.

Le détecteur a une géométrie cylindrique, autour de ’axe du faisceau. En com-

mencant par le centre il est composé par:

e le détecteur au silicium (Silicon Microvertex Detector, SMD) pour la mesure
précise de traces et des vertex secondaires diis a la désintegration des particules
A long temps de vie, tels que le D* ou K°.

e le détecteur des traces central (Time Expansion Chamber, TEC);

e le calorimetre électromagnétique;

e les scintillateurs;

le calorimetre hadronique;

le spectrométre a muons.

1.3.1 Le détecteur au silicium.

Le SMD a été installé dans L3 en 1993 pour augmenter la précision de la reconstruc-
tion des traces. Il est constitué de deux couches d’échelles au silicium. Le SMD a
une résolution de 7 ym dans le plan R — ® et de 14 um dans le plan R — z. Avec ce
détecteur la résolution de I'impulsion mesurée avec la partie interne de la chambre

centrale est ameliorée d’un facteur deux.
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1.3.2 Le détecteur de traces central.

La chambre centrale est une chambre & dérive & symétrie cylindrique. Elle a un
rayon d’environ 50 cm et une longueur de 1 m. Elle a été construite pour détecter
les particules chargées. Elle mesure les coordonnées spatiales en 62 points de leurs
trajectoires dans le champ magnétique. D’apreés la mesure des traces on reconstruit
le point d’interaction et la multiplicité des particules chargées produites dans les

interactions ete™.

La position des fils dans la TEC est montrée dans la Figure 5.4.

1.3.3 Le calorimetre électromagnétique.

Le calorimeétre électromagnétique est contitué de 10780 cristaux d’oxyde de ger-
manate de bismuth (BGO). Le BGO est un scintillateur intrinséque et il a une
petite longueur de radiation telle qu’une gerbe électromagnétique de 50 GeV est
complétement contenue dans le détecteur. Il est divisé en deux parties: un tonneau
qui couvre la partie centrale (42.3° < § < 137.7° pour une couverture de 74 % de
I’angle solide) et deux bouchons qui couvrent les régions avant-arriére correspondant
a 10.5° < 0 < 36.7° et 143.3° < 6 < 169.5°. Dans le tonneau les cristaux sont dirigés
vers le point d’interaction et ils ont la forme d’une pyramide tronquée de 24 cm de
longueur (~ 21 longueurs de radiation). Une résolution de ~ 1.4 % & 45 GeV a été
obtenue grace a une systeéme de calibration relative de chaque cristal qui utilise la
lumiere produite par des lampes au Xenon.

Le calorimetre électromagnétique a été completé en 1995 par le nouveau détecteur
EGAP, deux anneaux constitués par 24 modules avec une structure en plomb rempli
par des fibres scintillantes. La lumiére est collectée par des guides de lumiére et lue
par des phototriodes. Le détecteur peut étre utilisé comme veto avec une éfficacité
de 98% ou aussi comme détecteur pour la mesure des énergies des electrons et des

photons.

1.3.4 Le calorimeétre hadronique.

Le calorimetre hadronique est constitué d’un tonneau central et d’un systéme de bou-
chons qui couvrent les régions avant-arriére. Il couvre 99.6 % de 1’angle solide total.
C’est un calorimétre a échantillonage, constitué par des couches d’Uranium comme
absorbeur, intercalées avec des chambres proportionnelles utilisant un mélange de
Argon (80 %) et de CO, (20 %). Le calorimetre hadronique a une résolution en

énergie de
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o 55%

1.3.5 Le déclenchement et ’acquisition des données.

A chaque croisement des faisceaux, les systemes de déclenchement de L3 décident
si ’événement doit étre gardé ou pas. Si la réponse est affirmative toutes les infor-
mations relatives a I’événement sont lues et transférées sur bande magnétique. Le
systeme de déclenchement est constitué de trois sous-systéme: le niveau-1, constitué
par une logique électronique enregistre les informations en 500 us; si la décision
est positive; le niveau-2 enregistre environ 1 évenement sur 20 avec un facteur de
rejection de ~ 30 % et le niveau-3 qui a un facteur de rejection de ~ 80-90 %. Une
configuration de ce type minimise le temps mort et fournit un taux d’événements
acceptées de I'ordre de 10 Hz.

L’acquisition des données est faite par un systeme FASTBUS.

1.4 Production des bosons W.

Au LEP les bosons W sont produits en paires dans la réaction d’annihilation ete™ —
W*W=. Chaque boson W peut se désintégrer en une paire quark-antiquark (W —
qq'), ou dans une paire lepton neutrino (W — Iv); on observe ainsi trois types d’
état final: WHW~ — ¢7'¢"q" (hadronique), W*W~ — ¢glv (sémileptonique) et
W*W~= — lvlv (leptonique). Les rapports relatifs de chaque canal sont de 45.6
% pour le canal hadronige, 43.8 % (14.6 % pour chaque lepton) pour le canal
sémileptonique, et 10.6 % pour le canal leptonique.

1.5 Sélection des événements WW et mesure de

la section efficace.

1.5.1 Le canal hadronique WT*W - — qq'q”"q".

Les événements hadroniques sont caracterisés par une haute multiplicité de traces
et de clusters calorimétriques et par une valeur élevée de I’énergie visible due & la
présence de quatre jets hadroniques.

Du point de vue expérimental un jet est le résultat de I’association des hadrons dans
I’ état final en un seul quadrivecteur qui donne I’énergie et la direction du quark
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produit dans l'interaction e*e™. Un quark en effet ne peut pas étre observé comme
une particule libre, mais il subit un processus d’hadronisation, aussitot qu’il est créé.
Pour réconstruire un jet il y a différents algorithmes. L’algorithme utilisé pour cette
analyse est celui de DURHAM ([89].

Les événements hadroniques ont une symétrie sphérique et les énergies manquantes
longitudinales et transversales sont tres petites. Le bruit de fond le plus important
vient du processus ete™ — ¢g(7y). Ce processus d’annihilation a une section éfficace
qui est deux ordres de grandeur plus grand que la section éfficace de production
des W; la topologie de I’ état final est tres semblable parce-que plus que deux jets
peuvent étre présents a cause de la radiation de gluons par les quarks.

1.5.2 Le canal semileptonique WTW~ — qqlv.

Dans ce canal un de deux W se désintégre en une paire de quarks et l’autre en
un lepton avec son neutrino associé, ou | = e,u,T et v = v,,v,,v,. La topologie
caractéristique de ces événements est la présence d’un lepton isolé dans un environ-
nement hadronique. Ces événements ont une haute multiplicité et une grande valeur
de I’énergie visible mais il sont caractérisés par une énergie manquante différente
de zéro due a la présence du neutrino. L’énergie manquante peut étre réconstruite
en imposant la conservation de la quadri-impulsion dans ’évenement mesuré. Les
deux masses réconstruites, My; et M,,, doivent se trouver & l'intérieur d’une fenétre
prédéfinie autour de la valeur de la masse du W. Dans ce canal on doit considérer
séparemment le cas dans lequel le lepton est un 7. En ce cas, quand le 7 se désintégre
hadroniquement, I’ état final est un état avec trois jets et la contamination qui vient
du processus e*e™ — ¢g(7y) est grande. D’autre part, quand le 7 se désintégre en un
lepton, il y a un deuxiéme neutrino dans I’événement et donc la réconstruction de
I'impulsion manquante est plus difficile et il faut utiliser un ajustement cinématique.

1.5.3 Le canal leptonique W*W - — lviv.

Ce canal est caracterisé par une basse multiplicité, une petite valeur de ’énergie
visible et une tres grande impulsion manquante due & la présence de deux neutrinos.
Le bruit de fond le plus important vient des événements du type ete™ — 111~ (7). IIs
peuvent étre rejetés en considérant 'acollinearité des deux leptons. Ici aussi, quand
les leptons sont des 7 qui se désintégrent hadroniquement, le bruit de fond qui vient
du processus ete™ — gg(7y) doit étre consideré.
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1.6 Mesure des sections efficaces a 161, 172 et 183
GeV et détermination de la masse du W 4 161
GeV.

Les sections efficaces pour la production des bosons W ont été mesurées aux énergies
dans le centre de masse de /s = 161 GeV, /s = 172 GeV et /s = 183 GeV.
Elles ont été mesurées pour les différents canaux de désintegrations. Pour obtenir
la section efficace totale, oww, tous le canaux sont combinés, avec leur rapport
d’embranchement théorique, dans une fonction de maximum de vraisemblance, pro-

duit des probabilitées Poissonniennes P(V;, ;).

Ni e M

L=TIP(No ) =1 P35 (12)

ou N; est le nombre d’événements selectionés. Le nombre d’événements attendus, y;,

est, calculé comme

5
i = (Z €ij0; + O_ifond) . L',z (13)

Jj=1

ou ¢;; est I’ élement de la matrice des éfficacités expérimentales. Il est défini comme
la probabilité d’observer le processus j dans la sélection . Il est determiné par une
simulation complete de chaque processus & travers le détecteur L3. La section efficace
de chaque canal est 0; = rTspj0ww, ol Tgp; est la valeur du Modele Standard du
taux de branchement pour le processus j. La luminosité integrée, £, varie légérment
pour chaque canal & cause de I'importance des différents détecteurs dans la sélection

des événements.
La section efficace totale mesurée & /s = 161 GeV est:

ow+w- = 2.897030(stat.) + 0.14(syst.) pb
a /s =172 GeV:

ow+w- = 12.2771'55(stat.) £ 0.23(syst.) pb
a /s =183 GeV:

ow+w- = 16.66 + 0.66(stat.) & 0.30(syst.) pb.
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Prés du seuil de production des bosons W1W ™, & une énergie dans le centre de masse
de /s = 161 GeV, la section efficace augmente trés rapidement. A cause de ca elle est
tres sensible a la valeur de la masse My (de laquelle elle dépend) oww = o(/s, M)
(38]. En utilisant les donées selectionnées, on peut faire un ajustement du maximum
de vraisemblance, laissant comme parameétre libre la mass du W. Le résultat qu’on

obtient en utilisant cette méthode est:

My, = 80.8010:33(ezper.) + 0.03(LEP) GeV.

1.7 Mesure de la masse du W a /s= 172 et 183
GeV.

1.7.1 Meéthode de la réconstruction directe.

Pour des énergies plus élevées que /s = 161 GeV la section efficace varie peu en
fonction de I’ énergie et donc la dépendance de la section efficace de la masse du W
devient plus faible, par conséquence la méthode du seuil devient inutilisable.
D’autre part, pour des plus hautes énergies il est possible de réconstruire directe-
ment la distribution de masse invariante des événements doy /dm et de mesurer
directement la masse My .

Malheureusement, bien que I’on utilise un ajustement cinématique, les effets éxperimentaux
modifient la distribution théorique de la masse invariante. Il faut employer une sim-
ulation Monte Carlo ou les quantités cinématiques de 1’événement sont convoluées
avec les effets éxperimentaux. En utilisant toute 'information du Monte Carlo on
peut réconstruire la distribution de masse originale par la méthode de la densité (box
method) décrite dans cette thése. Pour chaque événement des données on réconstruit
la masse M et on considere tous les événements Monte Carlo qui ont une valeur simi-
laire. Puisque, pour chacun des événements Monte Carlo on connait la masse “vraie”,
avant qu’elle soit modifiée par les effets éxperimentaux, on peut reconstruire une dis-
tribution des masses “vraies” utilisable pour la mesure de la masse et de la largeur
du W.

A ce moment on construit une fonction de maximum de vraisemblance, produit des
fonctions de probabilité de chaque événement, qui doit étre maximisée par rapport

au parametre Myy.

do fond
dmj

1 dO'WW
oww (Mw) + Ofona | dm;

=11

J
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1.7.2 Résultats.

En utilisant la méthode décrite dans la section précedente, a une énergie dans le
centre de masse de /s = 172 GeV on obtient pour la masse du W la valeur:

My = 80.711:33(stat.) + 0.09(syst.) GeV.

Avec la méme méthode a /s = 183 GeV on obtient:

My = 80.40 £ 0.15(stat.) £ 0.09(syst.) GeV .

Si on combine les deux résultats éffectués a haute énergie avec la mesure faite &
Vs = 161 GeV dans un ajustement du maximum de vraisemblance le résultat qu’on

obtient est:

My, = 80.40 £ 0.16(exper.) + 0.03(LEP) GeV

ou la premiere erreur exprime l’incertitude expérimentale de la mesure, combinaison
des erreurs statistiques et systématiques. La deuxiéme erreur est diie & I'incertitude
sur la mesure de ’énergie du faisceau de LEP. Les résultats separés pour le canal

hadronique et pour le canal semileptonique sont:

My (gqlv) = 80.09 & 0.23(stat.) £+ 0.07(syst) GeV
Mw (gqqq) = 80.59 £ 0.19(stat.) £ 0.13(syst) GeV

Dans la précision statistique il n’y a pas une différence significative entre la masse du
W obtenue avec le canal semileptonique et celle obtenue avec le canal hadronique. La.
contribution du processus d’hadronisation a ’erreur systematique est diie au fait que
la reconstruction de la masse du W est basée sur le principe que ’hadronisation de
deux W est complétement independent et ¢a n’est pas tout a fait vrai. Des effets de
recombinaison de couleurs et de corrélation de Bose-Einstein peuvent étre présents
dans le canal hadronique entre deux pions de méme charge qui viennent de deux W
différents.

Pour déterminer aussi la largeur total du boson W, I'yy, cette quantité est traitée
comme un parametre indépendant au lieu de le fixer & la valeur du Modele Standard.
Pour tous les états finaux combinés ensemble cet ajustement donne:

My = 80.41 £ 0.15(stat.) & 0.09(syst) GeV
I'w = 2.41 £ 0.39(stat.) £ 0.25(syst) GeV
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Ces mesures de la masse et de la largeur du boson W sont en accord avec les
mesures précedentes faites aux expériences pp avec une précision comparable (My, =
80.33 £ 0.15 GeV, I'iy = 2.07 £ 0.06 GeV) [18]. La masse du W est aussi obtenue
indirectement & LEP1 puisque elle rentre dans le calcul des sections efficaces via les
corrections radiatives électrofaibles. La valeur de My, = 80.3294:0.041 GeV, obtenue
par un ajustement globale sur toutes les mesures éffectués au LEP est en trés bon
accord avec les mesures directes, ce qui montre q’on est aussi en accord avec les
predictions du Modele Standard.

Avec un ajustement globale qui contient aussi la masse du W mesurée 4 LEP2 &, /5 =
161 GeV et /s = 172 GeV (résultats publiés) (My = 80.75732%(exp.) + 0.03(LEP)
GeV), et le résultat de la mesure de la masse du quark top [11, 12] on peut contraindre
la masse du boson de Higgs du Modele Standard & la valeur:

My = 1157328 GeV

Avec les mémes données une limite supérieure au 95 % de niveau de confidence est
fixée pour la masse du Higgs & My < 420 GeV.

Des nouveaux résultats sont mainteinant disponible depuis quelques mois: la nouvelle
mesure de la mass du W & 183 GeV (pas encore publiée), une grande amélioration
vient de nouveaux calculs aux ordres supérieurs des corrections radiatives de la masse
du quark top et pour finir la nouvelle mesure préliminaire de sin29f;}’;f = 0.23084 +
0.00035 de SLD [96]. En utilisant ces nouveaux résultats dans le fit la limite supérieure
de la masse du Higgs au 95 % de niveau de confidence est fixée & My < 215 GeV
(PRELIMINAIRE) [95]. Ce resultat est montré dans la Figure 9.13.



Chapter 2
Introduction

The Physics of Elementary Particles studies the point-like constituents of matter
and their fundamental interactions. In the last twenty years, big progress has been
made in the understanding and unification of the fundamental forces of the nature:
gravitational, electromagnetic, weak and strong. The progress is related to the un-
derstanding of invariance properties of the interactions and a fundamental role is
played by the local gauge invariance.

In 1961 Glashow suggested a scheme in which the electromagnetic and weak interac-
tions were unified, the electroweak theory. This theory was completed by Weinberg
and Salam in 1970. The theory is based on the local gauge invariance SU(2) ® U(1)
of the electroweak interactions and on the existence of a neutral, scalar particle, the
Higgs boson, which with the spontaneous breaking of the symmetry mechanism, al-
lows the generation of the masses of the particles.

At the same time gauge theories were extended to the strong interactions: the
quarks are the elementary constituents of the hadrons and a new gauge theory de-
scribes the interactions between quarks. The quarks have a new “charge”, the colour,
which gave the name to the theory: Quantum Chromodinamics (QCD) built on the
local gauge invariance of the strong interaction Lagrangian under the group SU¢(3).
The electroweak theory and QCD form together the Standard Model.

Many predictions of the Standard Model, in the electroweak field, have been verified
by different experiments, for example the observation of neutral currents and by the
discovery of the vector bosons W* and Z° in the UA1 and UA2 experiments at
CERN. At LEP we have performed very precise measurements of the electroweak
parameters.

Even if the agreement between experimental results and the predictions of the Stan-
dard Model theory is very good, this model is considered as an intermediate step
towards a more complete theory. There is, in fact in the theory, a large number of
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parameters, which must be determined experimentally.

For this reason several extensions of the model have been developed, which contain
the Standard Model as a low energy approximation.

The high precision measurements obtained at LEP allow the determination of the
Standard Model parameters and exclude for the moment new physics beyond it.
The characteristic of LEP is in the fact that the e*e~ annihilation is an interaction
between elementary particles, quantum numbers and the centre-of-mass energy are
known and there are no spectator particles which make the situation obscure. There-
fore the electroweak processes can be studied in a very “clean” environment.

In the first phase, started in 1989, at the centre-of-mass-energy /s = Mz ~ 4
millions of Z decays were collected by each of the four LEP experiments ALEPH,
DELPHI, L3, OPAL, which has allowed the precise measurement of the mass of the
Z and of its coupling to quarks and leptons and the determination of the number of
generations by counting the number of light neutrinos.

After the first phase of LEP, the second phase LEP2 has started with the aim of
exploring the higher centre-of mass energies until /s ~ 200 GeV. One of the most
important goal of this second phase is the determination of the W mass. The inter-
est in such a measurement is that the radiative corrections of the Standard Model
depend on My and on the Higgs mass, not yet observed. A precise determination of
the W mass would put a strong constraint on the Higgs mass. Moreover since with a
global fit of the electroweak measurements an indirect measurement of the W mass
is possible, a direct determination of this mass, not in agreement with the indirect
measurement, could evidentiate possible deviations from the Standard Model.

At LEP the W bosons are produced in pair in the annihilation process ete~ —
W*W~; each pair can decay in a quark anti-quark pair (W — ¢¢'), or in a lep-
ton neutrino pair (W — lv), with three possible final states: WYW~ — ¢¢'¢"q",
WHW~= — q@'lv, WTW~ — lvlv. The measurement of the W mass at LEP can
be done in different ways, two are the most accurate: the direct reconstruction
from the decay products or the measurement of the cross section at threshold which
depends on My, .

In this thesis the first Chapter is dedicated to a description of the Standard Model;
the theory of the interaction ete™ — W*W ™ is presented in Chapter 2. In the third
Chapter a detailed description of the L3 experiment is done and in the Chapter 4
we present the calibration of the electromagnetic L3 calorimeter. The Chapter 5 is
devoted to a description of the analysis in particular to the selection for W events. Fi-
nally, in the Chapter 6 and 7 the results for the W cross sections and for the W mass
and width with the two different methods, with the data collected at LEP in 1996
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and 1997, are presented. Finally a global fit of all precise data on the electroweak
sector will give the upper limit of the Higgs mass obtained today.
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Chapter 3

The Standard Model.

3.1 Introduction.

Before the seventies the weak interactions were described by the Fermi Lagrangian

as a current current interaction:

G (87
S5 @) 4(a) (3.1)

where G is the Fermi constant. The current has a V-A structure, for leptons it is

Lp =

J¥(z) = U(z)7*(1 = 7°)re(z). (3.2)

This theory contained only charged currents and it is not renormalisable. Even the
introduction of a massive vector boson, mediator of the interaction, in the propaga-
tor, could not solve the renormalisation problem.

In 1968 Weinberg and Salam constructed independently a theory of local gauge in-
variance [3]. By imposing to the Lagrangian a local gauge symmetry, relative to the
groups SU(2), ® U(1)y, the electromagnetic and the weak interactions are unified.
Today the strong, weak and electromagnetic interactions between particles are de-
scribed by the gauge symmetries SU(3)¢ ® SU(2), ® U(1)y (Standard Model) [1].
This means that the Lagrangian is invariant under a local gauge transformation

Y (z) — explici(z) R} () (3.3)
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where o;(x) are real numbers in space-time and R’ are the generators of the group.
The group SU(3)¢ characterises the interactions between quarks which have a colour
charge “C” (QCD Quantum ChromoDinamics). The SU(3) group is a non-Abelian
group, it has eight generators which do not commute. The gauge fields responsible
of the strong interaction are eight vector, coloured fields: the gluons. The gluons
interact with the quarks and also between themselves, i.e. in QCD, because of the
non-Abelian nature of the group, there exists a triple gluon vertex whereas there is
no triple photon vertex in the Abelian QED theory.

The unified electroweak interactions have a more complicated group structure, SU(2)y, ® U(1)y.
Only left-handed fermions interact with the gauge fields of SU(2) (SU(2)p). This
group has three generators, Ty, T5, T3, called weak isospin. The electromagnetic
interaction is characterised by the Abelian group U(1) whose generator is the hyper-
charge Y.

The left-handed fermions form SU(2);, doublets while the right-handed fermions are
represented by singlets. All the fermions, doublets or singlets, are eigenstates of the
group U(1)y, where the weak hypercharge, Y, satisfies the relation:

Q=T+ %Y (3.4)

We know three families of fermions described in table 3.1. In SU(2), ® U(1)y there

Symbol | Q T35 | mass (GeV)

First family | v, 0 1/2 | <1.8-1078

e 1 |-1/2 | 0.000511

u 2/3 | 1/2 | ~0.005

d 1/3 | -1/2 | ~ 0.007
Second family | v, 0 1/2 | <25-107*

u 1 |-1/20.106

c 2/3 |1/2 |~ 15

s 1/3 | -1/2 | ~ 0.150
Third family | v, 0 1/2 | <0.035

. 1 |-1/2] 1.784

t 2/3 |1/2 | ~ 175

b -1/3|-1/2 | ~5

Table 3.1: Known fermion families.

are four gauge fields W;}’ Wi, Wj, B, related to four vector bosons mediators of
the electroweak interactions: the photon and the massive bosons W+ and Z°. The
W#* and Z acquire a mass by the Higgs mechanism [6].
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The first success of the Glashow-Weinberg-Salam model was the observation of neu-
tral currents in 1972 [4]. The W* and Z bosons have been discovered in 1982 at the

CERN SPS operated as pp collider [5].

3.2 The Lagrangian of the SM and the Higgs mech-
anism.

The Lagrangian density of the Standard Model can be divided in the following parts:

ESM = Efields + ‘Cfermions + £Yukawa + EHiggs (35)

Lyieiqs introduce the kinetic energy and the interaction of the gauge fields. L ermions
accounts for the kinetic energy of the fermions and for their interaction with the
gauge boson fields. The last two terms, Lyukawe and Lpiggs, are introduced to give
masses to the fermions and to the bosons.

The term of the Lagrangian accounting for the scalar Higgs field ¢ is written:

Ltriggs = (Du®) (D"®) ~ V(@) (3.6)

where D, is the covariant derivative, chosen to preserve the local gauge invariance
by the introduction of gauge fields, B, and W,’i, associated respectively to the group
U(].)Y and SU(?)L

D, = 0, +igY B, + ig ,W, (3.7)

There is one coupling constant for each group, g and ¢', for SU(2);, and U(1)y re-
spectively. The minimal choice for the Higgs field is a doublet complex field & of
hypercharge Y=1,

o+ (Z)
&(7) = . 3.8
(@ ( ®0(z) ) (3:8)
The potential of the interaction of the scalar field with itself, the Higgs potential, is

written:

A
V(@) = 7(22)? — y*(2'9) (3.9)
It is chosen such as to ensure the spontaneous symmetry breaking. In order to gen-

erate masses it is necessary to have minima of the potential different from zero, thus
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requiring A > 0 and p? > 0. The minimum is

20 0P
|®® = =570 (3.10)

and represents the mean value | < ®? > |2 of the field in the vacuum. In perturbation
theory the fields are expanded around the mean value in the vacuum.

0
<I>0=<<I>>=(v/\/§) (3.11)

and the field ® is parametrised as:

o * (%)
(@) = ( 2 (v + H(Z) + ix(2)) ) (3.12)

where the fields ®(&), H(Z) and x(Z) are equal to zero in the vacuum. The three
degrees of freedom associated to the complex field ®(Z) and to the real one x(Z)
(Goldstone bosons) are not physical and can be eliminated with a good choice of the
gauge. The real scalar field H(Z) describe the physics degree of freedom associated
to the Higgs boson.

By choosing a point for the expansion of the Higgs field the SU(2), ® U(1)y symme-
try breaks down. The only residual symmetry is the one associated to the subgroup
U(1)em because its generator, the charge @, is the only combination of the generators
of the group SU(2)L, ® U(1)y which cancel the mean value of the field in the vacuum:

1
Q<d>= T3+ 5Y) <®>=0. (3.13)

The mean value of the scalar field < & > generates a mass for the gauge fields; when
writing the expression of the scalar field ® (Equation 3.12) in Equation 3.6, one mass
term appears for the gauge bosons:

ity _ L (lgv)2 (w7 + (w2)?) +

Higgs 2\2
2

11y —94' w3
- (—v) woe ey [ 9 799 " (3.14)
2\2 —g gl g/2 B,u
This corresponds, after the diagonalization of the matrix, to the transformation of
the fields Wu and B, into experimentally measurable particle fields, two charged ones
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Wi =

: %(W; FiW?) (3.15)

and two neutral ones

Z, _ co§0w sinfw w} . (3.17)
A, —sinfy cosOw B,
The field A, is massless and is identified with the photon. The neutral gauge fields

Wj and B, are mixed by the electroweak mixing angle, fy,, which satisfies the fol-

lowing relation:

cosby = S — (3.18)

VE

By identifying the coupling of the photonic field A, with the electric charge e, one

can write

J9 (3.19)

IRGETE

which means
gsinfy = g'cosby = e. (3.20)

The ratio of the W and Z boson masses is expressed as a function of the electroweak

mixing angle:

Mw
M, cosy . (3.21)

The Equation 3.21 is valid only in the model described here, the so called minimal
Standard Model, with only one doublet of scalar fields.

3.3 The parameters of the Standard Model.

The Standard Model depends on the following parameters:
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e the fermion masses, my;

e the quark mixing angles defined by the Cabibbo-Kobayashi-Maskawa matrix
[22];

the gauge coupling constants, g and ¢’ which can be measured by the boson
masses Myw, Mz and by the fine structure constant, «;

the QCD coupling constant, as(Myz);

the Higgs boson mass, my.

The Z mass has been measured at LEP with a precision of 2 x 1075 (mz = 91.1867+
0.0020 GeV) and the fine structure constant o has been measured in the quantum
Hall effect with a precision of 5 x 1077 [7].

i— = ? = 137.035989 + 0.000061 (3.22)
The W mass is not known with high precision, therefore the parameters of the SM
can be derived from a different measurement, the Fermi constant G, accurately
measured in the muon decay
V2g*
8Mg,
The Higgs boson has not yet been observed. Direct searches exclude a mass lower
than 87.6 GeV [8]. The theory requires an Higgs boson mass smaller than 1 TeV
[9, 10].
The top quark has been discovered at Fermilab by CDF and D@. The mass obtained
averaging the results of the two experiments is [11, 12, 95]:

G, = = (1.16639 £ 0.00002) - 1075 GeV 2, (3.23)

m; = 174.14 5.4 GeV. (3.24)

3.4 Radiative corrections.

To test the Standard Model we need not only the first order of perturbative cal-
culations, the Born term, but also the higher orders. These calculations can be
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subdivided in:

1. The QED corrections: real and virtual photon emission and fermion loops
in the photon propagator. These corrections are big at the LEP energies and
contain diagrams with radiation of real bremsstrahlung photons which can be
explicitly measured in the final state. The most important QED corrections
diagrams, for the process ete™ — e*e™, are illustrated in Figure 3.1.

2. The electroweak corrections. These include the one loop corrections on the Z
propagator and vertex. They depend on the top and Higgs mass.

The QED corrections and the purely weak ones are treated separately since the purely
weak corrections include only the one loop corrections leading only to two-body fi-
nal states. These corrections can be separated into radiative corrections, propagator
corrections, vertex corrections and box diagrams. The vertex and propagator cor-
rections are shown in Figure 3.2. The propagator corrections can be absorbed in
the electromagnetic and weak coupling constants which become running coupling
constants as function of s, a(s), and gz(s) where gz = /g2 + g2. Around the Z
pole, these modifications consist in

(0%
a— a(M2) = T Aa (3.25)
(9—2)2—)\/56’ Mr = Va6, Mi—— (3.26)
9 utz u Z]. — Ar .

where Ar contains the contribution of the radiative corrections to the ratio between
the amplitudes of neutral and charged current.

3.5 The crosssectionofete™ — Z — ff at LEP1.

Around the Z peak the most important part of the radiative corrections, related to
the process ete™ — ff, can be included in the so called Improved Born Approx-
imation. One uses the Born matrix elements, but the following substitutions are

introduced:



22 Chapter 3. The Standard Model.

+ Y +
e ,—,J_I‘F‘ e
>V\MA/< Bremsstrahlung Correction
e’ e
e’ e’
Propagator Correction
e e’
e’ e’
Vertex Correction
e e’

Figure 3.1: The most important QED correction diagrams.
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Propagator Corrections

Y A —> ’\/\N\@V\/\N : o — afs)

%92 —>  gis)
I—ZMZ —> 5/M12 MM,

v—Z S @ I osin’d —  sin®@

A
l
A
U

Figure 3.2: The propagator electroweak corrections and vertex correction dia-
grams.




24 Chapter 3. The Standard Model.

a — Ol(Mz)
vy — ’ljf
ag — (_Lf
Mzl'yz — Ms%—MZFZ

Where vy and ay are the axial and vector couplings describing the vertex between

the Z and two fermions.
(v — agy°)* (3.27)

_ ol/4 _ g _
where a; = 24, /G, M;Ts; = ooty 13f = Seostrcsimi 131

and vy = ——_20030v[fsinaw (T3f - 2QSZTL20W)

The Z cross section at LEP: efe™ — Z — ff, can be written in a form similar
to the one obtained in the Born approximation.

127 s 4ra’(s
oli(s) = 313 e 33( )N, (14 < &hep >) (3.28)
Z(s— M3+ (3%) I3
Mz, o
Ty = Neg - (a5 + 03) (1 + 60p) (1 + 8h5p) (3.29)
q Qs a2 as\3 .
< Shep >= 2 +1.409 (?) _ 1238 <?) ~0.041  with a, = 0.125 (3.30)
3a
bqen = 1= = 0.0017 (3.31)

dgep and dgep represent the QED and QCD corrections to the final state. The
QCD factor has to be applied only for the quarks.

3.6 Forward-backward asymmetry at the Z peak.

In measuring the polar angle (#) distribution of a fermion, in the channel ete~ — ff,
the forward-backward asymmetry is defined as:

' o dcost — [°, -2 dcosh

Afb — 20 dcosf 1 dcosf (332)

Otot
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At the Z peak, without taking into account the contribution of the photon exchange

we obtain:
3Veacvray 3
A = =-AA 3.33
fo (vZ + ag)(v? + af:) 4 f (3.33)
2uray

The measurement of Ay, allows to determine the ratio of the coupling constants while
the partial width T'y; gives a? + v? (3.29).

3.7 Fit of the Standard Model parameters.

The electroweak parameters can be determined using measurements from different
experiments. At LEP, we measure the cross sections for the charged lepton chan-
nels, o(ete” — I*17) (I = e, u,7) and for the hadronic final states o(ete™ — ¢q).
Forward-backward asymmetries are also measured separately for all charged leptons.
The measurement of the helicity of the 7 lepton allows also the determination of
A,. For the b and c quarks, the ratios, R, = I'y/Theq and R, = I'./Th4q, and the
forward-backward asymmetry at the Z pole, A%y, A% are measured.

The SLD collaboration measure e*e~™ — Z — ff with polarised beams. They have
similar measurements as LEP, but they measure also the left-right asymmetry which
gives the single most accurate value of the effective electroweak mixing angle [13, 14].
In fact, because of the polarised electron beam, they can measure directly A;r which
is extremely sensitive to sin?6y, and insensitive to QED radiative corrections.

The electroweak mixing angle is also measured by v N experiments [15, 17].
Measurements of the W mass were performed at pp collider at CDF and D@ exper-
iments (Mw = 80.41 £ 0.09 GeV) [18] where they measure also the top quark mass
(M = 1741 £ 5.4 GeV) [11, 12, 95].

We can perform a fit of the Standard Model, included in an analytical program
ZFITTER [19]. Different kinds of fits can be done. We perform here, as an example,
a fit to all the measurements listed in table 3.2 leaving as free parameters o, Mtop,
My and My . A fit can also be done fixing the value of the quark top mass to its
measured value. The results of table 3.3 are obtained.

The value of the strong coupling constant obtained from the fit is in excellent agree-
ment with the world average a;(M%) = 0.118 4 0.003 and is of similar precision.
The values of the W mass and of the top mass obtained from the fit are in excellent
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agreement with the direct measurement from CDF and D@. This constitutes a test
of the validity of electroweak corrections of the Standard Model. From the fit of
all the electroweak measurements listed in table 3.2, excluding My and Miep, the

following W mass can be extracted:

My T A9 80329 4 0.041 GeV [21]. (3.35)

3.8 The W mass as a test of the Standard Model.

In the Standard Model the mass of the W is correlated to the top mass and to the
Higgs mass. The values (1997) measured at pp colliders are compared with the pre-
dictions of the Standard Model. The Figure 3.3 shows the W mass as function of the
top mass for different values of the Higgs mass. The width of the bands takes into
account the uncertainty on a(M32).

The direct measurements are in agreement with the prediction of the Standard
Model if the Higgs has a low value.
The Figure 3.4 shows sin?65}’ as function of the W mass, each variable with a scale
corresponding to the precision achieved today. The plot shows the result of the
Standard Model fit for 39% (1o dashed line), 68 % (black line) and 95 % (grey line)
probability. Looking at the band which represents the variation of the Higgs mass,
one can see that sin29§5f is more effective than the W mass for determining the Higgs
mass. To obtain a constraint from My similar to the one of sin265}/, the error on
the W mass has to be reduced by a factor 3 or 4.
The measurements of sz’n29§(:f and My, are two different measurements of the mixing
angle of the electroweak interactions in the Standard Model, sin20§[ff measures the
couplings (£ =1 — 45in26%}7), while My, the mixing of the masses (cosfy = MA%)
The comparison of these two measurements allows to test the Standard Model and
to discover a possible breaking of the symmetry. One could imagine that, with a
smaller error on the W mass, the value of the mixing angle would be different from
the one predicted by sin26/7.
The precision on the measurement of the electroweak coupling constant a(M2) intro-
duces also an error on the prediction of the Standard Model. Its order of magnitude
is indicated by the arrow on the left of Figure 3.4. The arrow is almost parallel to
the variation of the Higgs mass, indicating that the uncertainty on «(M2) has an
influence on the Higgs mass prediction. The main contribution to the error on a(M2)
comes from its calculation at a value s = M2 # 0. In particular the calculation needs
the cross section at low energy of e*e™ — hadrons which has a large experimental
error. These measurements will be repeated at BES (Beijing).
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Figure 3.4: Comparison of the measurements of sz’nzeaj;f and My for different
values of My and m;. The value of the My, = 80.41 + 0.09 GeV is the world
average in 1997 of the measurements at the pp colliders.
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Measurement with total error

Systematic error

Standard Model

a(M2) 128.896 &+ 0.090 0.083 128.898
a)LEP

Z lineshape and

lepton asymmetries

Mz (GeV) 91.1867 % 0.0020 0.0015 91.1866
['z(GeV) 2.4948 £+ 0.0025 0.0015 2.4966
o9 4(nb) 41.486 + 0.053 0.052 41.467
R, 20.775 £ 0.027 0.024 20.756
A% 0.0171 +0.0010 0.0007 0.0162
T polarisation

A, 0.1411 £ 0.0064 0.0040 0.1470
A, 0.1399 £+ 0.0073 0.0020 0.1470
b and c quark

results RY 0.2175 £ 0.0009 0.0007 0.2158
R? 0.1727 £ 0.0050 0.0038 0.1723
A% 0.0997 £ 0.0022 0.0010 0.1031

A¥S 0.0739 £ 0.0048 0.0025 0.0736
qq charge asymmetry

sin®0,F; (Qrp) 0.2322 + 0.0010 0.0008 0.23152
b) SLD

sinzeiicp;(ALR) 0.23084 £ 0.00035 0.00014 0.23152
R) 0.2158 £+ 0.0029 0.0017 0.2158
RY 0.1810 + 0.0145 0.0079 0.1723
Ay 0.900 £ 0.050 0.031 0.935

A 0.650 £ 0.058 0.029 0.668

c)pp and vN

My (GeV) (pp) 80.41 £ 0.09 0.07 80.375
1 —m2,/m% (vN) 0.2254 + 0.0037 0.0023 0.2231
my (GeV) (pp) 1741+ 5.4 4.2 173.1

Table 3.2: The measurements included in the combined analysis of SM param-

eters.

The total error in column 2 contains the systematic errors listed in

column 3. The Standard Model predictions, in column 4, are calculated with

the central values of the parameters a;, m;, My obtained by the fit.

The

systematic error on Mz and I'z contains the error arising from the uncertainty

in the LEP energy.
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Parameters | Results of the fit

o, (M2) 0.120 £ 0.003
my 1571_50
My 41%81

My (GeV) 80.329 + 0.041
x?/DoF 14/12

Derived quantities
sin®6,Ff | 0.23153 £ 0.00023
1 —m?,/m% | 0.2240 + 0.0008

Table 3.3: Results for a,(M%), mi, My and My from the fit to the elec-
troweak data. The results when excluding m; and My are shown. The bot-
tom part shows the results for sinZOi'}pft and 1 — m%,/m%. The value of a;, is
in agreement with the world average a,;(M3) = 0.118 £ 0.003 [20]. The value
of Mw and mi., are in agreement with the values measured at pp colliders

Mw = 80.41 £ 0.09 GeV and 174.1 + 5.4 GeV respectively.



Chapter 4

Physics of the W boson at LEP.

4.1 Introduction.

At LEP1 the measurements of the Z boson parameters (mass, total and partial
widths) have been performed with high statistical precision and with very small
systematic uncertainties. All the results were in excellent agreement with the pre-
dictions of the Standard Model.

One of the main goal of LEP2 is the measurement of the parameters of the W boson:
its mass, width and its couplings to different quark flavours. Until 1996 the pro-
duction of the W boson was studied only at hadron colliders (CERN in the eighties
[23] and then TEVATRON [18]). The production of the W boson at pp colliders
occurs via the reaction pp — W*X. Because of the high background of multi-jets
channels produced in the strong interactions, only the leptonic decays of the W are
available for the measurement of its mass. But the high statistics of W events allows
a measurement of the W mass which is at the moment the most precise. The aim of
LEP2 is a measurement of the W mass with a precision of about 30-40 MeV which
means a factor of 3 better than the precision obtained presently at pp colliders. This
would put a stronger constraint on the Higgs boson mass. At LEP the situation is
completely different: W’s are produced in pairs in the reaction ete~ — W+W-.
All the final states of the W decays can be identified. The W events can be classified

in three channels:
o WHW~ = qf'¢"q7" hadronic;

e WTW~ — q7'ly, where l = e, u, T semileptonic;
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o WTW~ — lyly, where | = e, u, T leptonic.

From now on we will indicate the three decay channels simply as qqqq, qqlv and lviv.
From the decay products, the W can be reconstructed and the mass can be mea-
sured [24, 26]. The mass measurement needs high statistics which is possible only
at energies where the cross section is high well above the threshold energy. There is
also the possibility to determine the W mass from the measurement of the W cross
section near the threshold energy (/s ~ 2My ) [24, 26, 27].

Another important aspect of W pair production at LEP2 is the information that
can be obtained on the triple gauge-boson coupling characteristic of the non-Abelian
SU(2)r, x U(1)y group of the electroweak gauge theory. At LEP1 this coupling en-
ters only as a loop correction while now it contributes directly to the tree-level cross
section.

All possible four fermions (ete™ — 4f) final states are divided in two classes:

1. Final states due to W*W ™, as for example (ete™ — WHW~ — [Tvi~D) are
called charged current CC-type final states.

2. Final states produced via a pair of two virtual neutral vector bosons as for
example (ete™ — ZZ — I*~vp) are called NC-type.

In this Chapter the phenomenology of W boson production will be described [38]
starting from the lowest order calculations with the W’s produced on-shell and a
width equal to zero, then the off-shell production of W’s with the normal width of
2.067 + 0.021 GeV (Standard Model prediction) will be described. This consists in
the study of the process ete™ — 4 fermions, at the lowest order, with two resonant
W’s, with only three diagrams contributing. Finally there will be a description of
all the diagrams contributing to the 4f cross section always at the lowest order. At
the end of the introduction of the radiative corrections will be described.

4.1.1 Lowest order on-shell W production.

The production of W boson via the process ete™ — W*TW ™, neglecting the decay of
the W’s is calculated in the Standard Model. Three diagrams contribute at the lowest
order as shown in Figure 4.1: the photon and Z boson exchange in the s channel
and the neutrino exchange in the ¢ channel. The ¢ channel gives a contribution only
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Figure 4.1: Lowest order contributions to the process ete™ — W+tw-—.

for left-handed electrons, while the s channel, which contains the triple gauge-boson
couplings, contributes for both electron helicities.

The helicity amplitudes for the W pair production is M(k, Ay, A_, s,t) where & is
the helicity of the electron, which is opposite to the helicity of the positron: k_ =
K4+ = K. A are the helicities of the two W’s and s and ¢ are the Mandelstam variables

5= (p +p-)? = (ky +k_)? = 4BL,,,,
t= (p+ - k+)2 = (p— - k—)2 = _El?eam(l + 162 - 2/36030)

where p and k are the momenta of the electron and positron and of the W’s, re-
spectively, in the centre-of-mass system of the ete™ pair, 0 is the scattering angle
between et and W+ and § the velocity of the W boson 8 = (1 — ‘ﬁ:“i)l/ 2,

The CP invariance implies that:

Mk, A, Aoy s,t) = M(k,—A_, =X, 8, t). (4.1)
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Therefore in the SM there are only 12 independent helicity matrix elements.
The differential cross section for unpolarised beams, and unpolarised W bosons is:

do\ B 1 2
<E> " 64n2s K,A%_ g | M AL (4.2

The matrix element for the on-shell W production, at the lowest order, is:

K 1 Cw 1
MBorn(K: )\+, - S, t) M 5 + 6 g - S—Q:;ezs——@ 2(M§ — MgI43)
where d,- = 1 for left-handed electrons and d,- = 0 for right-handed electrons,

Koo sw _§ ___1
Goez = & O 5swen 1S the Z boson-fermion couplings and

M = 0(py)eq (ki A1) (kg — py)e— (b, A )wiu(p-),
M5 = 0(py) B55= ey (b, Ap) - e (b, M) wru(p-),

M5 = 0(ps) (e (b, Ap)[e- (b=, A2) - by ] — e (ko A) ey (ks At) - k-])weu(p-)

where e, are the polarisation vectors for the W+ and W~ boson. The total cross
section for the process ete™ — W*W™ can be written as (Eq. 4.4):

na?f 2m%, 2mW 1+8, 5
- 1 _2
T Z Gsintgys 1T Igin—p) -3+
2 2 2 2
m%(1 — 2sin*6y) 1. 144 s 5 miyy,
2 pXk _2 _Mw
(s —m%) [ ( : ),Hl (1— )= 12m%, 3 s I+
4 (Qaind 2 2
m7(8sin*by — 4sin 9W + l)ﬂ s s
2 12]s}. 4.4
48(s — m%)? [m%,[, + Om%V +12]s} (4.4)

This cross section as function of the centre of mass energy is shown in Fig. 4.2 with
a continuous line.

The cross section increases very rapidly at the threshold value /s = 2My and
reaches about 20 pb at its peak [38]. It is approximately constant in the high centre
of mass energy region. The contribution of the ¢ channel is dominant in the threshold
region. Here the cross section is not sensitive to the triple gauge-boson coupling.
The threshold behaviour determines the W mass from the measurement of the cross
section at a single energy point near the threshold. At high energies the behaviour
of the cross section as function of the centre of mass energy is obtained by gauge
cancellations. In fact the contribution of the ¢ channel grows rapidly with the energy
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Figure 4.2: Total cross section of the process ete™ — WTW ™ as function of
v/s. The index CCO03 indicates that only the three lowest order diagrams are
taken into account.
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and can violate the unitarity. In the Standard Model the ¢ channel amplitude is
compensated by the contributions of the 7 and Z exchanges in the s channel whose
coefficients are such that the cross section decreases with the energy.

4.1.2 Lowest order off-shell W production.

The production of two W bosons and their decay in two fermions, with non zero
width, is described, at the lowest order (“CC03”) by the three diagrams shown in
Figure 4.1. To take into account the W width, in the calculation of the cross section,
a semi-analytical approach or a Monte-Carlo method are necessary. In the semi-
analytical method the total cross section at the lowest order is written as a double
integral over the W masses [26, 28]:

/(\/5—\/5)

s 2
0%5‘7”‘6”’3”"(5) :/0 ds1p(s1) A d32p(32)03[,w(s;31,32) (4.5)

where ol (s; s1, S2) is the on-shell cross section, which can be calculated analyt-
ically, for the production of two W’s, of mass s; and sy, at the lowest order; and
p(s) is the Breit-Wigner function for the propagator of the resonant diagrams. The
propagator is written as [26, 29]:

1 FW S
== 4.
P) = = 3 (s = MB)E % 5710, /T (46)

The W width is a function of s

S

= 3z Tw i) (4.7)

Ly (s)
the energy dependence can be approximated by

1 My Tw

-l i — 4.8
T (s — My )? + M3 T% (48)

ﬁ:

where [26, 30]

My = My — 30 = My — 26.9 MeV and
Ty =Tw — 35 =Ty — 0.7 MeV.
w
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These relations are derived from the equivalence

(s — M2, + iMwTw) = (s — MZ +isT'w /Mw) /(1 + iTw /Mw). (4.9)

In the second method, the cross section is calculated by a Monte Carlo integration.
This allows the calculation of the differential and the total cross sections and gives
the full kinematics for the particles in the final state. In this method one can also
include the detector information and test different techniques of analysis. Two Monte
Carlo programs have been chosen to perform the evaluation of the efficiency for the
different channels: EXCALIBUR [32] and KORALW ([31].

4.1.3 Four fermion production including diagrams beyond
the “CCO03” set.

The decay of two W produce a final state with four fermions. But more than hundred
diagrams [33, 34], with the same initial and final state but different intermediate
states, contribute to W boson off-shell production. For example for the channel
ete” — qgev twenty diagrams give a contribution (see Figure 4.3). These diagrams
interfere with the CC03 contributions. The analysis of the events is done using
the Monte Carlo programs, EXCALIBUR, which contains all the diagrams, and
KORALW which contains only the CC03 graphs. Using EXCALIBUR one can switch
on or off the contribution of the non resonant diagrams. The effect of the non
resonant diagrams (graphs 4-20) is more important when, in the final state, there
are one fermion and one anti-fermion with the same flavour, in this case diagrams
with photons or with a Z resonant in the s channel are important. In the case
in which one W decays into electron and neutrino it is necessary to introduce the
diffusion diagrams in the ¢ channel (graphs 11-20 Figure 4.3). The importance of the
non resonant diagrams is more concentrated in certain regions of the phase-space so,
for this reason their contribution to the cross section has to be calculated after the

application of the selection cuts.

4.2 Radiative corrections.

The complete radiative electroweak O(a) corrections, for the production of two W’s
on-shell, have been calculated independently by two groups: their results agree, for
the unpolarised case, at the per-mill level [35, 36]. The calculation of the complete
one loop radiative corrections to the off-shell case and to the four fermion process
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is very complicated and then it has not yet been done. The importance of the
non calculated radiative correction to the off-shell case and to the four fermion

production is estimated using the on-shell calculations.

4.2.1 Initial state radiation (ISR).

The most important correction to the cross section is initial state radiation, the radi-
ation of one or more photons by the incoming electrons. The effective centre of mass
energy is lowered by the photon emission and therefore the cross section is changed.
The standard approach, for most of the analytical programs (for example GENTLE
[39]), is to multiply the cross section by a radiation function F(s'):

s (V5—/51)? s ds'
of f—shell, ISR _ / d / d /
W (s) , dsip(s1) | s2p(s2) A
'

F(1- Sg,s)ao(s'; S1, 82) (4.10)

This multiplicative factor includes the leading log terms which take into account the
emission of photons collinear to the incoming electrons. The multiplicative correction
is only applicable to the diagrams in the s channel and not to the ¢ channel diagrams
because the ¢ channel diagram involves a non-conserved charge flow in the initial
state: to avoid the divergences it would be necessary to calculate also the emission
of photons from the W’s in the final state; these corrections have not been calculated.
A way out is the approximation of the so called current splitting technique [37],
which consists in the splitting of the neutral neutrino in the ¢ channel into two
oppositely flowing leptons of charge one. One of them is attributed to the initial
state to build a continuous flow of charge, the other is attributed to the final state.
Moreover this approximation does not take into account the non-leading photonic
corrections, for example photons radiated by an intermediate state like a W. The
order of magnitude of the non leading ISR corrections has been estimated, from
the comparison between the off-shell case and the on-shell one, for which these
corrections have been calculated, to be about 2% [38]. This is the major uncertainty
coming from the theory for the cross section calculations.

Monte Carlo techniques adopts a different way to implement leading log corrections.
One method, used for example in KORALW, is to solve the evolution equations
for the structure functions numerically using techniques known from parton shower
algorithms. In this way soft photon exponentiation and resummation of the leading
logarithms from multiple hard-photon emission are automatically taken into account.
The precision of this method is limited because the corrections of the order O(«) are
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not totally present and it is estimated to be 2%, i.e. the same order of magnitude
of the analytical calculation. The cross section calculated by KORALW is in fact in
agreement with the one calculated by GENTLE within this limit.

4.2.2 Other radiative corrections.

The electroweak corrections to the cross section for W production are related to the
value of the W mass. In the “G), scheme”, which uses as parameters My, G, and
M, the dependence of the cross section on the mass of the top quark is very weak
[43] because of the re-absorption of some radiative corrections into the value of the
W mass. In this scheme the WW cross section and all the other observables are
calculated in terms of the W mass which is predicted using G, as input.

The W cross section is sensitive to the value of the Higgs mass because of the ra-
diative corrections associated to the Yukawa interaction between the two W’s [44].
Because of the low velocity of the W’s the effect is more important at the threshold
energy, as for the Coulomb singularity. A change of the Higgs mass from 300 GeV to
60 GeV causes an increase of the W cross section of 0.9 %. For Higgs masses bigger
than 300 GeV no variation of the W cross section are observed.

The QCD corrections are taken into account in calculating the W width:

2
T'w = E—Q%GMMSV (1 + ———20‘3(32:“) ) : (4.11)
Another correction which can be important is the “colour reconnection” in the four
jets final state ete™ — ¢gqq@. This effect has been studied with different models and
can influence the mass distribution of the pairs of the two reconstructed jet, and
therefore introduce systematic effects in the mass reconstruction. The effect of the
colour reconnection on the cross section measurements is expected to be of the order
of 1073 [45, 46].

The total theoretical error on the calculation of the W total cross section is estimated
to be around 2% at threshold. The most important contribution to this error comes
from the O(a) radiative corrections associated to the initial state radiation.

4.3 Coulomb singularity.

The interaction between the two W’s in the final state must also be taken into
account. This effect is important at the threshold energy, divergent in the on-shell
case where the velocity of the W’s is limited. In the off-shell case the divergence
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is re-absorbed by the non zero width of the two W’s. At the lowest order this
correction increases the total WW cross section off-shell at threshold by 6% [40].
In comparison the higher orders give a contribution of only 0.2 % [41], and therefore
can be neglected.

The Coulomb singularity has an effect also on the kinematics of the final state of the
W decays [42], nevertheless the effect is small and can be neglected in the estimation

of the selection efficiency.

4.4 Bose-Einstein effects.

During the hadronization of the two W’s in the final state, some coherence effects
can be present, between identical low momentum mesons coming from different W’s.
The resulting effect on the measurement of the W mass is not yet clear. Since the
BE effect favours the production of identical bosons close together in phase-space,
we expect the softest particles from each W to be closer to each other than in the
absence of the BE effect. This reduces the momentum of the W’s and therefore
increases the measured W mass. An attempt to try to investigate this effect can
be done using the algorithm LUBOEI implemented in JETSET. This algorithm is
based on the assumption that BE effects are local in phase-space and do not change
the multiplicity of the events. Therefore a re-weighting of the events, with a BE
factor, is equivalent to a given shift of the momentum of the bosons produced in
the hadronization. One problem with this algorithm is that it does not conserve
energy and the momentum, so that this has to be done separately by rescaling all
the momenta in the event. So when the events are W*W ~, identical bosons within
each W are shifted closer to each other in phase-space giving an artificial negative
shift in the W mass. This shift has to be correct or shown to be negligible.

4.5 The angular distribution for ete™ — WTW .

In figure 4.4 the distribution of the differential cross-section as function of the W

polar angle is shown:

As can be seen the distribution is forward peaked, in particular it is peaked along
the initial charge direction, the W™ is preferentially emitted along the initial e*
direction. This is mainly due to the ¢ channel neutrino exchange graph, in which the
propagator of the neutrino leads the produced W along the direction of the initial
charge. Another remark is that this pole is more pronounced at higher energies,
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thus the distribution become more and more peaked in the forward region when the
energy increases. The study of the angular distribution of the produced W’s allows
for a separation of different states of helicity and can be used to measure the triple

gauge boson couplings.

4.6 Helicity properties of the W pairs.

The helicity of the W pairs produced at LEP, derives from the V-A structure of the W
coupling to leptons. The leptons are produced in pairs, and in the approximation m
= 0 they are longitudinally polarised. As we are working with vector and axial-vector
interactions, the scattering take place only if the helicity of the two interacting leptons
are opposite: which means that oy, = ogg = 0. The vertex evW of Figure 4.1 has
a V-A structure, and this graph gives a contribution only if the initial electron is left-
handed and the initial positron right-handed. In fact what happens is the following:
at high energies, the mass of Z boson plays no role, and thus instead of the exchange
of the particles Z and ~y, one can think in terms of the exchange of the W3 and B,
the gauge fields. Now, the W3 cross section contributes only to o r and cancels part
of the contribution to this cross section coming from the neutrino exchange. The B
cross section does not contribute at all because the gauge boson of U(1) does not
couple to the W boson. So the graphs for v and Z boson exchange nearly cancel
and the result is that ogr ~ 10720r. Thus the dominant helicity configuration is
the one shown in figure 4.5 (a). As the cross-section for W production is peaked in
the forward region, the figure 4.5 (b) shows the helicity configuration in this region.
Since the total spin of the two W’s is one the two possible configurations are the

following:
WA =+41),W (A=0) or WA =0),W (A= -1) (4.12)

This means that a non negligible fraction of the produced W’s are longitudinally

polarised.
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Figure 4.3: The twenty diagrams contributing to the process ete~ — ggev. 1-3
double resonant diagrams as in Figure 4.1. 4-16 s channel single resonant W
diagrams. 17-20 t channel (non-resonant). This Figure has been produced with
the GRACE program [34].




4.6. Helicity properties of the W pairs. 43

40 I I 1 I I I I T I I I 1 1 I 1 T I

do 35 S
deos # TN

[pb]

0 30 60 30 120 150 180
¢ []

Figure 4.4: Differential cross-section as function of the polar angle of the W+
for /s = 190 GeV. The dotted line corresponds to Born level, the dashed one
to G,-Born, and the solid line contains the full radiative electroweak O(a)
corrections.
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Figure 4.5: Dominant helicity configuration for the process ete™ — WtW—
(a). Helicity for the process ete™ — W1W ™ in the forward direction (b).




Chapter 5

The L3 detector.

5.1 LEP: Introduction.

LEP [50], Large Electron Positron collider, is an accelerator for electrons and positrons
built to study ete™ interactions at centre-of-mass energies between ~ 90 GeV and
200 GeV.
It has a circumference of about 27 Km. It has eight arcs and eight straight sections,
four of which contains the experiments ALEPH [51], DELPHI [52], L3 [49], OPAL
[53] (see Figure 5.1). From 1989 until 1995 LEP ran at energies around Z peak,
producing about four million Z bosons per experiment. In 1995 LEP had the first
high energy run at /s = 130 — 136 GeV. In 1996 it started to run at /s = 161 GeV
the threshold of the W boson production. Since then LEP runs at energies above
this threshold (at /s = 172 GeV in 1996 and at /s = 183 GeV in 1997) and has
produced about 1500 pairs of W bosons per experiment.
In table 5.1 the most important parameters of LEP are shown (referring to the status
of the accelerator in 1997).

A detailed description of the machine can be found in the reference [47].

5.1.1 Electron and positron beams and luminosity measure-

ment.

Positrons and electrons are injected in the machine at the energy of ~ 20 GeV. They
are grouped in four bunches circulating in opposite directions. When the ring is
filled, with about 5-10!! particle per bunch, the energy is increased to its final value.
In the four arcs of LEP, quadrupole magnets produce the bending of the beam and
maintain positrons and electrons on the orbit. Due to the bending, the particles
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Figure 5.1: The LEP collider and the four experimental points of LEP.

loose a part of their energy by synchrotron radiation. The energy loss depends on
the energy of the particles, Ejeem, and on the radius of the curvature, p, being
proportional to Ef,,./p [54]. The typical energy loss for an electron of 45 GeV is
0.1 GeV per revolution [55]. The energy loss is compensated by the radio-frequency
(RF) cavities, which accelerate the beams. When the beams are accelerated they are
kept separated using electrostatic separators, and after reaching the design energy
are placed on a common orbit. They are focused in the four interaction regions by
the superconducting quadrupole magnets. This is very important to increase the
luminosity.

The luminosity is the rate of interactions between electrons and positrons per unit of
cross section 0. In terms of the machine’s parameters the luminosity can be written

as:
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Circumference 26658.883 m
Frequency of the RF 352.20904 MHz
Total power of the RF 16 MW
Synchrotron radiation 260 MeV /turn
Time between two beam interactions | ~ 11us
Maximum luminosity 3103 ecm~2 572
Number of bunches per beam 4

Number of particles per bunch 41.6 x 1010

Mean life of the beams 8 hours

Error on the centre of mass energy ~ 50 MeV

Table 5.1: LEP parameters.

_ Ne—Ne"' Tp f

dno,oy, (5.1)

L

where N+ is the number of particles per bunch, n, the number of bunches per beam,
f the frequency of revolution and o, the semi-dispersions of the beams in the two
transverse directions which define the effective area of interaction. In the design of
LEP a luminosity of 1.7 - 103'em™2s7! at my was foreseen. N = L - o relates the
number of events observed in a given time, to the cross-section of the process.

At LEP the luminosity is measured, by the experiments themselves, using the Bhabha,
scattering ete™ — ete (). This process, at low scattering angles, is dominated by
the photon exchange in the ¢ channel and has a cross-section of about 88.5 nb. Since
it is a pure QED process its cross-section can be calculated with high precision
[56]. The actual theoretical uncertainty is 0.11% (~ 0.15% at LEP2). In L3 for
example, the scattered e* are measured in two calorimeters, luminosity monitors,
placed symmetrically with respect to the interaction point, covering the angular re-
gion 25 ~ (0,6 — m) ~ 70 mrad (Figure 5.2). A silicon tracker (SLUM) [57] is placed
in front of each BGO calorimeter. Each calorimeter is a matrix of 340 BGO crystals.
The energy resolution of the calorimeter is 2% at 45 GeV and the angular resolution
is 0.4 mrad in § and 0.5 mrad in ¢. The silicon detector has three layers: two layers
of strips concentric with the beam axis (r wafers + 2610 mm and + 2690 mm), to
measure 6 angle, and one layer with the strips perpendicular to beam axis (¢ wafers
+ 2650 mm) to measure the ¢ angle. The wafers have a very high intrinsic geomet-
rical precision (1-2 pm).

To avoid radiation damages, the two monitors are each divided in two halves, which
are separated during the filling of LEP and during the acceleration phase. They are
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Figure 5.2: View of the luminosity monitors and their position in the detector.

closed, and their separation is controlled with a precision of 10 ym, when the beams
are stable.

The differential cross section of the Bhabha scattering depends strongly on the angle
0 (like 6=*), therefore the measurement is sensitive to the definition of the minimum
angle of acceptance. To reduce the systematic error on the acceptance, due to un-
certainties on the position of the calorimeters and on the position of the interaction
point, an asymmetric criteria on the selection of the Bhabha events is used. In at
least one monitor the energy must be deposited at more than one crystal spacing
from the edge of the calorimeter. The luminosity is obtained by taking the mean of
the two samples of events obtained with the restriction of the fiducial volume in one
or the other calorimeter. The total systematic error on this measurement is 0.6 %
when using only the BGO calorimeter, and 0.15 % when using both the BGO and
the SLUM detector.
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5.1.2 Beam energy measurement.

Energy measurements.

One of the most important parameter to perform precise measurements of the W
mass is the energy of the beam. Different methods to determine the energy of the
beam are used at LEP [58].

e field display: this method uses a reference dipole magnet, containing a rotat-
ing coil to measure its field, put in series with the bending magnets. This mag-
net is kept in a controlled environment with stable conditions of temperature
and humidity. The measurements are taken continuously with the advantage
that they can be performed when the ring is filled. The reproducibility of the
measurement is 2.5 - 107°. The energy measured with the field display system
Erp is related to the centre-of-mass energy by the relation: FE¢p = 2Epp —68
MeV.

e flux loop: the flux loop is a system used to monitor the strength of the
magnetic field in the bending dipoles of the ring. It allows the extrapolation
of the field display over all the ring of LEP. It consists of eight electric loops
passing in the ring through the dipoles. Their effect is to change the current
in the dipoles, and then measuring the induced voltage one can extract the

magnetic field.

e proton calibration: the LEP ring is filled with protons of 20 GeV of energy.
Their momentum can be measured from the frequency of the RF acceleration
voltage frr,. Using the same magnetic setting of the protons, positrons are
injected in the machine and after tuning the frequency of the RF, frp,, the
velocity of the protons and their momentum can be extracted from the following

relation:

Up _ BpC _ hpfrR.
Yp _ PpC _ 5.2
Ve /Bec hefRFp ( )

where h, . represents the number of oscillations of the RF cavity per particle
revolution of the ring. These numbers are integers and they have no errors
(they are 31324 and 31358) because a change of 1 in one of them would mean
a change of the circumference of LEP of 0.8 m, while it is measured with a
precision of 2mm [59]. . for ultra-relativistic positrons is 1.
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This method is used to calibrate the flux loop measurement. The calibration
procedure has an accuracy of 10™* at 20 GeV. This uncertainty has to be
multiplied by a factor two due to the extrapolation, with the flux loop, from
20 GeV to the running energy of the machine.

e resonant depolarisation: the most precise measurement used at LEP to
measure the beam energy is based on the resonant depolarisation of a transver-
sally polarised beam [60]. The beam polarises itself under precise conditions
due to the Sokolov-Ternov effect [61]. The maximal polarisation that can be
obtained is 92.4 % [62]. In this method, the frequency of the spin precession
of the electron or of the positrons in the polarised beam, is measured. This
number is directly related to the momentum of the particles [59]. The rela-
tion between the spin tune, vs, which is the number of spin precession per
revolution, and the beam energy, Ej, is the following:

(5.3)

where (g — 2)/2 is the anomalous magnetic moment of the electron. v, is
determined by exploiting resonant depolarisation. An oscillating horizontal
magnetic field is applied to the vertically polarised beam, then, from the fre-
quency of the oscillating field when the beam depolarises one can derive the
spin precession frequency. Some other corrections have to be applied: tem-
perature corrections, aging of the magnets and tidal effects of the moon and
the sun which can deform the surface of the earth so changing the circumfer-
ence of LEP. The method reached in 1991 a precision of 1.6 MeV. In 1993, 24
calibrations of the energy, each better than 1 MeV, were performed [63].

In 1996 we studied a new method to measure the energy of the beam at LEP (which
takes into account the new situation of the machine running at energies higher than
45 GeV). It consists on a new detector based on the principle of Mgller scattering.
It will be discussed in detail in appendix A.

Procedure.

All the methods mentioned in the previous section (except of course the Mgller
method) are used to determine the energy of the beam at LEP, and then combined
together. The energy is evaluated as function of the time for each experiment. The
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total error on the centre-of-mass energy is also determined and the correlations of
these errors for different energy points. At LEP2 the energy cannot be measured
with the energy depolarisation method at the physics energy of 161 and 172 GeV
because the maximum energy at which we have measured the beam polarisation is
~ 55 GeV. Therefore the energy is measured using the resonant depolarisation at
the maximum possible energy (~ 55 GeV) and then extrapolated using magnetic
measurements with NMR probes in the dipoles magnets and flux loop measurement
of the dipole field. The method used in 1996 can be summarised as follows:

e determine the absolute energy scale using the resonant depolarisation at the
energy of 45 or 50 GeV: these are the references points, E,.s. These measure-
ments were extrapolated to the physics energy, Fe,;, using the 16 NMR probes
installed in the dipole magnets.

e correct for known effects like earth tides, rise of the dipole field during the fill
due to the temperature and train effect.

e correct for effects specific to each interaction point (IP) due to RF configuration

and vertical collision offsets.

The error on the measurement was calculated as the difference between the result
obtained with the NMR’s, with the flux loop magnetic field and the resonant depolar-
isation at 45 and 50 GeV. Taking into account the fact that all these measurements
were done during a single fill, we do not have to take into account the error coming
from fill-to-fill changes. The difference between the NMR energy measurement and
the flux-loop, at physics energy, has been measured to be about 10 MeV.

The extrapolation errors, estimated from NMR and flux-loop are of the order of 10-
12 MeV. However the polarisation measurements were done only in one fill. Then,
using the flux-loop energy scale would give a deviation of about 20 MeV compared to
the energy derived from the linear extrapolation of the polarisation points. As there
are only two points, no linearity check is possible. Taking into account all these con-
tributions the systematic error coming from the extrapolation to the physics energy
has been calculated to be ~ 25 MeV. This is the major source of systematic error in
the measurement of the beam energy at LEP in 1996. The total systematic error on
/s has been estimated to be ~ 30 MeV.
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5.2 General characteristics of the L3 detector.

The L3 detector is in the point 2 interaction region of LEP at a depth of 52 m. It is
surrounded by a magnet of 7800 t which produces a magnetic field of 0.5 T. In table
5.2 characteristics of the magnet are shown.

Inside the magnet, the detector is hold up by a steel support tube of weight 240 t,

Internal radius of the coil 5390 mm
Thickness of the conductor 890 mm
Total length of the coil 11900 mm
Electric power dissipated 4.2 MW
Central field 05T
Current circulating in the conductor 30 KA
Density of the current in the conductor | 55.5 A/cm?
Weight of the aluminium coil 1100 t
Weight of the filling iron 6700 t

Table 5.2: Characteristic of the L3 magnet.

with an internal diameter of 4.45 m and a length of 32 m.

The detector was designed to have a good energy resolution in the measurement
of muons, electrons and photons. For the muon spectrometer the aim was to have
a resolution in the momentum measurement of Ap/p ~ 2% at 50 GeV. This was
obtained by maximising the length of the u trajectory. In fact the momentum reso-
lution is proportional to the sagitta s (Ap/p ~ As/s). The sagitta can be written as:

.03 L’B

=5 (5.4)

where B is the intensity of the magnetic field, L the distance between the first and
the last point measured on the muon trajectory and p; the transverse momentum
of the muon. But in this design the space available for the rest of the detector is
reduced imposing the choice for very compact and high precision calorimeters and
tracking chambers.

Starting from the central region nearest to the interaction point, the detector (Figure
5.3) is composed of:
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e The Silicon Microvertex Detector (SMD), for precise measurements of charged
tracks near the production point.

e The central chamber to detect the tracks of the charged particles (Time Ex-
pansion chamber, TEC).

The high resolution electromagnetic calorimeter composed of 10780 crystals of
bismuth germanate (BGO).

The scintillator system to measure the time of flight.

The hadronic calorimeter made of layers of uranium alternated with wire pro-

portional chambers.

The muon filter.

The muon spectrometer made of three layers of drift chambers which is outside

the support tube.

The reference system of L3 is defined with origin in the centre of the detector, at the
interaction point. The z axis is parallel to the beam in the direction of the electron
beam. The y axis is in the vertical direction and the z axis is in the horizontal
direction pointing toward the centre of LEP.

The apparatus has a cylindrical symmetry with respect to the beam axis. The
cylindrical coordinates are defined by the angle 6, the polar angle with respect to the
z axis and the azimuthal angle ¢ in the z —y plane (also called R-® plane), measured

starting from the z axis.

5.3 The central tracking system.

5.3.1 The silicon microvertex detector (SMD).

The SMD [64] was installed in the L3 detector in the year 1993, to improve the track
reconstruction capability. It is made of two layers of double-sided silicon microstrips.
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Figure 5.3: Perspective of L3 detector.

It has a resolution of 7 yum in the R — ® plane and of 14 um in the R — z plane. This
improves by a factor of two the momentum resolution of the inner tracking system
independently on the alignment SMD-TEC, because of the longer lever arm, and the
impact parameter can be improved by a factor of 5 if the alignment of the SMD with
the TEC is controlled with a precision of 10 pm. Such improvements allow important
progress in different fields of LEP1 and LEP2 physics. At the Z pole the SMD is
important for the reconstruction of heavy quarks in hadronic events, it allows the
measurement of secondary vertices for particles with a lifetime bigger than 10713 s.
At LEP2 the identification of the b quark is crucial in the searches of the Higgs boson.
This detector is hermetic in ¢ and covers the § angular region between 22° and 158°.
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5.3.2 The time expansion chamber (TEC).

The central chamber [65] is a drift chamber with a cylindrical symmetry, it has a
radius of about 50 cm and a length of 1 m, the lever arm available for the measure-
ments of the transverse momentum is 37 cm.

The TEC has been constructed to:

e detect charged particles and to measure the spatial coordinates of their trajec-

tory in the magnetic field;

e measure the transverse momentum and the sign of the charged particles with

an energy up to 50 GeV;
e reconstruct the interaction vertex;

e reconstruct the impact point and the direction of the charged particles at the
beginning of the electromagnetic calorimeter.

It is made of two coaxial,cylindrical, drift chambers which cover the radial region
from 90 to 457 mm.

In each of them the drift space is divided into two zones: the drift zone with a low
electric field and the amplification zone with a high electric field.

The TEC works with a mixture of CO; (80%) and CyH;o (20%) at the pressure of 2
bars, which guarantees a slow drift velocity (6 x m/ns) (Time Expansion Chamber)
[66]. |

In Figure 5.4 the positions of the wires in one TEC sector is shown. The inner
chamber is divided in 12 sectors each of them containing 8 anode wires parallel to
the beam axis, to measure the R — ® coordinate to a precision of about 60um. Two
of them have charge division readout to determine the z coordinate to a precision of
2.5 cm.

The external chamber is divided in 24 sectors with 54 anode wires which measure
the track coordinate with a resolution per single track of 51 um.

The two tracks separation power is 450 um.

The stability of the electric field contributes to the spatial resolution, because the
drift velocity depends on it, it has to be constant within 0.5 V/cm.
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Figure 5.4: Position of the wires in a TEC sector.

The TEC is completed by two cylindric proportional chambers, with a cathode read-
out to measure the z coordinate. The cathode strips are oriented at 90°, 70.1°, —70.1°
and 0° with respect to the beam direction. The resolution of the z measurement in
the region 45° < 6 < 135° is 300 pum.

For the analysis described in this thesis the TEC has been used to separate elec-

trons from photons by associating a track to an electromagnetic bump in the BGO
calorimeter.

5.4 The scintillator system.

The scintillators, placed in the barrel between the electromagnetic calorimeter and
the hadronic calorimeter, are used to measure the time of flight of particles.
They are 2900 mm long and they cover the angular region 25° < 6 < 155°.
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They are made of 30 plastic scintillator bars, BICRON BC-412 with a thickness of
1 cm and of a length of 290 cm, read by Hamamatsu phototube R249-01.

Their time resolution is 1 ns which allows to distinguish a cosmic muon passing near
the interaction point from a muon produced in the events, as for ete™ — ptpu=. A
cosmic muon, takes 5.8 ns to cover the distance between two opposite counters.

5.5 The electromagnetic calorimeter.

The electromagnetic calorimeter(BGO) [68] is made of Bismuth-Ortogermanate crys-
tals (BisGe3Oi2). It is an intrinsic scintillator, it has a small radiation length (1.12
cm) such that one electromagnetic shower, even of 50 GeV of energy, is contained in
a compact detector. The small Moliére radius, i.e. the small transverse development
of electromagnetic showers, imposes an high granularity of the detector (2 x 2ecm?),
to allow for a good angular separation of near by particles.

The hadronic component of the event interacts rarely in the BGO because it has
only one absorption length and this allows a good 7/e separation.

In the table 5.3 the most important characteristics of the BGO are shown. The light

Density (g/cm?) | 7.13
Radiation length (cm) 1.12
Interaction length (cm) 22

Moliére radius (cm) 2.3

dE/dx at minimum ionization (MeV/cm) 9.1

Relative production of light (%) with respect to NaI(Tl) | 8-15

Wave length of emission at the peak (nm) 480

Decay time of the emission (ns) 300

Index of refraction 2.15
Temperature coefficient (%/degree C) -1.55 ( at 25°)
Intrinsic resolution o E/E 0.5%/(E(GeV))'/?
Higroscopicity No

Table 5.3: BGO properties.

yield depends on the temperature, which is kept at ~ 18°+0.1° by a special cooling
system. A map of the temperature is obtained by sensors attached in the front and in
the end surface of the crystals. This allows for the registration of the temperature of
1 crystal out of 12 and a possible correction of the energy according to the observed

variation.
The calorimeter is divided in two parts: the barrel which covers the central region
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(covering the angular region 42.3° < 6 < 137.7°, corresponding to 74 % of the total
solid angle), and two endcaps, which cover forward and backward the angular region
in @ from 10.5° to 36.7° and from 143.3° to 169.5°.

In the barrel the crystals are pointing the interaction region, they have the form of a
truncated pyramid with a front surface of 2 x 2 cm? and the back surface of 3 x 3 em?.
The crystals are 24 cm long, which corresponds to ~ 21 radiation lengths. In the
Figure 5.5 the sections of the calorimeter showing the orientation of the crystals are
reported. The crystals lie in a support structure made of two symmetric half barrels,
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Figure 5.5: Section in the R-® (a) and R-z (b) plane of the electromagnetic
calorimeter.

each of one containing 3840 crystals, 160 crystals in ® and 24 in 6.

In the endcaps 3070 crystals are disposed in 17 rings in § with a variable number
of crystals per ring. Each endcap is subdivided in 16 sectors in ¢ (Fig. 5.6). All
the crystals in the calorimeter are supported by a carbon fibre structure which cre-
ates a very thin separation between the crystals (200-250 ym). In front of the two
endcaps there are two tracking chambers (Forward Tracking Chambers) to measure
the position and the direction of charged particles at low angle. They have a spatial
resolution < 200 pm.

Since the TEC has been made longer with respect to the original design, they are
moved behind, leaving an open region of about 5° between the barrel and the endcap.
This hole has been covered in 1995 with a new calorimeter, EGAP, which will be
described next in this Chapter.
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Figure 5.6: Position of crystals in a half barrel and in a sector of the endcap.

5.5.1 Electronics.

The scintillation light is collected by two Hamamatsu S-2662 photodiodes on the
back surface of each crystal. These photodiodes have an efficiency of ~ 70% around
the emission peak of the BGO (480 nm). The photodiode produces ~ 1200 electrons
per MeV of deposited energy, which corresponds to a signal of ~ 0.2 fC. This is only
a fraction of the total produced light, which is reflected many times on the sides of
the crystal before reaching the photodiodes. A uniform light collection is obtained
by modifying the reflecting properties of the surfaces of the crystals: on each crystal
a layer of white paint, with high diffusion power, of a thickness of ~ 40-50 um has
been applied.

The first calibration of the crystals, was done by studying the response to muons,
using the muon chambers as a telescope for cosmic rays [48]. The light collected for
different impact points (z) in the BGO crystal can be written as:



60 Chapter 5. The L3 detector.

L —
Light ~ 1+ R = ° (5.5)

where L is the length of the crystal and R a non uniformity parameter. In Figure
5.7 is shown the value of R (~ —10%) in the crystals and the energy variation for
different values of R. For all energies bigger than 10 GeV, the corrections for the non

° o 1.02 [
S i > -
. (b) Do |
s r @ -
— | 3 1+
S 200 F @
€ C ) r
§ C € 0.99 -
160 [ = -
I 0.98
120 | I
i 0.97 |
80 | r
i 0.96 |
40 0.95 |
O I S | NP 094 L— v wvvwnl 0 it
—20 0 20 107" 1 10 10
R-value % E true (GeV)

Figure 5.7: Distribution of the non uniformity factor R and the measured energy
normalised to the true value as function of the initial energy for different values

of R.

uniformity in the light collection are negligible (for R = —10% corresponding to the
mean value of the distribution of R ) while they are important at low energies: of
the order of ~ 1% at 1 GeV for R = —10%.

This signal coming from the photodiodes is amplified by a preamplifier, glued behind
the crystal. The output signal has an amplitude of 501V /MeV, proportional to the
collected charge and therefore to the deposited energy, with a rise time of 300 ns
and a decaying exponential time of 800 us. The noise produced by the photodiode-
preamplifier system is ~ 1 MeV equivalent.

The first level of the electronics is given by analog-digital converters, near the crystals.
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The analog signal of the preamplifier passes in a shaping circuit which reduces the
exponential tail from 800 us to 1.2 us.
All information is here contained in the height of the signal, which is read by three

channels:

e low energy.

e high energy.

e analog adder for the energy trigger.

In the low energy channel the signal is amplified by a factor 32 before integration. At
each bunch crossing the signals are integrated for 5 us and kept in a sample circuit.
If the signal fulfils the requests of the trigger it is digitised, otherwise the integrators
are cleared 2us before the next bunch crossing. As output of the sample circuit
three signals are available for the low and high energy channels, corresponding to
three amplification factor 1, 4 and 16. A microprocessor MC6803 chooses the one
with the best amplitude for the analog-digital conversion using 6 comparators and a
DAC (digital-analog converter) with 12 bits. The range of the signals is from 5 uV
( about 0.1 MeV) for a single count in the low energy channel amplified by 16, to
10 V (200 GeV) for the maximum of the high energy channel. In this interval the
linearity of the energy measurement is better than 1%. The amplitude of the signal
is proportional to the ADC counts, for each of the 6 channels a slope (s) and an
offset (o) is measured:

V=s-ADC+o (5.6)

When no scintillation signal is present in the crystal, a pedestal signal, which should
be subtracted from the measured value of V', is read. Each channel has two pedestals,
one for the low energy and one for the high energy channels. They are measured in

special runs at least once per day.

5.5.2 Measurement of the electromagnetic particles in the
BGO.

In the BGO electromagnetic calorimeter, two objects can be reconstructed: the
clusters and the bumps. A cluster is an isolated energy deposit, when in the
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adjacent crystals no energy is present. A bump is a local maximum of the energy
distribution in a cluster. To measure the energy of a bump, the energy of the crystals
which form the bump can be simply added; but for electromagnetic particles we use

three different quantities:

1. sum of one, ¥;, defined as the energy of the central crystal, which is the most

energetic one.

2. sum of nine, Y, obtained adding the sum of the energy of the central crystal
to the energies of the 8 crystals in the ring around it.

3. sum of twenty-five, Y5, obtained adding to Xg the energies of the 16 crystals

in the ring around it.

These three objects are shown in Figure 5.8. For electromagnetic showers, most of the
energy is deposited in the central crystal. The intrinsic resolution of the calorimeter

2 2o 225

Figure 5.8: 31, g and 3 ,;.

is related to the poissonian fluctuations of the number of the particles which compose
the shower. Since the number of produced particles is proportional to the energy of
the incoming particle the intrinsic resolution is:

Ointr _1_ ( 57)

E ~VE
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At high energies only one contribution is important for the resolution; it comes from
the different response of the crystals. The Figure 5.9 shows the energy resolution
of the BGO as function of the energy. The asymptotic behaviour at high energy
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Figure 5.9: Energy resolution of the BGO barrel as function of the energy, as
measured during the test beam and at LEP.

represents the constant term which takes into account the calibrations [67].

The impact point resolution of an electromagnetic shower, can be obtained, by com-
paring the impact point measured in the BGO with the one measured with the TEC
in the R— @ plane. The Figure 5.10 shows the & resolution as function of the energy.
At high energy os is 1.2 mrad (0.7 mm).

5.5.3 EGAP.

The new EGAP [69] detector is made of a lead structure filled with scintillating
fibres SPACAL (Fig.5.11). There are two rings, one for each gap, of 24 modules of
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Figure 5.10: Angular resolution of the BGO as function of the energy, in the
R-® plane.

trapezoidal form. The light is collected using two Plexiglas light guides per module
plus two phototriodes. Some space is left between modules due to the presence
of cables coming from the TEC. To reduce the inefficiencies caused by this dead
space the modules are not pointing to the interaction point. The radiation length
of the calorimeter is 0.72 cm which ensure a good shower containment (21X;). The
measured energy resolution, when the particle hits the centre of the brick, is [70]

2B _ (252 06)%+ LLEELSg

E E(GeV) (58)

The efficiency of the detector used as a veto is 98%.
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Figure 5.11: Longitudinal view of the EGAP.

5.6 Hadronic calorimeter and muon filter.

The hadronic calorimeter [68, 71] measures the energy and the direction of the hadron
showers, and identifies the muons as minimum ionising particles. The hadronic
calorimeter covers 99.6% of the solid angle; it is divided into a barrel, in the angular
region 36° < # < 144°, and two endcaps in 5° < 0 < 36° and 144° < 6 < 175°.
It is a sampling calorimeter made of layers of depleted Uranium, as absorber, and
proportional chambers (PC), operating in a mixture of Argon (80%) and CO; (20%),
as detectors. They are calibrated with cosmic rays and with 7 rays emitted by the
uranium. The uranium was chosen because of its small interaction length (~ 10.5
cm), which allows to have a very compact calorimeter. The signal of the chambers
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is proportional to the number of the charged tracks of an hadronic shower, which is,
in turn, proportional to the energy of the incoming particle.

The barrel is made of 9 rings (along z) each of them having 16 modules in ¢. The
external radius is 179.5 cm and the internal one is 88.5 cm for the “long” modules
and 97.9 for the “short” modules (Fig. 5.12). The long modules are made of 60
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Figure 5.12: Longitudinal section of the L3 detector. TEC, BGO and the seg-
mentation of the hadronic calorimeter are shown.

layers of PC and the short ones of 53.

The PC are, alternatively, chambers to measure the z coordinate (z chambers) in
which the wires are perpendicular to the direction of the beam, and ¢ chambers in
which the wires are parallel to the beam direction. For the read-out the wires of
each module of the barrel are put together in “towers” with a number of sensitive
wires varying from 3 to 28. Each tower covers a solid angle of about 2° x 2°. The
resulting segmentation of a long module ( short) is of 10 (8) radial layers, made each
of 9 towers in § and 9 towers in ¢, for a total of 180 ( 144) towers per module.

The endcaps are made of three cylindrical boxes each of them divided in two semi-
cylinders (Fig 5.12). The wires of the chambers are perpendicular to the beam
direction, measuring directly the 6 coordinate. They are also grouped in towers with
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a total segmentation of 1° in 6, 22.5° in ¢ and 7 layers of chambers along z coordi-
nate.
The resolution of the hadronic calorimeter, studied with beam of pions of momentum

between 1 and 50 GeV/c can be written as:

% = ﬁfj(ggi—‘/) ® 5%. (5.9)
The energy resolution of a Z — hadrons event, using only the electromagnetic and
hadronic calorimeter information, is about 10%.
The hadronic calorimeter is completed by a muon filter, in the space between the
barrel calorimeter and the support tube. It is divided in octants, each of them is
made of 6 layers of brass (absorber) of 1 cm, alternated with 5 proportional chambers
of 1.5 cm. The filter add one absorption length to the 4 of the hadronic calorimeter
and to the one of the electromagnetic calorimeter for a total of 6 absorption lengths.
The filter is used to identify hadrons which do not interact in the electromagnetic

calorimeter and which can simulate a muon (punch-trough).

5.7 Muon spectrometer.

The central p spectrometer covers about 73 % of the 47 solid angle, it is divided
in octants. In each octant, of which the section R-¢ is shown in Figure 5.13, three
layers of drift chambers are present: the inner layer (MI), the intermediate layer
(MM) and the outer one (MO). The intermediate layer is made of two chambers
which sample the track of the muon 24 times in the R-® plane. The inner and outer
layers sample the track only 16 times. The layers MI and MO are surrounded by 2
chambers, with wires perpendicular to the beam direction, that measure the track 8
times in the R-z plane.

The spectrometer is built to measure the momentum of a 50 GeV muon with a reso-
lution A p/p of 2% which corresponds to a resolution of 1.4 % on the reconstruction
of the invariant mass of muon pairs.

The chambers have a single wire resolution of 200 um. The alignment of the cham-
bers is controlled with a precision optomechanical system.

Since February 1995, the L3 experiment is fully equipped with forward-backward
muon chambers in order to improve the momentum resolution between 36° < 6 <
44°, and to allow the muon momentum resolution measurement down to 24° in 6.
They are made of 96 drift chambers, divided into 16 sectors with three layers each
on both sides of the detector [72].
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Figure 5.13: Section in the R-® plane of one octant of the spectrometer.

5.8 L3 Trigger.

LEP has a bunch crossing each 11 ps, which means a frequency of about 45 KHz. As it
is not possible to digitise and to read the whole detector between two bunch crossings,
a trigger system is necessary to separate the physics events from the background
events, allowing the acquisition of the data with a low dead time.

The L3 trigger is separated in three different levels, level-1, level-2 and level-3.

5.8.1 Level-1 Trigger.

There are five sub-triggers:

e energy trigger;

e muon trigger;

e TEC trigger;
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e scintillator trigger;

e luminosity trigger.

Energy Trigger.

The energy trigger [73] combines signals from the electromagnetic and the hadronic
calorimeters. It has a rate of ~ 5-6 Hz.

The 7680 crystals of the BGO barrel are put together in groups of 30 (5 in ® and 6
in ) to have 256 analog signals. The endcaps divided into 4 polar and 32 azimuthal
segments, produce another 128 trigger signals each. To simplify the operations of
the processor, the azimuthal segmentation is almost constant, therefore the grouping
in 6 and ® of the crystals in the endcaps is not uniform (Fig.5.14). For the hadronic

77
77 |
7 //////

/ / A L 1 7] 7 ]
”///"///"///_.__
/ A -.L-.

Figure 5.14: Trigger segmentation of the crystals in one of the endcap.

calorimeter the trigger gets two signals per module, one for the first interaction
length of the detector (part A) one for the rest (part B). In total the calorimeter
is segmented in 16 parts in ® and of 11 (13) in @ for the part A (B). The total
segmentation of the calorimeter is shown in Figure 5.15. Good events have to fulfil

one of the following conditions:

e A cluster trigger (localised deposit of energy observed in different detector
layers (BGO and HCAL at the same 6 and ® coordinates) searches for energy
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Figure 5.15: Total segmentation of the energy trigger in the R-® plane.

deposition which forms clusters in different detector layers. The threshold is 7
GeV if there is no TEC track and 3 GeV with a TEC track.

e The total energy trigger requires at least 10 GeV in the barrel BGO or 15
GeV in the BGO and HCAL barrel, or 20 GeV in all the calorimeters including

the endcaps.

e A single photon trigger with a single isolated energy cluster in the BGO
barrel of £ > 2 GeV.

e A hit counting trigger asks for a minimum number of hits in the calorime-
ters: two trigger cells with more than 5 GeV.

e Bhabha trigger requires two back-to-back energy deposition (E > 15 GeV)
in two opposite luminosity detectors.
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TEC Trigger.

The TEC trigger [74] reads 14 anode wires for each of the 24 sectors of the outer
TEC chamber. Each sector is divided in 4 intervals in ®. The R-® plane is therefore
divided in 96 intervals in ®. An event is registered in a matrix of 96x 14 bits.
Software programmable masks recognise the tracks and count them. The trigger
requires at least one back-to-back configuration inside 60°. As the background rate
peaks at low transverse momentum, (Pr), the minimum Py threshold is ~ 150 MeV.
It has a rate of ~ 10 Hz which decreases with the luminosity.

Scintillator Multiplicity Trigger.

The scintillator multiplicity trigger [75] requires that at least 5 pairs of scintillators
have an hit within £15 ns of the bunch crossing.

Muon Trigger.

The muon trigger [76] accepts events with a transverse momentum larger than 1
GeV. It has a rate of ~ 2-3 Hz which does not change with the luminosity because
it is dominated by cosmic events. It consists in three sub-triggers.

1. Single muon trigger: two out of three P chambers are hit and three out of
four Z chambers in the same octant in the angular region 44° < 6 < 136°.

2. Dimuon trigger: two out of three P chambers are hit and one of the Z
chambers in the same octant, together with two out of three P chambers hit

in one of the five opposite chambers.

3. Small angle muon trigger: one P chamber hit and one Z chamber hit in
the same octant, together with the same condition in one of the three opposite

octants.

If the decision of the trigger is positive the information of each sub-detector is con-
verted into digital signals and stored. This operation requires about 500us and
introduces a dead time of about 0.5 %. The rates of the different sub-triggers which
composes the level-1 trigger, have to be lower than 20 Hz, otherwise the dead time

is generated.
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In the forward region there are three dimuons and three single muon triggers made
using the following detectors: RPC (Resistive Plate Counters), endcap scintillators
(ESCI) and forward-backward muon chambers (FB) [77].

5.8.2 Level-2 Trigger.

For an event triggered at level-1, the digitisation and the data transfer can start. The
level-2 trigger [78] has two functions: it combines all the level-1 trigger information
and rejects background events selected by only one level-1 trigger. The rejection
factor of the level-2 trigger is ~ 30 %. The following algorithms are employed:

1. The energy algorithm is based on a more precise energy estimation and reject
events with energy smaller than a level-2 threshold.

2. The TEC algorithm rejects electronic noise, beam gas events and events with
tracks not pointing to the interaction point.

3. The muon algorithm rejects muon events with a small number of hits in vertex
chambers and with no scintillator in time.

If the event does not pass these requirements, the data transfer is stopped and the
event is rejected. 1 rejected event out of 20 is kept in the data acquisition chain, to
control the level-2 efficiency off-line.

5.8.3 Level-3 Trigger.

The level-3 trigger [79] starts when the event is fully digitised. Before writing the
event on tape the level-3 checks whether it is a good physics event or not. It rejects
background by using several algorithms with a rejection factor of ~ 80-90 %.

The energy algorithm : it reconstructs energy in the electromagnetic and hadronic
calorimeters using all the BGO crystals and HCAL information. As the cal-
culations are based on a fine digitisation, the thresholds are more precise with

respect to the level-2.
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The muon algorithm : it requires a muon track to have a scintillator hit within
a time of 10 ns with respect to the beam crossing.

The TEC algorithm : it reconstructs the TEC tracks and checks if they origi-
nate from the vertex. It checks also whether the tracks in the transverse plane
are correlated with some energy deposit in the calorimeters or with hits in the

scintillation counters.

5.9 The software of L3.

5.9.1 Reconstruction of L3 data: RELS3.

The event reconstruction [80] builds, from the ADC and TDC signals and an accurate
knowledge of the geometry, physics quantities like tracks, and energy deposits. The
first time the events are reconstructed, in PASS1, the measured calibration constants
are applied. Information from different sub-detectors are combined together to form
a final reconstructed particle or a group of particles (jets).

The events have to fulfil some selection criteria (PASS1 selection) which ensure
the interest of the event and in order classify them in different physics categories
(STREAMS) defined by the analysis groups. The cuts applied in this first step are
very loose to be sure that no interesting physics events are lost. The data after PASS1
are used only to produce more precise calibrations and to check the consistency of
the data. Final physics analyses are done after a PASS2 reconstruction, where final

calibrations are applied.

5.9.2 Database.

The L3 database has seven sections, one per each sub-detector. The informations

come from different sources:

e General setups like the geometry of the detector, which are updated every year,
especially when new sub-detectors are added.

e Data coming from the online monitoring system. For example BGO tempera-
tures and pedestals, or TEC high voltage, etc.
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e Off-line information. For example calibration constants: TEC calibrations of
drift velocity and Lorentz angle, BGO energy calibrations and dead crystals.

5.9.3 Simulation of the Detector: SIL3.

The response of the detector is accurately simulated by SIL3. SIL3 is based on
GEANT [81] which tracks the particles generated by a Monte Carlo event generator
from the interaction vertex through all the detector materials in small steps. The
structure of SIL3 can be described by three phases: the initialisation, the tracking
and the digitisation.

The initialisation consists mainly in the description of the geometry and of the
materials of the L3 detector, and in the definition of the ZEBRA banks which will
register the event information.

The tracking of a particle is done integrating the equations of motion step by step.
The particle is propagated according to the properties of the material encountered
determining with random numbers if and which interaction process is present at each
step.

When the energy of a particle becomes smaller than a predefined value the tracking
is stopped. The value of this cut is chosen in function of the requested accuracy, and
of the available CPU time.

In the digitisation phase, the response of each part of the detector is calculated,
introducing all details, for example the saturation of the electronics, the fluctuations
of the pedestals, the radioactivity of the uranium, are introduced.

To achieve such a detailed description, a good knowledge of the behaviour of the
detector is necessary, obtained by a continuous comparison with real data.

5.10 Monte Carlo generators.

The L3 library, to generate Monte Carlo events, contains about 70 generators, which
describe almost all possible ete™ reactions.

For the process ete™ — W*W~, two different generators have been used: KO-
RALW [31] and EXCALIBUR [32]. In addition the following not negligible back-
grounds have been generated: ete™ — ¢g(vy) (PYTHIA [82]), eTe” — ZZ (PYTHIA),
ete” — Zee (EXCALIBUR). GENTLE [39] has been used to calculate the differen-
tial cross section necessary for the fit of the W mass.

The general characteristics of these generators is now discussed.
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5.10.1 KORALW [31].

KORALW generates all the W decay channels into pairs of leptons or quarks. This
generator contains not only QED effects in the initial state, but also in leptonic decays
of the W and in secondary decays, as in the case of the 7 lepton. The hadronization
of quarks is present. The matrix element for W pair production and decay into four
fermions (CC03) with an appropriate W-spin treatment and with finite width are
described. The 7 polarisation is also taken into account.

The experimental cuts can be introduced rejecting some of the generated events.
The limitation of the program comes from the simplified matrix element for the QED
photon emission, lack of the non QED electroweak corrections and a simplified colour

arrangement for four quark jets.

5.10.2 EXCALIBUR [32].

EXCALIBUR calculates the cross section for the process ete~ — 4f. All possible
four fermion final states are included. A limit comes from the fact that the fermions
are assumed massless so that Higgs exchange is not included. Then, because of the
zero mass of the fermions, singularities can occur in the photon exchange channel.
These can be avoided using well adapted cuts. For example, when there are one
electron in the final state a cut on its scattering angle is necessary. For a calculation
based on a restricted set of Feynman diagrams, without photon exchange (CCO03),
such cuts are not necessary.

It is a Monte Carlo program which generates events over a phase-space defined by
some cuts (in many cases the whole phase-space is accessible). Each generated event
has a weight, such that the mean weight for each event, gives the total cross section.
A sample of unweighted events can be selected from the generated sample; the
efficiency of this procedure is, in many cases, of the order of few percent depending
on the final state on on the phase space cuts.

The ISR is implemented and the four fermions are generated in the reduced centre
of mass energy. The FSR is not implemented in the program.

5.10.3 PYTHIA [82].

PYTHIA is an event generator for a multitude of processes in vy, e*e™, ep and pp
physics. Major importance is given to the modelling of the hadronic final states,
for example QCD parton showers, string fragmentation and secondary decays. The
electroweak description is restricted to the improved Born-level, and therefore is not
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competitive for high precision studies.
The ISR and FSR are implemented.

5.10.4 GENTLE [39].

The GENTLE package is designed to compute total four fermion production cross
sections and final state fermion pair invariant mass distributions, for charged currents
(CC) and neutral currents (NC). For the CCO03 process the W production angular
distribution is accessible. In the NC case, the production of the Standard Model
Higgs is included.

The phase space integration is carried out by semi analytical technique. Without
(with) ISR the phase space is parametrised by five (seven) angular variables and
the final state fermion pair invariant masses. All angular variables are integrated
analytically. The result of this calculation is the input for the package to integrate
numerically the invariant masses. The method is numerically stable and in general

very fast.
The FSR is not implemented and no hadronization interface is present.



Chapter 6

Calibration of the BGO

calorimeter

6.1 Introduction

The excellent intrinsic resolution of the calorimeter can be spoiled if the response
of the individual crystals is not continuously equalised. Sources of degradation can
be the aging of the crystals, radiation damage, etc.. For example, Figure 6.1 shows
the change of the response of the calorimeter as function of time in the barrel and
the Figure 6.2 shows the same distribution in the inner and in the outer region of
the endcaps. In the barrel, one can see the change in the gain of the calorimeter,
due to a not yet understood source. Again in 1997 the gain of the detector was still
decreasing with respect to the previous year.

In the endcap, in the inner part, one can clearly see the effect of a beam accident,
which occurred in 1992, and the subsequent gain recovery. We notice also that during
the data taking at /s ~ Mz (< 1995) several calibrations per year were performed.
This is impossible at /s > Mz because of limited statistics for the Bhabha scattering
process ete™ — eTe™ used for absolute calibration. The evolution in time of the BGO

response R(t) can be parametrised as [83]:
a
R(t) = Coo :
0=+ (61)

where ¢ is the time starting from the beginning of LEP ,a, t; and C, are constant
values determined fitting the data points in the Figures 6.1 and 6.2 and listed in
table6.1.

To control and correct for the evolution of the signals of the BGO crystals, a Xenon
monitor was built by the L3 group of Geneva University and has been used through-
out the LEP running. A detailed description of the Xenon monitor can be found in
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Figure 6.1: Distribution of the electron energy normalised to the beam energy
as function of the time for the barrel. The points are the mean value of the
energy distribution in ete™ — ete™ events before the calibration.

[83, 84]. Another system, the RFQ (Radio Frequency Quadrupole accelerator), was
built in 1995 [88] and used since 1996.

The Xenon system, or alternatively the RFQ, allow to perform an inter-calibration
of the crystals while the absolute energy calibration is done using “Bhabha events”
(ete™ — ete™). In this channel the energy of the outgoing electrons is equal to the
beam energy, if we exclude from the data sample the radiative events; therefore our
calibration is in fact a “Xenon+Bhabha” or “RFQ+Bhabha” calibration.

The “Bhabha” cross section in the barrel region is dominated by Z formation in
the s channel, this means that it drops by more than a factor ten when the energy
increases above the Z resonance, as is shown in Figure 6.3. In the endcap region the
cross section is dominated by the -y exchange in the ¢ channel and then decreases
with the energy as 1/s. Monte Carlo simulations using the BHAGENE [86] generator
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Figure 6.2: Distribution of the electron energy normalised to the beam energy
as function of the time and for the outer and for the inner region of the endcaps.
The points are the mean value of the energy distribution in ete™ — e*e™ before

the calibration.

Parameters | HB1 (RB26) | HB2 (RB24) | ECL (RB26) | EC2 (RB24)
a (days) | 200666 | 4766+ 12.0 | 256.7+£9.8 | 2952+ 11.0
to (days) | 1281.7433.7 | 2000.7 £ 52.4 | 991.7+39.6 | 1264.3 + 44.4

Coo 0.836 = 0.002 | 0.835 & 0.002 | 0.787 = 0.003 | 0.804 % 0.003

Table 6.1: Results of the fit of the response of the two half-barrel, and of the
outer region of the endcaps.

give a cross section, at /s = 183 GeV, of 26.8 pb in the barrel and of 692 pb in
the endcaps. The total luminosity of the high energy runs in 1996 and 1997 was not
sufficient to perform an absolute calibration in the barrel region. At the beginning
of these two years of data taking a dedicated LEP run at /s = Mz and L3 collected
about 2.5 pb~! each year to perform the TEC calibration. These data were used also
to perform the calibration of the BGO electromagnetic calorimeter. This amount of
luminosity is the minimum necessary to permit a good calibration of the detectors.
A method to calibrate the BGO electromagnetic calorimeter by extrapolating the
data of the previous years has been envisaged, if in future we will not have enough
Bhabha events to perform the Xenon+Bhabha or the RFQ+Bhabha calibrations.
The method consists in the evaluation of the xenon inter-calibration and then in the
extrapolation of the absolute calibration using the evolution of the BGO with the
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Figure 6.3: Bhabha cross section as function of the centre-of-mass energy.

time (see Figure 6.1). This procedure was studied in 1994 and is described in detail
in the reference [87]. The results obtained with this method are comparable with
the standard xenon calibration (table 6.2). This method has been proposed but it is
not used. It has to be noticed that this method uses the assumption that the BGO
calorimeter very stable during the time, in case of accident as is shown in Figure 6.1
for RB24 in 1997 the extrapolation become unusable.

standard calibration | extrapolation
RB24 1.47 +£0.01% 1.55 +0.01%
RB26 1.33 £ 0.01% 1.41 £0.01%

Table 6.2: Resolution for Bhabha events in the barrel for the year 1994: com-

parison between the standard calibration and the extrapolation method studied
to be applied at LEP2.

6.2 The Xenon monitor [84]

There are 16 Xenon lamps for the barrel and 16 for the endcap, which simulate the
scintillation light produced in the crystals. Their light is injected in the back of each
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crystal, using a beam of optical fibres. In Figure 6.4 the Xenon system is shown.
Each beam of fibres illuminate a Plexiglas light mixer. A filter in between them,
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Figure 6.4: Xenon system in the barrel.

selects the spectrum of emission of the lamp corresponding to the BGO spectrum.
The mixer transfers the light to a secondary beam of fibres which drives the light
to the crystals, as well as to photomultipliers (PM) and photodiodes, (PD), used for
the normalisation of the signal. The mixer makes the light uniform and stable at the
level of the secondary fibres. With the PM and PD signals we correct event by event
for the variation of the intensity of the light in the lamps. The gain of the PM and
PD is controlled by americium sources.

In the barrel each crystal is connected to two secondary fibres for high and low
intensity light corresponding to 30 GeV and 1.5 GeV respectively. In the endcap
only one fibre is connected to the crystal, and an attenuation system can be used
to set the intensity of the light. The most important characteristics of the Xenon
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system are listed in table 6.3.

System Barrel | Endcap
# of lamps 16 16
# of primary beams per lamp 4 1

# of fibres per secondary beam | 240 192
# of fibres per crystal 2 1

Table 6.3: Characteristics of the Xenon system.

6.3 Xenon calibrations

The Xenon calibration runs are performed about every two days during data taking
with an independent PC. The Xenon signals arrive with a frequency of about 20 Hz.
The signal is registered by the BGO electronics. During the Xenon run calibration,
ten events per lamp are taken for a total time of ~ 5 minutes. Once the data taking
in the BGO is completed, a run is initiated to read the reference PM. The analysis
of the calibration data is done on line on the BGO VAX.

Off-line, first we equalise the signals of the crystals attached to the same mixer (inter-
calibration). The inter-calibration is defined as the mean value over one run of the

quantity zx; :

Ii/&

S A3 €2)
where N is the number of crystals per mixer, I; is the xenon signal for the crystal i,
&; is the mean value of the I; over the calibration period. As the inter-calibration is
calculated over one mixer it is independent on the fluctuations of light of the lamp.
The quantity z; is calculated separately for the high intensity and low intensity
systems. Adding the two informations the error is reduced by a factor v/2. The
fluctuations of z; during one run are of the order of 0.12 % and the fluctuations of
the mean value of the z; are of the order 0.2 %, as measured during the initial test
beam. In fact, the barrel calorimeter was calibrated on a test beam at CERN. Tests
have been done on three matrices of 9, 25 and 100 crystals. The energy resolution
obtained during these calibrations is shown in Figure 5.9 [85]. The results of these
calibrations are used as a reference, providing a multiplicative correction factor for
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the calibration performed each year. During the calibration with the electrons also

Xenon runs were taken.
After the inter-calibration has been performed the absolute calibration with “Bhabha

events”, ete™ — eTe™, is done.
The calibration method is somewhat different for the barrel and for the endcaps.

6.3.1 Barrel

An electronic card covers 24 crystals in # and 5 in @, for a total of 60 crystals. The
calibration regions are not defined following this geometry, to avoid that a problem
in the electronic propagates over all the crystals belonging to this region. The inter-
calibration is calculated for 64 regions defined by the topology of the mixers. The
crystals attached to one mixer are not consecutive crystals there are some jumps: in
particular we have a swap of 6 rings of crystals in ¢ and then we obtain one region
with 144 crystals (24 in 0 and 6 in ¢) and one with 96 crystals (24 in 6 and 4 in ¢)
alternatively (see Figure 6.5). We then equalise the 64 regions to the energy of the
Bhabha events. '

The absolute energy calibration per region has been chosen because it is impossible
to have enough events to do a calibration crystal by crystal. The Bhabha cross sec-
tion in the barrel region is ~ 1 nb at /s = 45 GeV. The situation is even worse
when we are working at LEP2 (see Figure 6.3). In the barrel we need to accumulate
at least 2.5 pb~! (at /s = 45 GeV) per calibration period. In 1995, for example,
with a total integrated luminosity of ~ 30 pb~! we did 5 calibrations.

The correction of the gain for the crystal ¢ can be written as:

1

1/2- (zi + ;")
where the index “low” and “high” are referring to the inter-calibration with the low
and the high intensity. When the difference between the low and the high intensity
channel for one crystal is bigger than 5% the correction for this crystal is set to the
mean value of the correction of the neighbouring crystals in 6 and in ¢. In general
there are less than 1 % of the crystals which are noisy.

The calibration for the crystal ¢ is written as:

cor; = (6.3)

cal; = cor; X calpeg (6.4)

where cal,, is the absolute correction in a given region, calculated with the Bhabha
events. In the barrel the selection for Bhabha events requires:
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Figure 6.5: Definition of the regions for the Xenon calibration. The limits for
the electronics are indicated by the vertical black lines (5 crystals in &).

1. at least 2 BGO bumps and less than 8;
2. the energy of the two most energetic bumps has to be greater than 0.5 x Epeam;

3. the number of the crystals in the bump has to be greater than 9;

4. the acollinearity between the two bumps has to be less than 4° to reject radia-
tive events.

In Figure 6.6 and 6.7 the distributions of the energy in Bhabha events before and
after the calibration for the years 1994 and 1997 is shown. The results for the barrel
calibration from 1994 until 1997 are listed in table 6.4
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Figure 6.6: Bhabha peak in the barrel region before and after Xenon calibration
in the year 1994.

As we can see from the Figures 6.6 and 6.7 in the barrel the most important difference

1994

1995

1996

1997

RB26 (HB1)
RB24 (HB2)

(1.35 £ 0.02)%
(1.51 +0.02)%

(1.38 £ 0.02)%
(1.54 £0.02)%

(1.39£0.02)%
(1.56 + 0.02)%

(1.56 + 0.02)%
(1.65 + 0.02)%

Table 6.4: Energy resolution for Bhabha events in the barrel after the calibra-

tion from 1994

until 1997.

between before and after the calibration is in the mean value of the distribution and

not on the resolution.

6.3.2 Endcaps

The endcaps of the BGO electromagnetic calorimeter have not been calibrated in

a test beam, this results in the absence of reference calibrations.

The statistics

for Bhabha events in the endcaps is much bigger than in the barrel, because of
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Figure 6.7: Bhabha peak in the barrel region before and after the calibration
in the year 1997.

the predominance of the ¢ channel in this angular region. This allows a Bhabha
calibration crystal by crystal.

The endcaps are divided in three regions, the inner, the intermediate and the outer
one (Figure 6.8). This separation avoids the propagation of problems related to beam
accidents in a particular region to the whole detector. Each mixer is divided in 3
parts in 6 and 2 in ¢ for a total of 6 parts. This gives a total of 48 regions per
endcap. The subdivision in ¢ takes also into account the swap of the crystals in the
mixers, in such a way that one region corresponds to one mixer.

The selection of Bhabha events in the endcaps requires:

1. the central crystal of the bump should not be a crystal at the edge of the de-
tector, i.e. the outermost rings 41 and 25 are not calibrated;

2. the energy of the two most energetic bumps has to be greater than 0.5 X Ejeqrm;



6.3. Xenon calibrations 87

Figure 6.8: Regions of 8 in the endcap. Inner: 5 rings of crystals (41-37),
intermediate 6 rings of crystals (36-31), outer 6 rings of crystals (30-25).

3. the number of the crystals in the bump has to be greater than 9;

4. the sum of the energies of the third and the fourth most energetic bumps has
to be smaller than 1 GeV;

5. the acollinearity between the two most energetic bumps has to be smaller than
2°.

Once the good Bhabha events are selected, the calibration procedure is an iterative
procedure:

e we correct the energy of each crystal of the bump with the inter-calibration
constants z; (see Equation 6.2)

Ez, = (Ei/xi)/Ebeam 1= ]-, 9 (65)
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i.e. the energies E; are normalised to the beam energy;

e as in the barrel (Equation 6.4) a calibration constant cal; is calculated and

applied for the second iteration

E! = E] x cal;; (6.6)

e then we correct this energy for the leakage at the edges of a crystal due to the
fact that if the electron does not hit the crystal in the centre we can loose some

energy;

e we calculate the number of events per crystal and the energy deposited in each

crystal N.,, Et .;

e we define the calibration constant for each crystal for the actual iteration as

cal, = cal; x =2 with Ni, > 2. (6.7)

This procedure is repeated 5 times to allow the convergence of the algorithm and to
obtain a resolution of the order of 1%.

When there is only one event to calibrate a crystal, the calibration constant is still
calculated but with two more iterations using the mean value of the energy in the

corresponding region:

e we calculate the mean value of the energy E™9 in all the regions which have at

least one bump:

E = %,E,/n (6.8)

where n are the bumps entering the considered region;
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cal! = cal, x E™9. (6.9)

To calculate the final calibration constants we need a set of inter-calibrations averaged
over a given period of the time. For the outer and intermediate region this average
is done over a longer period of Bhabha data taking because of the smaller statistics,
for example over the five periods in 1995. The resolutions obtained in the endcaps
after the calibration are listed in table 6.5. The bad resolution obtained in 1996 is

1994 1995 1996 1997
RB26 (EC1) | (1.23£ 0.01)% | (1.22 £ 0.01)% | (1.46 £ 0.02)% | (1.17 £ 0.02)%
RB24 (EC2) | (1.21£0.01)% | (1.19 4 0.01)% | (1.43 +0.02)% | (1.30 £ 0.02)%

Table 6.5: Energy resolution for Bhabha events in the endcaps after Xenon
calibrations from 1994 until 1997.

due to the poor statistics with respect to the other years (~ 20 pb~! to be compared
with ~ 30-50 pb~!). It has to be noticed that in the endcap we use Bhabha events at
45 GeV but also the high energy data (y/s =161, 172, 183 GeV). In fact the Bhabha
cross section is higher in the forward region for higher centre-of-mass energies so
that we can have a bigger sample of events to do the calibration. This is not the
case in the barrel region where the cross section decreases with the centre-of-mass
energy, therefore the gain in using high energy data for the calibration is completely
negligible.

Figures 6.9 and 6.10 show the distribution of the energy in the Bhabha events after
calibration in 1995, 1996 and in 1997 for the endcaps. In 1996 a long tail in the
high energy region is present, even after the calibration, in the energy distribution.
This is due to 14 crystals with bad channels.

6.3.3 RFQ calibrations.

The RFQ calibration [87] uses a pulsed H~ beam, from a Radio Frequency Quadrupole
accelerator. Afer focusing, the beam is neutralised to allow it to pass in the magnetic
field of L3. Then the beam hits a target of lithium installed in the BGO calorimeter.
The reaction which occurs is

p+ Lii — Bel + (6.10)

The photons have an energy of 17.6 MeV. The calibration of the whole detector
requires about one day. The photon spectrum in one crystal is shown in Figure 6.11.
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Figure 6.9: Bhabha energy spectrum normalised to the beam energy for 1995
data, in the endcaps, after Xenon calibration.

The calibration point is taken at the half maximum to the right of the signal peak.
Two set of calibration constants can be calculated: one using only the RFQ and
the other using also Bhabha events. The “RFQ only” calibrations, provide a set of
constants, one per crystal, equating all the signals to 17.6 MeV. Once this calibration
is done it is necessary to extrapolate from the 17.6 MeV measurement to the beam
energy. The “RFQ+Bhabha” uses the calibration at 17.6 MeV only for an inter-
calibration between adjacent crystals and the Bhabha events to provide the absolute
calibration at 45 GeV, as in the Xenon calibration. The first RFQ run was taken
in 1995. The results of this calibration for the “RFQ only” and for the “RFQ+
Bhabha” are shown in Figures 6.12 and 6.13. One can compare this first result
with the one obtained in the last calibration in 1997, the results are listed in table
6.6. The better resolution achieved with the RFQ+Bhabha, calibration, with respect
to the Xenon+Bhabha one, for the year 1997, in the barrel region, is mainly due
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Figure 6.10: Bhabha energy spectrum normalised to the beam energy for 1996
and 1997 data, in the endcaps, after Xenon calibration.

to the fact that for the RFQ the starting point of the calibration is now the values
obtained in 1995 with a large sample of Bhabha at the Z peak (30 pb=!). In the
Xenon+Bhabha, calibration the sample of Bhabha events used is the one of the year
itself, at \/s = Mz, because this allow to follow the behaviour of the detector during

the time.

Barrel(1995)

Endcaps(1995)

Barrel(1997)

Endcap(1997)

RB26 (HB1, EC1)
RB24 (HB2, EC2)

(1.08 £0.01)%
(1.01 £ 0.01)%

(1.39 +0.01)%
(1.59 + 0.01)%

(1.1£0.00)%
(1.0 £ 0.01)%

(1.2 +£0.01)%
(1.3+0.01)%

Table 6.6: Resolution for Bhabha events in the barrel and in the endcap for the
years 1995 and 1997 using RFQ calibrations.
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Figure 6.11: Definition of the calibration point, HH™, the pedestal value and
the maximum of the signal of the 17.6 MeV photons are indicated.




6.3. Xenon calibrations

93

450
400
350
300
250
200
150
100

50

250

200

150

100

50

0
0.8

RFQ Only

IIII||IIIIIIIIIIIIIIIIIIIIII'IIIlIIIII||III|II|

Constant
Mean
Sigma

422.0
1.030
.2215E-01

Barrel RB26

0.9 1

Ny
1.1 1.2

Corrected Sum of 9 / Beam Energy

||||ll|||lll|lll|||ll|||||

Endcap RB26

0.9 1

Constant 217.9
Mean .9818
Sig Idﬁ .4142E-01
1|
1.1 1.2

Corrected Sum of 9/ Beam Energy

400 Constant 347.4
N Mean 1.075
350 |- Sigma .2268E-01
300 [ Barrel RB24
250
200 |
150 |
100 |
50 |
0 E R AL
0.8 0.9 1 1.1 1.2
Corrected Sum of 9 / Beam Energy
600 — Constant 522.8
- Mean 1.051
B Sigma .3210E-01
500 |-
- Endcap RB24
400 |-
300 |
200 |-
100 |
0.8 0.9 1 1.1 1.2

Corrected Sum of 9 / Beam Energy

Figure 6.12: Distribution of “Bhabha” electron energy using only RFQ calibra-

tion.



94

Chapter 6. Calibration of the BGO calorimeter

RFQ + BHABHA

Constant 835.0
900 F Mean 1.004
s Sigmab .1082E-01
800 = i
700 E_ Barrel RB26
600 |
500 |
400 [
300 F
200 |
100 E—
0 :I.I “‘—' '1’}5]&}' LJ Il L |
0.8 0.9 1 11 1.2
Corrected Sum of 9/ Beam Energy
N Constant 578.0
600 [~ Mean 1.005
N Sigma| .1389E-01
500 |-
- Endcap RB26
400 |
300 [
200
100
0 B i Lo
0.8 0.9 1 1.1 1.2

Figure 6.13: Distribution of “Bhabha” electron energy using only RFQ-+Bhabha

calibration.

Corrected Sum of 9/ Beam Energy

800
700
600
500
400
300
200

100

1200

1000

800

600

400

200

o Constant 753.1
- Mean 1.003
- .1009E-01
- Barrel RB24
3 i Loy
0.8 0.9 1 1.1 1.2
Corrected Sum of 9/ Beam Energy
— Constant 1057.
[ Mean 1.007
= Sigmap .1585E-01
| Endcap RB24
0.8 0.9 1 1.1 1.2

Corrected Sum of 9/ Beam Energy



Chapter 7

Analysis.

7.1 Introduction.

In this Chapter the details of the analysis for the W production measurement will
be described. The data analysed in this thesis have been taken at LEP, with the L3
experiment, during the year 1996 and 1997 at centre of mass energy of /s=161.34
GeV and /5=172.13 GeV and 1997 at /5=182.69 GeV. About 10 pb~! have been
collected at 161 GeV, ~ 10 pb~! at 172 GeV and ~ 55 pb~! at 183 GeV.

The WW Monte Carlo events, relevant for this analysis, have been produced using

EXCALIBUR as generator.
We will start with the description of the different decay channels of the W, then the
description of the selection criteria is done. The different background channels have

been generated with the PYTHIA generator.

7.2 Experimental topologies of the W decays and

their signatures.

7.2.1 The hadronic channel: WTW~ — qqqq.

The two W’s produced via ete™ — W+W = decay, 45.6 % of the cases, in two pairs
of quarks-antiquarks W*W ™~ — gqqq. The events are characterised by a high track
and calorimetric cluster multiplicity and a high visible energy, in the calorimeters,
due to the presence of the four hadronic jets.

From the experimental point of view a jet is the result of the association of the
hadrons in the final state after the hadronization of the produced quarks. To re-
construct a jet different algorithms can be used. They are iterative procedure: for
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each pair of clusters, ¢ and j, for which the four momentum vector p; = (E;, p;) has
been calculated, a function, y; ; = f(p;,p,), is calculated and the two clusters with
maximum y; ; are associated by adding their four momenta. The process is stopped
when the association has a value of y greater than a predefined value, y.,;. For the
DURHAM algorithm used, [89] the function y; ; is defined as:

2min(E?, E)(1 — cosby;)
Yij = E2

visible

(7.1)

The events have a spherical symmetry, therefore the longitudinal or transversal en-
ergy imbalance is very small. The most important contamination for this channel
comes from the process ete™ — ¢g(y) which has a cross section ~ 2 orders of magni-
tude bigger than the cross section for W production; the topology of the final state
can be similar because more than two hadronic jets can be present due to gluon

radiation.

7.2.2 The semileptonic channel: WTW~ — qqlv.

In this channel one of the two W’s decays into a pair of quark-antiquark and the
other in one lepton (1) and its associated neutrino, where [ = e, u, 7. The character-
istic topology of these events is the presence of one isolated lepton in an hadronic
environment. The events have high multiplicity and high visible energy, but they are
characterised by a non zero missing energy due to the presence of the neutrino. This
missing energy can be reconstructed by imposing four momentum conservation. The
two reconstructed masses, My, and M, have to be in a predefined window around
the value of the W mass.

In this channel we have to separately consider the case in which the lepton is a .
In this case, when the 7 decays hadronically, the final state has three jets and the
contamination coming from the process ete™ — ¢d(yg) is significantly higher. On
the other hand, when the 7 decays into a lepton there are extra neutrino-antineutrino
in the event and the reconstruction of the missing energy is more difficult and the
use of a kinematic fit is necessary.

7.2.3 The leptonic channel: WtW~- — lviv.

This channel is characterised by a low multiplicity, a low visible energy and a very
high missing momentum due to the presence of the two neutrinos. The most im-
portant background comes from events like ete™ — [*17(y), which can be rejected
by taking into account the collinearity of the two leptons. Here also, when the two
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leptons are 7’s decaying hadronically, the background coming from e*e™ — ¢g(v)

events has to be taken into account.

7.3 Backgrounds.

Potential background sources for ete™ — W+W ™ analysis are the following:

1. each decay channel of the W is a potential background for the others. The
purely leptonic decays of the W are well separated by a cut on the number of
clusters, since they have a low multiplicity.

2. The reaction ete™ — Z/v — qg(yg) is the dominant background. It has a
cross section of 107 pb at /s = 183 GeV to be compared to 15.5 pb for the
WW production. The Feynman diagrams corresponding to these events are
shown in Figure 7.1. The energy of the photons in the final state changes with

Figure 7.1: Feynman diagrams for the process ete™ — Z/v — qd(vg)-

the virtuality of the Z. We can have initial or final state radiation of photons
which converts into a fermion pair (a), when the two fermions are quarks the
topology of the final state is the same as WTW ™~ — gqqq. We can have initial
state radiation of photons of E, > 50 GeV which go along the beam pipe and
are not detected (b). In this case the effective centre of mass energy is lowered
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to the Z peak (return to the Z).

During the hadronization of the jets high energy leptons can be present mainly
due to ¢ — [ and b — [ decays. They represents the highest background for
the semileptonic channel which can be reduced by isolation criteria.

When the two fermions, fo, fs, of Figure 7.1 (a) in the final state are leptons,
they are a background for the leptonic channel. But the fermion from the W’s
are acoplanar because they come from different particles, which is not the case

for ete™ — ffff.

3. The reaction ete~ — ZZ has a small cross section, 0.59 pb at 183 GeV, and
therefore it has not a major effect on the analysis. The corresponding Feyn-
man diagram is shown in Figure 7.2. The final state has four fermions as in

et A

Figure 7.2: Feynman diagrams for the process ZZ — all.

the case of the signal. The difference between signal and background is that
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in the hadronic decays of the W, the quark-antiquark in the final state have a
different flavour to conserve the charge of the W (for example W+ — ud), in
the decay of the Z boson they have the same flavour (for example Z — u).
But very often the charge of the jets is not correctly measured, in these case
we cannot distinguish between W*W ™ — gqqq and ZZ — qgqq decays.

In the semileptonic decays of the W, the final state is {1, while the Z has a pair
[*1~. The ZZ events are t channel processes, therefore the produced Z bosons
are going mainly in the forward direction. In the final state ZZ — qql*l~
when a lepton goes in the beam pipe and is not detected, these events have the
same topology as a semileptonic W decay. This background can be suppressed

requiring that the direction of the missing energy points inside the detector.

4. The reaction ete~ — ete~Z — ete hadrons is important when the W
decays into an electron. The cross section of this process at /s = 183 GeV
is 3.3 pb. The Feynman diagrams for this process is shown in Figure 7.3. In
this case also, the most important contribution, comes from the ¢ channel dia-
grams, in which one of the particles in the final state goes along the beam pipe
simulating a WtW~ — gqgev, event. By requiring the missing momentum to
be inside the detector this background is substantially reduced.

7.4 Event selection.

7.4.1 WTW - — qqev selection.

The channel W+W~ — ggev, was under my direct responsibility in the L3 analysis
group, therefore this analysis will be described in more detail than the other chan-
nels. The study of the selection started in 1996, before the beginning of the data
taking, with Monte Carlo events.

A preselection has been studied and since then it is used in the PASSI selection for
the production of L3 data. A ggev event is shown in Figure 7.4. The selection cuts
may vary slightly with the beam energy, they are summarised in Table 7.1.

The generators used to determine the selection efficiencies are ete™ — W+W~
(CC03) KORALW [31] and ete™ — WHW~ (CC20) EXCALIBUR [32].

The selection of the semileptonic events starts with the identification of an high en-
ergy isolated electron. The electron is characterised by an electromagnetic bump in
the BGO electromagnetic calorimeter with F, > 20 GeV, 39/355 > 0.95 and a cor-
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Figure 7.3: Feynman diagram for the process ete™ — Zee — all.

responding track in the central tracking chamber inside an azimuthal window A®.
The energy of the electron is shown in Figure 7.5. Depending on the polar angle 8
the A® window varies from 10 to 42 mrad to account for geometrical and resolution
effects.

The electrons from the decay of hadrons are rejected by requiring the electron to
be isolated from the hadronic system. The isolation is imposed either by a cut on
the total calorimetric energy deposited in a cone of half opening angle of 10 degrees
around the electron direction, either with a cut on the angular distance between the
electron and the nearest jet.

In the 1997 analysis, at /s = 183 GeV, the EGAP detector has been included. The
improvement in the selection efficiency is ~ 5%. A distribution of | cosf, | with and
without EGAP is shown in Figure 7.6. Once the lepton has been identified, the rest
of the event is clusterised in two hadronic jets, using the DURHAM algorithm [89].
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Run # 672305 Event# 4124 Total Energy: 132.63 GeV

Transverse Imbalance : 2164 | Longitudinal Imbalance : -.3037
Thrust: .9268 | Major : .3176 | Minor : .0989
Event DAQ Time : 970809 190353

Figure 7.4: Example of a ggev event at 172 GeV.

The track and cluster multiplicity of the event, due to the hadronization of the
quarks, is a good variable to separate the signal from low multiplicity events like
Bhabha, muon pairs, and purely leptonic decays of the W. The track multiplicity
for purely hadronic and for semileptonic events is shown in Figure 7.7. From the
lepton and the two jets four-vectors we can calculate the missing momentum due to
the presence of the neutrino (Figure 7.8). In order to reject radiative gg(y) events,
where the photon escapes along the beam pipe, the polar angle of the missing mo-
mentum vector must point well inside the detector and the neutrino energy must be
larger than 20 GeV. The Figure 7.9 shows the angular distribution of the neutrino
(cosb,).

The masses of the two W bosons are calculated as the invariant mass of the electron-
neutrino system, M,,, and the mass of the jet jet system, M. The invariant mass
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Figure 7.5: Energy of the electron for ggev events at /s=183 GeV, in log-
arithmic and linear scale. The WW Monte Carlo background indicates the
background from the other decay channels.

electron neutrino and the invariant mass of the jet jet system are shown in Figure
7.10.

All the cuts are summarised in table 7.1.

In the W*W~ — gqgev, channel, the high selection efficiency and small background

contamination allows a clean event selection which gives in a measurement of the
cross section and of the W mass with a small systematic error. This will become
more and more important in the future when the high statistics accumulated will
induce an error reduction.
The number of selected events, the selection efficiency, the integrated luminosity and
the background contamination (for the other decay channels of the W we quote the
efficiency), for the channel ggev are listed in table 7.2. Since at present the statistics
of the individual channels is limited we have decided to add all the leptonic decay
channels together to measure the mass of the W boson. We summarise briefly in the
following the analysis of the other decay channels. The approach is similar to the
gqev selection, a detailed description of the analysis can be found in [90, 91].
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Cut Vs =161 GeV | /s=172GeV | /s =183 GeV
# of clusters > 15 > 15 > 15

# of tracks >5 >5 >5
Yo/Xos > 0.95 >0.95 > 0.95

E, > 25 GeV > 20 GeV > 20 GeV
E, > 25 GeV > 20 GeV > 20 GeV

| cosbe | <0.90 <0.95 <0.95

| cosb, | <0.90 <0.95 <0.95
A®rpc_Bco > 10 mrad > 10 to 42 mrad | > 10 to 42 mrad
Oejer . > 10° > 10°
E./FEconese > 0.7 - -

My, > 50 GeV > 45 GeV > 45 GeV
M., > 50 GeV > 55 GeV > 55 GeV

Table 7.1: Cuts used for the selection in the semileptonic channel with an
electron in the final state at different centre-of-mass energies.

Vs =161 GeV | /s =172 GeV | /s = 183 GeV
Luminosity (pb~1) 10.20 10.25 55.40
Signal efficiency (%) 76.3 79.3 85.5
Efficiency for gquv (%) - 0.16 0.2
Efficiency for qqrv (%) 1.4 1.74 1.7
Non W background (# of events) 0.16 0.65 6.54
# of events 4 19 119

Table 7.2: Results for the ggev channel.

7.4.2

WTW - — qquv selection.

The event selection for the process eTe™ — gquv requires a good identification of the
muon in the muon spectrometer. A muon can be identified as the highest momentum
track pointing to the interaction vertex, matched with a track in the muon chambers
and with a momentum p,, larger than a predefined cut. Muons arising from decays
of hadrons are rejected by requiring an angular separation between the muon and
both hadronic jets. The distributions of the angle between the muon and the nearest
jet multiplied by /1— | cosf, | is shown in Figure 7.11. The isolation cut is tighter
as much as the missing energy is pointing along the beam pipe.

In order to reject qqu* ™ events, any additional muon reconstructed in the muon
chambers must have a small momentum or the invariant mass of the two muons has
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to be smaller that 30 GeV.
The invariant mass of the muon-neutrino system and the polar angle of the neutrino
are shown in Figure 7.12 and in Figure 7.13 respectively.

The selection is improved by including also muons identified as minimum ionising
particles (MIP) in the calorimeters. In this case muons are identified as a track in
the central tracking chamber with momentum larger than 10 GeV associated with
an energy deposition in the calorimeters compatible with a MIP. For MIP muons
the muon-neutrino invariant mass cut is lower than for well reconstructed muons,
because the momentum measurement is not as accurate. The inclusion of the MIP
muon identification increases the efficiency by 10 % because of the lower efficiency
in the forward region.

The complete list of the cuts used in the analysis at the different centre of mass
energies are listed in table 7.3. The luminosity used, the selection efficiency, the

Cut Vs =161 GeV Vs =172 GeV Vs =183 GeV
# of clusters > 15 > 15 > 15

# of tracks >5 >5 >5

P, > 20 GeV > 15 GeV > 15 GeV

P, second <20 GeV - -

M, - <30 GeV < 30 GeV

| cosB, | <0.95 <0.95 -

0—jet > 15 > 10 -

\/1— | cosb, |a(p, jet) - - 1.8°

My; > 40 <120 GeV | > 30 <120 GeV | > 30 <120 GeV
M, > 55 GeV > 55 GeV > 55 GeV
MIP

Pirock > 10 GeV > 10 GeV > 10 GeV
Orrp—jet > 15 > 15 > 15

Mgq >40 <110 GeV | > 40 <110 GeV | > 40 < 110 GeV
MMIPII Z 20 GeV 2 20 GeV Z 20 GeV

Table 7.3: Cuts used for the selection in the semileptonic channel with a muon

in the final state at different centre-of-mass energies.

accepted background and the number of selected events, after applying this selection,

are listed in table 7.4.
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Vs =161 GeV | /s =172 GeV | /s = 183 GeV
Luminosity (pb—?!) 10.90 10.25 55.40
Signal efficiency (%) 66.0 74.1 77.1
Efficiency for ggev (%) - 0.11 0.1
Efficiency for qqrv (%) 2.1 3.50 4.2
Accepted background (# of events) 0.17 0.38 3.16
# of events 4 9 108

Table 7.4: Results for the gguv channel.

7.4.3 Selection of gg7v.

The selection is based on the identification of a 7 jet and of the missing energy
associated to the two neutrinos. In the case of a leptonic 7 decay, 7 — lvv;, the
lepton, with an energy larger than 5 GeV, is identified as in the W — [v selection.
The sum of the lepton energy and the missing energy has to be larger than 65 GeV.
If a lepton is not identified, the clusters are grouped to form jets with energies larger
than 10 GeV. Between the three most energetic jets, the two which show a back-to-
back configuration are associated to the decay of a W (W — g¢q), the third one is a
candidate for a 7 jet. The visible energy of the 7 jet is shown in Figure 7.14. The 7
must be isolated from the nearest hadronic jet by at least 25 degrees. The missing
momentum of the decay W — 7v, is reconstructed performing a 4C kinematical fit
of the two hadronic jets and the identified lepton.

The invariant mass of the 7-neutrino system has to be larger than 55 GeV and the
mass of the jet-jet system has to be larger than 60 GeV and smaller than 100 GeV. To
reduce the background from ete™ — ¢g(y), and from W*W~ — gqqq, the difference
between the visible energy and the missing energy has to be smaller than 120 GeV.
The results of this selection are shown in table 7.5.

7.4.4 Selection of gqqgq.

In this channel the background from ¢g(vy) events is so high that it is necessary to
use a neural network approach to reach reasonable purities. The neural networks are
trained with Monte Carlo events for signal and background events and then they are
applied to the data. A loose preselection is applied to Monte Carlo events before the
training, asking for high multiplicity events with no missing energy. A cut on the
resolution parameter, which separates 4 jets from 3 jets (y34 > 0.0025), is applied.

A feed-forward three level neural network is used: the first level is formed by 10
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Vs =161GeV | /s = 172GeV | /s = 183GeV
Luminosity (pb™") 10.2 10.3 55.4
Signal efficiency (%) 37.5 46.6 51.3
Efficiency for gqqev (%) 4.7 5.62 7.2
Efficiency for qquv (%) 4.8 6.89 6.6
Efficiency for gqqq (%) 0.1 0.14 0.2
Accepted background (# of events) 1.6 2.1 11.2
# of events 2 12 84

Table 7.5: Results for the gqq7v channel.

nodes in input, an intermediate (hidden) level with 15 nodes, and the third with only
one node as output, which gives a value whose distribution is peaked at 1 for the
signal and at O for the background. The 10 input variables are chosen according to
the topology of the four jet events. They are: ys4, the sphericity, the minimal and
maximal jet energies, the minimal jet cluster multiplicity, the sum and the difference
of the two W masses, the maximal acollinearity between jets belonging to the same
W, the minimal jet-jet angle, the minimal mass of jets when the event is reconstructed
as two-jet event. The neural network output distribution for data events is fitted
by a linear combination of neural network output distributions derived from Monte

Carlo simulations for signal and background. The Figure 7.15 shows a distribution

of the neural network output. The result of the selection are listed in table 7.6.

/5 = 161GeV | /s = 172GeV | /s = 183GeV
Luminosity (pb~') 10.2 10.3 55.4
Signal efficiency (%) 67.0 84.1 88.0
Efficiency for ggev (%) - 0.08 0.5
Efficiency for gquv (%) - 0.04 0.1
Efficiency for gqrv (%) 0.6 2.14 2.2
Accepted background (# of events) 5.2 12.7 86.4
# of events 8.9 61 475

Table 7.6: Results for the ggqqq channel.

7.4.5 Selection of lviv.

On the ete™ — WTW~ — [viv channel we require the presence of two leptons, a
low multiplicity and the high missing energy due to two neutrinos. The number of



7.4. Event selection. 107

tracks must be between 2 and 6 and the visible energy must be between 2 % and 80
% of /s. Electrons and muons are identified as in the semileptonic selection, in a
polar angle range | cosf |< 0.92. Two categories are possible: lepton-lepton events
or lepton-jet events when the 7 is present. In the lepton-jet class the jet must have at
least 8 GeV of energy. To reduce the ete™ — [*]~ contamination, the acoplanarity
has to be larger than 8 degrees and the missing momentum must not point along
the beam pipe, cosf,, <0.96. For the lepton-jet class the acoplanarity condition is
applied not only between the lepton and the jet, but also between the lepton and all
other tracks. The acoplanarity distribution is shown in Figure 7.16. The results of
this selection are listed in table 7.7.

/5 = 161GeV | /s = 172GeV | /5 = 183GeV
Luminosity (pb—!) 9.6 10.3 55.4
Efficiency (%) 39.8 45.1 42.8
Accepted background (# of events) 0.39 0.34 1.39
# of events 2 9 54

Table 7.7: Results for the lvlv channel The background from the other W decay
channels is negligible, below 10~%, and then is not reported in the table.
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Chapter 8

Cross sections for WTW —

production.
W mass determination at 4/s=161

GeV.

8.1 Introduction.

In this Chapter the ete™ — W+W™ cross sections measured at /s=161, 1/s=172
and /s=183 GeV will be presented with a description of the different contributions

to the systematic error.
Then we will present the results on the W mass measurement at threshold (/s = 161

GeV) with the cross section method and we will discuss its systematic error.

8.2 Cross section measurement.

The cross section for a given class of events is given by

_ N, signal — Nbackground
= = (8.1)

where

® Nigna is the number of selected events;
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® Niackground the number of background events;

e ¢ is the selection efficiency, due to the acceptance and the efficiency of the de-
tector and to the selection cuts;

e L[ is the integrated luminosity.

One important point, in the measurement of the cross section for the W production,
is the contribution of the diagrams other than the “CCO03” ones. The measured
cross section is composed of all possible four fermion contributions, and so in the
theoretical calculation we have to include all diagrams relative to the process ete™ —
4 fermions. The rapid growth of the ete™ — WTW ™ cross section around the
threshold energy is a characteristic of this process. In fact, at the Born level, oy o
B = /1 —4M§j /s. This kind of effect is present in none of the other diagrams
of four fermion production. On the other hand the total cross section o(ete™ —
4 fermions) is neither easily measurable nor easily calculable and depends on the
cuts applied. In fact we use a “CC03” Monte Carlo to evaluate the selection efficiency
and we apply a correction to take into account the contributions of the four fermion
diagrams. The correction is estimated by Monte Carlo simulation. Due to the long
time necessary to generate the events when all the diagrams are taken into account,
the selection has been tuned on CCO03 events, then a small sample of CC20 events
has been produced to evaluate the correction.
A preselection is used to generate the CC20 sample, the cuts are applied at the
generator level and they are listed in table 8.1 for the three centre of mass energies:
We can calculate the number of events CC03 contained in the CC20 sample, then

Vs = 161GeV [ /5 = 172GeV | /s = 183GeV
E, > (GeV) 25 20 20
E, > (GeV) 25 20 20
| cos. |< 0.90 0.95 0.95
| cosB, |< 0.90 0.95 0.95
M,, > (GeV) 50 45 45
My > (GeV) 50 45 45

Table 8.1: Phase-space cuts in which the signal efficiency and cross section are
determined for the electron channel.
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the ratio f; = 255% is used to calculate the efficiency and to correct the cross section.
cC20

The “CCO03” cross section, taking into account this factor, is:

stgnaleccfibzckground « f. (8.2)
The correction factor f; is 1.27 & 0.05 at /s = 161 GeV, 1.10 £ 0.05 at /s = 172
GeV and 1.09 & 0.05 at /s = 183 GeV for the ggev channel. ”

The cross sections are measured for the individual channels. To get oww the results
of the five measured channels are combined with a maximum likelihood function
which is the product of the Poissonian probability P(NV;, ;):

gccos —

,_L‘Nie_ﬂi
L= HP(Ni, pi) = H lN.! (8.3)
where N; is the number of selected events. The number of expected events, u;, is

calculated as:

5
i = (Z €505 + (T,I?g) . [:z (84)

j=1
where ¢;; is the element of the matrix of the efficiencies and it is defined as the
efficiency for the process j in the selection i. o0; = rgamjoww where rs)s; is the
Standard Model branching fraction for the process j. £; is the integrated luminosity
for each channel. The luminosity is different for each channel because the selections
are done using different sub-detectors (for example BGO calorimeter for the ggev
channel or muon chambers for the gguvr channel). A list of bad runs is produced for
each sub-detectors, and then these runs are not used for the analysis.
Using the branching fractions (rsys) predicted by the Standard Model the total cross
section can be measured. The details for the cross section measurements are listed
in table 8.2 for the ggev channel. The cross sections measured for the other channels
are listed in table 8.3. The total cross section for W production measured at /s =
161 GeV [90] is:

ow+w- = 2.89708(stat.) £ 0.14(syst.) (pb). (8.5)
At 172 GeV [91] the total cross section has been measured to be

ow+w- = 12277131 (stat.) + 0.23(syst.) (pb) (8.6)
and finally at 183 GeV the result is:

ow+w- = 16.66 £ 0.66(stat.) = 0.30(syst.) (pb). (8.7)
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Ndata Nbg O'(CCO-B) (pb) TsMm | OsMm (pb)
Vs=161GeV | 4 [0.16 0.627053 146 | 0.56
V5 =172GeV | 19 |0.64 | 2.44708 +0.07 | 14.6 1.81
Vs =183GeV | 119 | 6.6 | 2.461028+0.06 [ 14.6 | 2.30

Table 8.2: Number of selected events, Ng,tq, number of expected non-W back-
ground events, Npg, and CCO3 cross section for the reaction ete~™ — ggev. The
first error is statistical the second, when reported, is systematic. Also shown
are the CCO03 ratio, rspr, and the CCO03 cross section, ospr, as expected in the
Standard Model.

Process IGcos () | 0850 (1)) | 088es (PD)

ete™ — qquv | 0.53%55; 1.067035 2.341052
ete” — qqrv | 0.227535 1.607081 1.8715:3¢
ete” — qqqq | 0.9879%} 5.4810-92 8.2510-4¢
ete” = lyly, | 0.39%933 | 1.93%0% | 1.531033

Table 8.3: Cross sections of the processes qquv, qqTv, qqqq and lvly measured
at centre of mass energies of 161, 172 and 183 GeV. The errors are statistical

only.

The statistical error on the cross section measurement is the Poissonian statistical
error on the number of selected events. The results for the cross section measurements
are compared in Figure 8.1 with the Standard Model expectations. The data confirm
the Standard Model calculation. The values obtained by excluding the triple gauge
vertices ZWW and yWW or the v, t channel diagram are clearly too high.

8.2.1 Systematic errors on the cross section measurement.

The systematic errors on the measurement of the cross section are related to the
selection efficiency and to the background contamination. For example in the cuts
using the energies we have to take into account the calibrations of the detector, in
the reconstruction of the W mass we have to consider the real value of My,. The
most important source of systematic error comes from the selection. At /s = 183
GeV the statistics is big enough to permit a calculation of this error by varying the
cuts applied around their nominal value to evaluate the difference in the measured
cross section as function of the variation of the cuts. Some examples of the variation
of the cuts are shown in Figure 8.2. This error is added in quadrature to the other
sources of systematic errors listed in table 8.4. For /s = 161 GeV, 172 GeV data,
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Figure 8.1: The cross section, oww, for the process W+W— — 4f, as function
of the centre-of-mass energy +/s. The errors on the measurements are the
combination of the statistical and systematic error, added in quadrature. The
solid curve shows the Standard Model expectations. The dashed curve shows
the expectations if there was no ZWW coupling. The dotted curve shows
the expectations if only the ¢ channel, v, exchange in W pair production is
considered.

due to the small statistics other methods have been used. For example systematics
errors in the electron identification are derived from a comparison of data versus
Monte Carlo using ete™ — eTe™(y) as a control sample. Systematics errors on
efficiency and accepted background cross sections are derived by comparing different
Monte Carlo event generators and Monte Carlo samples with different W masses and
detector energy scales. The Figure 8.3 shows the distribution of the neutrino energy
when only loose cuts are applied. A total systematic error of 5 % has been quoted
for the cross section measurement at /s = 161 GeV for the semileptonic channels,
at /s = 172 GeV the total systematic error for the same two channels has been
estimated to be 3 %. Finally at /s = 183 GeV the total systematic error has been
estimated to be 2 %. It has to be noticed that at all the three energies the systematic
errors are negligible compared to the statistical ones.



Chapter 8. Cross sections for W+ W ~ production.
120 W mass determination at 4/s=161 GeV.

Data ww_97

1.1 1.1 11
A[%]: 0.78 1A[%]: 0.13 {1A[%]: 0.26
1-|ll++ 1144 02 1-++L .
_fn LR S R ¥
T T 0.9 —r— 0.9 T T
135 235 0.895 1.005 13.5 235
neutrino energy cos(theta_neutrino) electron energy
1.1 1.1 1.1
{1A[%]: 0.62 1A[%]: 0.10 1A[%]: 0.00
02 1 -1 * * ) 4 T * 02 1 | N ) "
° _T LI T ° _* T + T ? ? {
0.9 T T 0.9 —Tr 0.9 T T
0.0575 0.1225 6.75 23.25 48.5 58.5
delta_phi BGO_EGAP angle electron-jet BGO_EGAP mass electron-neutrino
1.1 1.1 11
{1A[%]: 0.43 1A [%): 0.56 {1A[%]: 0.65
‘e
©

1Tot[%]: 1.41

38.5 49.5 0.895 1.005 135 24.5
mass jet-jet cos(theta_electron) nsrc

Figure 8.2: Systematic errors due to the variation of the selection cuts. The y
axis shows the ratio of the cross section calculated at the new value of the cut
over the cross section calculated with the cut fixed at the nominal value.

8.3 W mass measurement at /s = 161 GeV from

the cross section measurement.

As shown in Figure 4.2, the cross section o(ete™ — W*W ™) grows rapidly in the
energy region just above threshold, therefore here it is sensitive to the value of the
W mass. The measurement error on the W mass can be written as:

ww

which is obtained on the W mass from the measurement of the cross section as
function of /s — 2My, (Figure 8.4) [26].



8.3. W mass measurement at /s = 161 GeV from the cross section

measurement. 121
Sources Systematic error (%)
A¢rEc-BGo 0.8
TEC efficiency 0.1
BE correlation 0.4
AMy 0.5
Eje: smearing 5 % 0.2
E, smearing 2 % 0.05
Angle jets smearing 2° 0.5
MC statistics 0.25
EGAP efficiency 0.05
cut variation 1.41
total 2

Table 8.4: Different contributions to the systematic error on the W cross section
measurement at 183 GeV for ete™ - WHW ™ — gqev.

The errors in the cross section measurement are the statistical errors on the
number of selected events (signal and background) and the systematic errors on the
evaluation of the selection efficiency and on the evaluation of the background cross
section. These errors propagate on the W mass precision as:

dMww Obkg Aabkg}
5P
doww )L\/Z € (a)
dMywy 1

D[ +/
( oww | doww l) Vel

@ (aww | g 1) &¢ © (59)

€

s = ]

(b)

where the sign @ indicates the sum in quadrature of the different independent con-
tributions. The statistical error from the number of signal events, ve£, has been
separated from the statistical error from the background events oy, /e\/z With a
luminosity of 10 pb~!, collected at /s = 161 and /s = 172 GeV, the most impor-
tant contribution to the error on the W mass comes from the statistical error on
the number of signal events. The corresponding sensitivity factor is shown in Figure
8.4, curve (b), which has a minimum of 0.89 GeVpb~/2? at (/5)°P* = 2Mw + 0.5
GeV, therefore to minimise this error LEP did the measurement at /s = 161.0 GeV,
the value calculated using the world average of the W mass available in 1996. To
minimise the contribution from the background the minimum value of the derivative
| #2% | has to be calculated, it is 0.45 GeV pb~' (curve a) for /s ~ 2Mw + 1.2
GeV.
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Figure 8.3: Distribution of the neutrino energy in the gger channel at /s = 172
GeV when only loose cuts are applied, to compare data and Monte Carlo
background distributions.

The error on My introduced by an uncertainty in the W width 'y is

dMw

do

where the value of the derivative corresponds to /s = 161 GeV. In the Standard
Model

r ~2080( Mw )3 8.11
e 80.26GeV /) - (8.11)

If we use the world average value of the W mass, My = 80.33 £ 0.15 GeV, ‘the
AT'yy = 12 MeV. In contrast the value of the width measured at the Tevatron is
I'v = 2.07 £ 0.06 GeV consistent with the Standard Model calculation but with

a much larger error. If we use the Standard Model value of the width then the
contribution (2 MeV) to AMy is negligible.
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Figure 8.4: Different contribution to the My error (Eq. 8.9). The curve
(a) shows the contribution of the uncertainty on the cross section due to the
background contamination. The curve (b) shows the uncertainty on the number
of selected events. The curve (c) shows the contribution coming from the
uncertainty on the selection efficiency. The errors have been estimated for an
integrated luminosity of 100 pb~! at /s = 161 GeV.
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8.3.1 Results.

To measure My the cross section fit to the data taken at \/s =161 GeV, is repeated
with the cross section o; of the Equation 8.4 replaced by the function o;(y/s, My)
leaving the W mass as the only free parameter. The semianalitical program GENTLE
[39] has been used for the channels gquv, ggrv and gqqq for which only the CC03
diagrams are important. For the channels qger and [vilv for which we have to consider
also the other diagrams, we have used the program EXCALIBUR, [32]. The measured

W mass at /s = 161 GeV is:
Mw = 80.807045(exp.) + 0.03(LEP) GeV (8.12)

The experimental error contains the systematic (+0.08) and statistical (+0.47 -0.41)
errors coming from the cross section measurement. The LEP error indicates the
systematic error on the measurement of the beam energy [92]. The Figure 8.5 shows
the cross section with the measured errors and the Standard Model expectations as
function of the W mass, which allows the measurement of My, .

8.3.2 Systematic error on the W mass measurement.
The total systematic error on the W mass measurement is given by

1. the selection efficiency and the background contamination described in 8.2.1;

2. the theoretical uncertainty on the oww, calculated with the program GENTLE
[39], which has a precision of the order of 2%. This corresponds to an error of
35 MeV on the W mass;

3. the measurement of the energy of the beams. The beam energy is measured
near threshold with an error of 27 MeV.
The contribution to the error on the W mass coming from the LEP energy

measurement is expressed by the relation:

dMW dUWW
dO’WW d\/g

The terms in the parentheses is about 1 at threshold energy. In the Appendix
A a detailed discussion on the importance of the beam energy measurement at
LEP, and its impact on the W mass measurement, will be given.

AMy = (-2 AE,. (8.13)
( )
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Figure 8.5: The cross section, oww, for the process WTW = — 4f, as a function
of the W mass, My . The curve shows the Standard Model expectation. The
horizontal band shows the cross section measurement with its total error.
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Chapter 9

Measurement of the W mass at
vs =172 and 183 GeV.

9.1 Introduction

In this Chapter we present a short description of the kinematical fit, the method used
to measure the mass and the width of the W boson and finally the results obtained
at energies above the threshold.

9.2 The kinematical fit.

At energies above the threshold of the W production, the W boson mass is obtained
by reconstructing the four-vectors of the two fermions in which the W decays and
by calculating the W effective mass. The distribution of the reconstructed W mass
at this level has not the correct W width because of the experimental resolution.
Therefore it is necessary to perform a kinematic fit to improve the resolution of the
W mass.

The function which describes the W mass distribution is a Breit-Wigner which,
smeared by the finite resolution on the energy and momentum measurements, ac-
quires in the experiment a gaussian profile.

The fit of the hypothesis efe™ — WTW ™ is done imposing the energy-momentum
conservation on the event and the constraint that there are two equal masses, a “5C”
fit. The constraint of the two equal masses, can be exact or can take into account
the width of the two W’s. The constraint of two equal masses improves dramatically
the resolution on the W mass and plays a role in background rejection. In fact, if
this condition is not applied the reconstructed mass of the two particles are strongly
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Figure 9.1: Distribution of the invariant mass before and after the kinematic fit
for ggev; events.

anti-correlated, especially in the semileptonic channel, where part of the energy of
the hadrons can escape the detection and therefore be assigned to the neutrino. In
this case, the invariant mass of the ¢q system is systematically underestimated and
the mass lv; systematically overestimated. The fit is performed by minimising x?:

n

X’ =3 (i — w)?/o} (9.1)

where in our case z; represent the four-vectors energy-momentum, the azimuthal
angle ¢ and the polar angle 6 for the four particles in the final state. The errors on
the jet four-vectors are extracted from the data or from the Monte Carlo under the
hypothesis that they are uncorrelated, and that the error matrix is diagonal. This
assumption is a bit too simple, because the fragmentation, the detector effects, and
the way in which the particles are associated in a jets, introduce some correlations.
The estimate of the non-diagonal elements is too complicated to be justified at the
actual level of statistical precision. The error on the lepton parameters can be ex-
tracted from data or from Monte Carlo and can depend on the energy and on the
position, these errors are uncorrelated therefore they give a diagonal matrix. These
correlations are till now considered as systematic uncertainties.
In Figure 9.1 the invariant mass distribution for the semileptonic channel with an
electron is shown, before and after the kinematic fit.

From the two distributions we can see that the mass resolution improves from ~
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10 GeV to a value which corresponds almost to the width of the W boson. In the
purely hadronic channel W*W~ — ¢gqq, there are three possible combinations to
make the pairing of the jets. For this reason the kinematic fit is done on the three
possible combinations and, if the constraint on the two masses is used, the x? of
the three possibilities is different and then can be used as a discriminator. We have
chosen the pairing for which the kinematic fit has the lowest x2. This criterion is
correct in 60 % of the cases. In 25 % of the cases the correct pairing is the one with

the second best 2.

9.3 Fit for My and I'yy using the box method.

The distribution of Figure 9.1b cannot be used directly to extract the W parameters,
My and I'y, because in between the measurement and the theory there are still de-
tector effects. The observed distribution of the invariant mass is the differential cross

section:
] (5' Mw 1—‘W) = /dm'G(S' m’ m)—(s My FW) (9 2)
) ) ) ) l / ) 7 M

where m is the mass obtained by the kinematic fit and G contains the detector ef-
fects.

It is too difficult to calculate analytically the function G. We use Monte Carlo pro-
grams to generate events with a given mass distribution, we pass them through the
full chain of simulation and reconstruction programs to obtain the experimental dis-
tribution. One method to extract My and I'yy from Equation 9.2 is the so called
box method [93].

The Monte Carlo contains all the necessary information to establish a relation be-
tween generated m(gen) and reconstructed quantities mc) (Figure 9.2). The proba-
bility density to reconstruct from the decay products of the two W’s a value of the

mass Myec is AP = wdmye.:

1
W\Myec, M = 8
( rec W) oww (Mw) + O'background

da aACKgT oumn
(Mree, Miw) + =522 (1) (9:3)
Tec

dO’ wWw
dmrec

where My is the mass we want to measure, oww and Opackground are the cross sec-
tions for the signal and for the background respectively. To take into account the
selection effects the cross sections have to be measured within the selection cuts.
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Figure 9.2: Mw reconstructed mass as function of generated mass.
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Using this probability density, we write a maximum likelihood function:

L(Myw) = I;w(mge: (), Mw) (9.4)

where mdata(5) is the value of the reconstructed mass of the event j.

The value doww /dmyre. is obtained by counting the number of Monte Carlo events
which are in a box, in the plane (mgen, Myec), around the value mdsie(y):

doww mdat nb
ala ~ x 0.’1} 9.5
O (s ) o X T ©5)

where

Number of total Monte Carlo events
total Monte Carlo cross section

o Lyc = integrated Monte Carlo luminosity =
e Vi = wolume around mi%e(j) (boz)
e nl,. =number of Monte Carlo events within V;

The total cross section, is the sum over all the volumes:

oww = 3 ZL’; (9.6)

The way to choose the volume is very important, in fact the volume has to be small
enough to see the structure of the function doww/dmre; but it has to be big
enough to contain a statistically significant number of events. The simplest way is to
choose volumes with constant dimensions symmetric with respect to the measured
value of the mye.(j). In this way, for volumes far from the peak of the distribution,
the number of Monte Carlo events is small. A solution is the choice of asymmetric
volumes, of fixed dimension, in such a way that the integral of the function, on the
left and on the right side of m,. is constant. Alternatively, one can use volumes
with variable dimensions, but such that the integral of the function is the same per
each volume. The advantage, in this case, is that the number of events is the same
in each volume, but on the tails of the distribution the volumes become too big.
Once the dimension of the volume is fixed, we can construct doww /dm,e. using the
Equation 9.5.

To perform a fit with My, as parameter we should be able to calculate doww /dmyec
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for each value of the W mass. This would mean to have one Monte Carlo fully
simulated and reconstructed per each value of the My with a reasonable number
of events. This is practically impossible, but a way out is to use the technique of
Weighted Monte Carlo events.

The most important hypothesis for this method is that the differential cross section
has always the same behaviour with respect to My, then once it is calculated for a
given value of the W mass, M}, the distribution can be shifted to a new value of
My,

The Monte Carlo contains information on the generated quantities therefore it is
possible to obtain a new Monte Carlo with mass Mj; re-weighting the events of the
original one. At the end we have to generate and reconstruct only one Monte Carlo

and all the others used to extract the weight are only generated. Then we define:
doww ,  data, - 1 1 o wi(Mw)
7)), Mw) = — X —=Sy——7—+ .

where wy is the weight of each Monte Carlo event.

The weight can represent different quantities:
e the double differential cross section with respect to the two W’s

_ d*o(mi, m§)

= 9.8
Wk dmldmg ( )
o the differential cross section with respect to the mean value of the mass
do ;
— j
we = 5 (mi,) (0.9)

e the matrix elements of the invariant amplitude | M |?

In the first two cases, the calculation can be done using the semianalytical program
GENTLE [39]; in the last case the matrix elements can be obtained directly from
generators like KORALW [31] or EXCALIBUR ([32]. -

To summarise the procedure we start using the maximum likelihood function defined
in Equation 9.4 to perform a fit of the parameter My,. With the box method we
reconstruct the function doww /dm,e., as in Equation 9.5. Then varying the param-
eter My we recalculate doww /dmye., but this can be done directly using the Monte
Carlo. With Monte Carlo programs the probability density as function of My, is
defined, for each experimental event. This is done for all Monte Carlo events with
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known generated mass and with a reconstructed mass within a fixed interval around
each data event. With such density the maximum likelihood function is maximised
as function of the free parameter My,. For each selected event the value of the W
mass used in the fit is the one obtained from the kinematic fit imposing the constraint
of two equal masses. The interval is chosen in such a way to have an almost constant
number of events (~ 1000 events) per interval. For this reason the variation of the
reconstructed mass has been fixed in intervals from + 35 MeV, in the peak region,
to £+ 250 MeV, in the tail regions.

9.3.1 Results for My and I'y.

Using the data obtained at /s = 172 and /s = 183 GeV, the W mass has been
determined for each of the decay channels; then a combined fit has been performed
to obtain the W mass in the gqlv channel, and for all the channels together. In the
combined fits, the maximum likelihood function is the product of the functions for
the single channel. The results of the fit at 172 GeV are listed in table 9.1. The same

Process My (GeV)
ete™ — gqev 80.25;?% +0.09
ete™ — qquv | 80.947733 +0.08
ete™ — qqrv | 80.43+197 4+ 0.09
ete™ = qqlv | 80.427023 £0.07
ete™ — qqqq | 80.91704 £0.13

ete” — 4f | 80.71753% £0.09

Table 9.1: Values of the W mass, with the direct reconstruction method, for all
the decay channels, at 172 GeV. The first error is the statistical, the second is
the systematic.

results for the semileptonic channels are also shown in Figure 9.3. In the Figure 9.4
the reconstructed W masses for the first two pairings in the ggqq channel are shown.
The two values of My, obtained in the semileptonic channel (gqlv) and the hadronic
one (gqqq), are in agreement with each other.

With all the channels combined together the value of the W mass is

Mw = 80.7173-3%(stat.) + 0.09(syst.) GeV. (9.10)

The systematic errors are listed in table 9.2.
The initial state radiation (ISR) is a source of systematic error because it is not

taken into account in the box fit.
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Source ggev qquv qqTv 9999

Beam energy 30 MeV | 30 MeV | 30 Mev 30 MeV

ISR 10 MeV | 10 MeV | 10 MeV 10 MeV

Hadronization 40 MeV | 40 MeV | 40 MeV 40 MeV

Fit method 55 MeV | 30 MeV | 30 MeV 30 MeV
FSI(CR+BE) - - - 100 MeV
Background 25 MeV | 15 MeV | 50 MeV 15 MeV

Calibrations 30 MeV | 20 MeV - 10 MeV

Monte Carlo statistics | 40 MeV | 40 MeV | 40 MeV 40 MeV
Total 90 MeV | 80 MeV | 90 MeV | 130 MeV

Table 9.2: Systematic errors for the determination of the W mass, for the
different final states. The contributions in the top part have been considered
correlated in the combined fit between different channels at /s = 172 GeV.

The fit can be done at the same time for the mass of the W and for its width (Figure
9.5). The results of this fit, for the leptonic and the hadronic channel and for their
combination, are listed in table 9.3 and the systematic errors are listed in table 9.4:

Process My T'w Correlation coefficient
ete™ — qqly, | 80.437052 £ 0.07 | 2.767 155 +0.28 +0.33
ete™ = qqqq | 80.9473% +0.13 | 1.211977 +0.33 +0.11
ete” — 4f |80.727533 £0.09 | 1.7475%8 £0.25 +0.27

Table 9.3: Results of the fit to the mass of the W boson and to its width, in
the last column the correlation coefficient at /s = 172 GeV is reported.

(9.11)
(9.12)

My = 80.727532 (stat.) £ 0.09(syst.) GeV
Ty = 1.747088(stat.) £ 0.25(syst.) GeV.

The W mass is in agreement with the previous one obtained with the threshold
method. Combining the 161 and the 172 GeV measurements we obtain the value:

Mw = 80.757328(exp.) £ 0.03(LEP) GeV. (9.13)

The results for the W mass measurement, at 183 GeV are listed in table 9.5 and the

systematic errors are listed in table 9.6. The Figure 9.6 shows the invariant mass
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Source qqly, qqqq
Fit method 200 MeV | 200 MeV
Background 90 MeV 200 MeV
Calibrations 50 MeV 50 MeV
Resolutions 150 MeV | 150 MeV
Monte Carlo statistics | 60 MeV 60 MeV
Total 280 MeV | 330 MeV

Table 9.4: Systematic errors on the determination of I'yyy for the different final
states at /s = 172 GeV. The error coming from the method used is considered
correlated in the combination of the different final states. The other contribu-
tions are taken as not correlated.

Process My (GeV)
ete™ — gqgev | 80.01 +0.32
ete™ — qquv | 80.23 +0.41
ete™ — gqrv | 80.50 £+ 0.51
ete” — qqlv | 80.09 £ 0.23
ete™ — qqqq | 80.59 +0.19

ete” —4f |80.404+0.15

Table 9.5: Values of the W mass, with the direct reconstruction method, for all
the decay channels, at 172 and 183 GeV. The error is statistical.

distribution after the fit for all the decay channels combined together. The results of
the fit of the W mass together with his width are listed in table 9.7. The combined
fit of the W mass and width give the following result

My = 80.41 £ 0.15(stat.) £ 0.09(syst.) GeV (9.14)
Cw = 2.41 £ 0.39(stat.) £ 0.25(syst.) GeV (9.15)

with a correlation coefficient of +14% between My and I'yy. Combining the mea-
surement at 172 GeV with the measurement at 183 GeV we obtain for the W mass:

Mw (qqlv) = 80.09 £ 0.23(stat.) + 0.07(syst.) GeV (9.16)
Mw(qqqq) = 80.59 + 0.19(stat.) + 0.13(syst.) GeV (9.17)

Within the statistical accuracy there is no significant difference between My, from
the semileptonic decay channel and from the purely hadronic one. The contribution
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Source qqlv qqqq 4f
Beam energy | 30 MeV 30 MeV 30 MeV
ISR 10 MeV 10 MeV 10 MeV

Hadronization | 40 MeV 40 MeV 40 MeV
Fit method 30 MeV 30 MeV 30 MeV
FSI(CR+BE) - 100 MeV | 60 MeV
Uncorrelated | 40 MeV 60 MeV 35 MeV
Total 70 MeV | 130 MeV | 90 MeV

Table 9.6: Systematic errors for the determination of the W mass at /s = 183
GeV, for the different final states. The contributions in the top part have been
considered correlated in the combined fit between different channels.

Process My I'w Correlation coefficient
ete™ — qqly, | 80.16 0.26 +0.07 | 3.12+ 0.69 £ 0.28 +0.30
ete™ — qqqq | 80.58 +£0.18 £ 0.13 | 1.85 £ 0.46 & 0.33 +0.12
ete” —4f |80.41+0.15+0.09 | 2.41 £ 0.39 £ 0.25 +0.14

Table 9.7: Results of the fit to the mass of the W boson and to its width, in
the last column the correlation coefficient at /s = 183 GeV is reported.

to the systematic error from the hadronization is due to the fact that the reconstruc-
tion of the W mass is based on the principle that the hadronization of the two W’s is
completely independent and this is not true in the real life. Effect of Bose-Einstein
(BE) [94] correlations can be present for the hadronic channel between two pions
of the same charge coming from two different W’s. It has been suggested also that
the hadronization time can be long enough to make possible the strong interaction
between the two different hadronic system (colour reconnection, CR [45, 46]). This
effect is not completely described by the perturbative QCD, there are different mod-
els trying to describe it, but it is not known at the moment which one is the best.

The Figure 9.7 shows the 68 % and 95 % C.L. contours in the plane My, Ty, for
the combined results at 172 and 183 GeV data. Combining all the channels together

My = 80.40 £ 0.15(stat.) + 0.09(syst.) GeV. (9.18)

In order to determine also the total decay width of the W boson, I'y is treated as an
independent parameter instead of imposing the Standard Model value. For all final
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states combined the result is:

My = 80.41 + 0.15(stat.) + 0.09(syst.) GeV (9.19)
I'w = 2.41 4 0.39(stat.) £ 0.25(syst.) GeV. (9.20)

Our results on My and I'y are in agreement with the measurements obtained at
pp colliders (My = 80.33 £0.15 GeV, I'yy = 2.07 £ 0.06 GeV [5, 18]) and with the
indirect measurement obtained at LEP1 at the Z peak (Mw = 80.329 £ 0.041 GeV)
and with the Standard Model expectations. The precision we obtain for the W mass

is similar to the one obtained at pp colliders.

9.3.2 Results on colour reconnection and Bose-Einstein cor-

relation.

The small difference between the W mass measured using only the semileptonic
channel or only the hadronic one (Equations 9.16, 9.17), can come from effects like the
colour reconnection or Bose-Einstein correlations (FSI). Such effects can increase the
W mass by up to 100 MeV, a value obtained from studying Monte Carlo generators
with different implementations of these effects [26, 38].

Bose-Einstein correlation.

At LEP energies the typical separation between W+ and W~ in ete™ — WFW~
events is smaller than 0.1 fm, which is much smaller than the source radii of 0.5
fm. Therefore one can expect that pions from different W’s can be subject to Bose-

Einstein correlations.
The BE correlations can be described in terms of a correlation function

Cky, ko) = p—i% (9.21)

where k; and K, are the four-momenta of the two pions, p is the measured density
for two identical bosons and py is the two particle density in the absence of BE cor-
relations. Experimentally this can be expressed in terms of

Q* = (ky — k2)® = M7y — 4M3, (9.22)

where M is the invariant mass of the two pions.
The correlation function can be written as:
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Q) = :)((%)). (9.23)

If the pion source is assumed to have a Gaussian shape in the rest frame of the pion
pair, C(®) can be parametrised as:

CQ) =1+ e @F (9.24)

where A represents the strength of the correlations and its value is between 0 and 1.
R is related to the size of the pion.

The correlation C(Q) is determined as the ratio between the differential cross section
for pairs of like-charged pions and the differential cross section for pairs in a ‘reference
sample’ which should not contain BE correlations and would have a differential cross
section equal to that of the like-charged pairs.

The data collected at /s = 183 GeV are analysed. The like and unlike sign pairs are
formed taking all the combinations for different jets in an events in which the two
W’s decay hadronically. Then using events generated with PYTHIA Monte Carlo
the fraction of pairs coming from the same W is estimated in each bin of Q. The ratio
of like-sign pairs to unlike-sign pairs is shown in figure 9.8. The solid line represents
the fit to the data and the result of this fit is

A=0.88+1.14.

The value obtained is compatible with zero correlation strength A\. With the present
statistics we can not conclude whether there is Bose-Einstein correlation in like-sign

pion pairs originating from different W’s or it is absent.

Colour reconnection.

To study the effects of colour reconnection, the charged particle multiplicity in the
hadronic final state of gglv channel and qqqq channel are studied. The tracks are
reconstructed in the central tracking chamber, then corrections for selection and
acceptance effects, detector inefficiencies and ISR are applied. In gqlv events the
lepton is subtracted in order to calculate the track multiplicity for the hadronic
system only.

The selection criteria for the tracks are the following:

e at least one reconstructed track is requested;
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e transverse momentum of the tracks greater than 100 MeV;

e radial distance of closest approach to the interaction point, DCA, lower than

10 mm;
e number of hits greater than 25.

The background is subtracted using the track multiplicities predicted by Monte Carlo
for the background events. The Figure 9.9 shows the track multiplicity for hadronic
and semileptonic events compared to KORALW predictions where there is no special
QCD effect. The track multiplicity distribution is transformed in charged particle
multiplicity distribution by unfolding it with the matrix P(N,, V;), obtained form
Monte Carlo events. P(N,, N;) represents the probability to select V; tracks when N,
charged particles were generated. Charged particles are considered stable hadrons
if they have a lifetime bigger than 3.3 x 107!% s , otherwise they can decay. The
average charged particle multiplicity is found to be: 36.4 £ 0.4 for ggqq events and
18.8 = 0.3 for gglv events to be compared to KORALW predictions of 37.2 £+ 0.03
and 18.6 & 0.02 respectively.

Another approach is to study the distribution of the scaled track momentum z, =
2p/\/s of each track corrected for acceptance, selection effects and ISR. The Figure
9.10 shows the average charged multiplicity as function of z,. By integrating the z,
distribution the following results are obtained 35.9+0.4 for qgqq events and 18.84+0.3
for qqlv events.

A result on the average charged particle multiplicity is obtained from the two meth-

ods:

< N3 >=36.1 £ 0.4(stat.) £ 0.8(syst.) (9.25)
< N3 >— 18.8 + 0.4(stat.) + 0.4(syst.) (9.26)

Systematic errors arise from track selection and Monte Carlo simulation of the re-

constructed tracks.
The difference between the charged particle multiplicity measured in ¢qqq and twice
the multiplicity of gqlv events is

A < Ny, >= —1.5+0.8(stat.) £ 0.5(syst.). (9.27)
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This result is statistically consistent with 0, as expected if the two W bosons in gqqq
events fragment and hadronize independently of each other.

9.3.3 Fit of the Standard Model.

The value of the W mass obtained from LEP1 (table 3.2) can be compared with
the value of the direct measurements. Figure 9.11 shows that the prediction of the
Standard Model are well in agreement with the direct measurements. As can be seen
the indirect measurements prefer low values for m,, and Mpy. The value of the W
mass measured at LEP2 can be included in the fit described in Chapter 1 together
with the measured top quark mass, to constrain the value of the Higgs mass.

The following W mass is extracted when using in the fit the W mass measured at
LEP combining the result at /s = 161 GeV and the result at \/s = 172 GeV (both

already published):
MEW Tt — 80.375 + 0.030GeV (9.28)

The Higgs boson mass obtained is:

My = 1157358 GeV (9.29)

The results of this fit are listed in table 9.8, including the measurement of the my,,
and M. In Figure 9.12 Ax? = x? — x2,,,, is plotted as function of My. The lower

Parameters | Results of the fit

o, (M3) 0.120 + 0.003
me 173.1+5.4
My 1151456

My (GeV) 80.375 =+ 0.030

x2/DoF 14/12

Derived quantities
sin®0, 7 | 0.23152 % 0.00022
1—m3, /mZ | 0.2231+0.0005

Table 9.8: Results for a,(M2), m;, Mg and My from the fit to the electroweak
data including m; and Mw. The bottom part shows the results for sin20iefp;
and 1 — m%,/m%. The values of a; and of Miop are in agreement with the

world average a;(M2) = 0.118 £ 0.003 [20], m4,p = 174.1 & 5.4 [11, 12, 95].

limit on the Higgs mass from direct searches has not been used in this fit. New
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results on direct searches for the Higgs mass give a limit at 87.6 GeV [8]. The region
excluded by the Higgs searches is indicated in Figure 9.12 by the vertical band. The
shaded band show the uncertainty due to the missing high order corrections. Taking
this error into account yields the one sided 95 % C.L. upper limit of My < 420 GeV.
Some improvements have been done in the last months; first of all we can include in
the fit the W mass measured at LEP2 at /s = 183 GeV (not yet published); then
a big improvement comes from higher order radiative correction calculations on the
mass of the top quark. Finally a new preliminary result of sinzﬁi‘?’ft = 0.23084 +
0.00035 from SLD [96], combining data from 1992 to 1997 is available. Including all
this in the fit gives a 95 % C.L. upper limit of My < 215 GeV (PRELIMINARY)

[95]. This result is shown in Figure 9.13.
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show the results of the combined fit on My, at 172 GeV.
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Figure 9.12: Ax? = x? — x2,;,, as function of My. The line is the result of the
fit using all data. The band represents an estimate of the theoretical error due
to the missing higher order corrections.
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version of the ZFITTER program (continuous line) including the higher order
corrections to the top mass and the old result (pointed line).




Chapter 10
Conclusions

For the first time at LEP, in eTe™ collisions, the threshold for the W production has
been passed, allowing the observation of W pairs and the measurement of the W
mass and width.

In this thesis we have reported on the measurement of the W mass obtained by
analysing the data collected by the L3 experiment at centre-of-mass energies of
Vs = 161 GeV, /s = 172 GeV and /s = 183 GeV. At LEP the W¥ bosons
are produced via the process ete™ — W*W~; the W’s decay into quark anti-quark
pair (W — ¢@'), or in a lepton neutrino pair (W — ly;).

The identification of the decay products of the W’s is not easy because of the compli-
cated nature of the hadronisation of the quarks in a jet, and in the case of semileptonic
events because of the presence of the neutrino.

In this thesis we have described the selection of the all possible W decays, with par-
ticular attention to the semileptonic channel with an electron/positron in the final
state (W+W ™ — ggev). In this channel, 4 events have been selected at /s = 161
GeV, 19 at /s = 172 GeV and 119 at /s = 183 GeV.

Near the threshold of W*W~ production, which corresponds to a centre-of-mass
energy of \/s = 161 GeV, the cross section grows very rapidly: this makes it very
sensitive to the value of the W mass on which it depends (oww = o(v/s, Mw)). Using
the events selected it is possible to make a likelihood fit of the cross section leaving as
a free parameter the mass of the W. The result obtained with this method, for My is:

My = 80.8010-43(exp.) £ 0.03(LEP) GeV.

At energies higher than 161 GeV the cross section as function of the energy is rather
constant and the the sensitivity to the W mass is reduced, making this method un-

usable.
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At higher energies the mass of the W is reconstructed directly from the W decay
products. The invariant mass distribution, doww /dm, allows a direct measurement
of My and I'y.

Using this method with the data collected at 172 GeV, we obtain a value of the W

mass of:

My = 80.7110-3%(stat.) & 0.09(syst.) GeV.

With the same method used at /s = 183 GeV we obtain:

Myw = 80.40 £ 0.15(stat.) + 0.09(syst.) GeV.

Combining the high energy measurements with the /s = 161 GeV result in an ex-
tended maximum likelihood fit the result is:

My = 80.40 % 0.16(exp.) + 0.03(LEP) GeV.

The results obtained fitting the mass distributions separately for the hadronic and

for the leptonic channel are:

Mw (gqqlv) = 80.09 + 0.23(stat.) + 0.07(syst.) GeV.
Myw (qqqq) = 80.59 £ 0.19(stat.) £ 0.13(syst.) GeV.

Within the statistical accuracy there is no significant difference between My, from the
semileptonic decay channel and from the purely hadronic one. The contribution to
the systematic error from the hadronization is due to the fact that the reconstruction
of the W mass is based on the principle that the hadronisation of the two W'’s is
completely independent and this is not true in the real life. Effects of Bose-Einstein
(BE) [94] correlation can be present for the hadronic channel between two pions of
the same charge coming from two different W’s and also effect of colour reconnection
[45].

In order to determine also the total decay width of the W boson, 'y, is treated as an
independent parameter instead of imposing the Standard Model value. For all final

states combined the result is:

My = 80.41 £ 0.15(stat.) & 0.09(syst.) GeV
I'w = 2.41 + 0.39(stat.) & 0.25(syst.) GeV .
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Our results on My and 'y are in agreement with the measurements obtained at
pp colliders (Mw = 80.41 £ 0.09 GeV, I'y = 2.07 £ 0.06 GeV [5, 18]) and with the
indirect measurement obtained at LEPI at the Z peak (My = 80.329 & 0.041GeV)
and with the Standard Model expectations. The precision we obtain for the W mass
is similar to the one obtained at pp colliders.

The value of the W mass measured at LEP2 can be included in the global fit of all
electroweak measurements together with the measured quark top mass, to constrain
the value of the Higgs mass.

The following W mass is extracted when using the measured W mass at LEP2 at
Vs =161 GeV and at /s = 172 GeV (published results):

MEW fit — 80.375 + 0.030 GeV

The Higgs boson mass obtained is:

My = 1157118 Gev

A 95 % C.L. upper limit of My < 420 GeV on the Higgs mass is also obtained.
Some improvements have been done in the last months; first of all we can include
in the fit the W mass measured at LEP2 at /s = 183 GeV (not yet published), then
a big improvement comes from higher order radiative correction calculations on the
mass of the quark top. Finally a new preliminary result of sinzef}”; = 0.23084 +
0.00035 form SLD [96], combining data from 1992 to 1997 is available. Including all
this in the fit gives a 95 % C.L. upper limit of My < 215 GeV (PRELIMINARY)
[95]. This result is shown in Figure 9.13.
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Appendix A

Appendix A: measurement of the
LEP beam energy with the Mgller

scattering.

A.1 Introduction.

In this Appendix, we will describe the study we have done [97] on the Mgller Scatter-
ing as a method to measure the beam energy at LEP2. At LEP1, the beam energy
has been measured, with the Resonant Depolarization (RDP) [98] method with a
precision of ~ 1 MeV. This method is still used at LEP2, but the beam energy
spread of 150 MeV at Epeamn, =90 GeV (compared to 37 MeV at Epeem = 45 GeV)
is comparable to the separation of 440 MeV between two adjacent linear depolaris-
ing resonances, therefore the precision achieved is worse. In the absence of RDP at
high energy, one possibility is to use the RDP up to the possible highest energy (~
60 GeV) and then to extrapolate this measurement with the flux loop method [99].
With this procedure the error on the beam energy has been measured ~ 30 MeV in
1996.

The error on the beam energy measurement is of course very important at LEP2 be-
cause it has an impact on the error on the W mass measurement. Different sources

of errors propagating into the W mass uncertainty:

e systematic error due to theoretical and detector uncertainties, AMZP, has been
estimated to be 24 MeV.

e the combined statistical error of the four LEP experiments, is expected to be
25 MeV for an integrated luminosity of 500 pb~1.
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The systematic error on my, from the flux loop extrapolation and from theoretical
and detector effects are comparable so that the combined systematic error on the
W mass is greater or of the order of the statistical error. If a big improvement on
AFEpeam (AFEpeam =~ 1-2 MeV) could be possible, its systematic contribution to the
W mass error would be negligible.

One possibility to reduce the error on the measurement of the beam energy is the
Mgller Scattering method. We propose to cross calibrate the measurement with
the flux loop method at lower energy and to perform a continuous monitoring of
the electron beam with the Mgller technique. The measurement is done in one
interaction point of the machine, so that an extrapolation to the four interaction
regions is necessary. However the same procedure is followed with the RDP method.

A.2 Description of the Mgller scattering method.

The method is based on the elastic scattering of a beam of electrons or positrons
of energy Epeqm On an electron target. From the two body kinematics the following

relation can be extracted:

8m, 1

Ebeam = 7(2,— . 1— k2 — Me (Al)

where m, is the electron mass, 6, is the opening angle between the two scattered

electrons in the laboratory frame (A.1):

6, = tanb, + tanb, (A.2)

6, and 6, are the scattering angles of the two electrons with respect to the beam
direction. The parameter k is the cosinus of the scattering angle of the electron in
the centre of mass system (k = cos#*), which can be written as:

_ tanb, — tant,
"~ tanb, + tanbs, (A-3)

_ Ebeam+me EI—E2 ~ EI_E2
_Ebeam_me E1+E2 - E1+E2

where Ey, E, are the energies of the scattered electrons. The principle is to measure

k (A.4)

6y and k and determine FEje,,, from the Equation A.1.
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Figure A.1: The Mgller detector.

The proposed detector is shown in Figure A.1. It consists of:

1. ahydrogen gas jet target (GJT) similar to the one used in the UA6 experiment
[100]. The bound electrons of the atoms are the target;

2. a silicon microstrip detector (SMD) which cover the full azimuthal angle and
the polar region from 2 to 10 mrad. It measures the (r, ®) coordinates, of the
two scattered electrons, in the plane transverse to the beams;

3. a high resolution electromagnetic calorimeter (ECAL) with a similar angular
coverage of the SMD;

4. a recoil proton detector (RPD) consisting of a small planar silicon microstrip
detector in vacuum, close to the GJT, to detect the recoil proton from the e —p

elastic scattering.

From the Figure A.1 one can see that the two electrons are detected in a almost
symmetric configuration with E; ~ E3 ~ Epeqm/2 and 6; ~ 6. Two measurements
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are possible, depending on how the parameter k is determined. From now on the
two methods will be indicated with A and B.

I
FEream = Ea - = —-—-21= A5
b A AT E T E, (A-5)
tanf, — tanb
Ebeam = EB : kB = —104 (A6)
where

_ V(@—22)>+@i—12)? _
tanf = I =1

Indicating with (z;,y;) the coordinates of the impact points of the two electrons in
the plane of the SMD and L the distance from the target to the SMD plane

r;, — T 2 + (¥ — 2 ;
tanb; = vl °)L (% —wo)* _ lZ (A7)

with (i= 1,2), where (z¢,¥o) is the position of the beam in the SMD coordinate
system.
In the method A the beam energy is obtained using angle and energy measurements,
and its determination is independent of the transverse beam position. The method
B uses only angular information but the transverse beam position has to be known.
The parameters of our model detector are listed in table A.1

From now on, we will indicate with SX a shift of the quantity X, due to some

L 30 m

SMD acceptance | 2.00-6.00 mrad

ECAL acceptance | 1.67-6.33 mrad

ECAL resolution | og/E = 3.37/E(GeV)Y*%

Beam size oz = 1.54, 0y = 0.34 mm
Divergence o, = 28.5, 0, = 5.0 urad

Energy spread op = 145 MeV (at Ey = 90 GeV)

Table A.1: Parameters of the model detector.

systematic effect. It has a direct influence on the precision AX with which X can be
measured. SX depends on measurable or calculable parameters, as for example the
resolution of the ECAL, or the Fermi momentum of the electrons in the hydrogen
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atom. The aim of the simulation presented in the following sections is to measure
the shift SX in terms of these parameters. From the Equation A.1 we can write
SEbeam S0

= 27 4 2k Sk — (Sk)? )

where ks is the measured k (k4 or Kp), Kops = K + Sk.

From this relation we derive that to have a precision of 1 MeV for Ejpeqm = 90 GeV,
6 has to be known to 5 parts in 107%. This can be done taking under control the
variation of [ and L within some tolerances. The contributions to Sk are different for
the two methods A and B. In the Method A the most important effects come from
the finite energy resolution of the calorimeter and from the calibration gain error. In
the method B the finite beam size and the uncertainty in the beam position are the

major sources.

A.2.1 Statistical error.

The accepted Mgller cross section, inside the considered solid angle, at 90 GeV, is
15.5 ub. With a LEP luminosity of 4 x 103'¢cm™2s™" the Mgller event rate is 620
events per second. In two hours we can collect 4.5 X 108 events. The statistical error
is determined by the spread of the reconstructed Epeem distribution. From Monte
Carlo simulation this spread has been found to be o = 390 MeV. For the number
of events recorded in two hours the statistical error would be 0.18 MeV, which is
sufficiently small compared to the 1-2 MeV of precision we want to reach with this
method.

In order to quantify the contribution from statistical and systematic effects, a Monte
Carlo study with realistic assumptions has been carried out. The following systematic
effects have been studied: radiative corrections, Fermi motion, beam energy spread,
beam size, beam angular divergence and ECAL resolution. The simulation has been
done using the generator BHAGENE [86], in which the modification necessary for

this study have been implemented.

A.2.2 Radiative corrections.

The effects of photon radiations have been investigated, Figure A.2 shows the Mgller
scattering Feynman diagram with the initial (ISR) and final state (FSR) radiations.

In the program BHAGENE there are up to two initial state photons generated
and up to three final state photons. This is done using an improved soft photon

approximation in the full angular phase space.



Appendix A. Appendix A: measurement of the LEP beam energy with

162

the Mgller scattering.

Figure A.2: Mgller scattering diagram with initial and final state radiation.

The most important effects of the photon radiation are the following:

1. ISR collinear photons radiated from the beam or from the target are not ob-

served in the detector and the reconstructed energy is lower than the beam

energy. For the non collinear photons we have as a consequence that the angle

between the plane defined by the scattered electrons and the beam direction is

not zero, therefore 6 # 6y;

FSR collinear photons are detected in ECAL together with the scattered elec-
trons, therefore the measurement of the energies E; and E, is not affected.
Non collinear photons can lead to the same effect as for the ISR, if they are
not detected the energy measurement is affected. The energies of the detected

photons are added to the energy of the nearest electron.
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A.2.3 Binding effects.

If a bound electron has Fermi momentum pys, then the centre-of-mass energy is

changed according to the relation

s=s {1 — Bf—cosx] (A.9)

e

where x is the angle between p; and the beam direction. The modification of /s
causes the change of the opening angle 6. For a typical value of p; = 1/ao = 3.73 KeV
(ao is the Bohr radius), the shift on the beam energy is § Fbeam /Epeam = £3.6x1073.
The increase in the width of the Ej,, distribution is significant, but this shift
averages to zero when integrated over cosy and then the net shift, due to high order

terms, is small.

A.2.4 ECAL resolution.

In the method A, the ECAL resolution o propagates on the resolution of k4 as
o = og/V2. The relative gain calibration error between different modules of the
calorimeter corresponds to a shift of the parameter k. From Equation A.8, in partic-
ular from the third term (SEbeam_ /Epeam ~ —Sk?) a good calorimeter is important
to reduce the contribution from Sk2. Today, in a BGO calorimeter, at 45 GeV a
resolution of the order of 1% has been achieved. With such a resolution the shift due
to the quadratic term in Sk of about 4.5 MeV would be present in the measurement
of the beam energy. To correct for this effect with a precision of 1 MeV the ECAL
resolution should be known with a relative accuracy of 10-20 %. The resolution can
be controlled using the e — p elastic scattering as described in next section. The gain
calibration can be controlled using monitoring system, or again using the electrons

from the e — p elastic scattering.

A.2.5 Beam size and divergence.

In the method B the parameter k is defined by the Equation A.6. The main source
of its shift are the uncertainties in the beam position and the finite transverse beam
size. In the worst case, when the scattering plane is horizontal and the collision point
is also displaced horizontally from its mean position, the shift in the beam energy is
estimated to be 20 MeV at Ey= 90 GeV. To correct for this effect, in order to have a
shift of 1 MeV, the beam size should be known with a relative precision of 5%. The
way to achieve this precision is discussed in the following section.



Appendix A. Appendix A: measurement of the LEP beam energy with
164 the Mgller scattering.

A.2.6 Results of the simulation.

The reconstructed beam energy with the two methods, containing all the effects
discussed above, is shown in Figure A.3. The shift due to each considered effect
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Figure A.3: Effect of all systematic effects on E4 (a) and Ep (b) for
Ep = 90 GeV.

has been estimated from the mean value of the corresponding distribution. The
estimator used to evaluate the mean value is a mean of a truncated distribution,
inside a window of 90 % or 95 % of the events. The systematics shifts due to the
individual contributions for both methods A and B for Ey; =90 and 50 GeV are listed
in table A.2. The results are shown for a sample of 2 x 10° simulated events, which
corresponds, for a luminosity of 4 x 1031cm=2s71, to one hour of data taking. For the
method A the most important contributions come from the ECAL resolution and
from the Fermi motion, whereas for the method B the dominant effect is the finite
beam size. The stability of the chosen procedure is shown in Figure A 4.

The changes in the mean energy for a different choice of window are ~ 1 MeV for
the method A and ~ 2 MeV for the method B.

A.3 Calibration of important parameters.

Two important quantities have to be controlled: the distance L and the transverse
beam size and position relevant for the method B.
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Parameter E4 90 GeV | Eg 90 GeV || E4 50 GeV | Eg 50 GeV
Radiative corrections | —0.2+0.9 | —0.03 £ 0.1 —0.1£09 | -0.05+0.1
Fermi motion -1.8+03 | -1.7£0.3 -0.2+0.1 —-0.1+0.1
Beam size —-02+02 | —88+0.4 || —-0.06+0.05| —0.8+0.1
Beam divergence -02+02 | -35+£0.2 0.06 £0.05 | —0.24+0.5
ECAL resolution 2.2+0.3 - 0.3+0.1 -

All effects 1.44+0.4 —6.1+04 2.24+0.3 -2.94+0.3

Table A.2: Systematic shifts of the energy measurement SE; = E; — Eg in MeV
where 7 is A or B for Eg = 90 GeV and for Ey = 50 GeV. The errors are
statistical for a sample of 2 X 10® simulated events.

A.3.1 Monitoring of the distance between the target and the
detector, L, using the e — p elastic scattering.

For a distance L of 30 m the accuracy on this parameter to achieve a precision of 1
MeV has to be 150 um. It is possible to monitor continuously the mean value of the
distance L using e — p elastic scattering. The recoil proton is detected in coincidence
with the scattered electron in the RDP. This can be done event by event, and the
coordinate parallel to the beam direction of the proton hit in the RDP, z, can be
measured with a precision of a fraction of a millimetre. The accuracy with which the
mean value of z can be measured is completely dominated by the statistics. From the
cross section of the e — p elastic scattering, and from the number of events recorded
in one hour we obtain a statistical error of 4.8 um, which is an order of magnitude
better than what we need for 1 MeV precision in the measurement of Ejpegm.

A.3.2 Monitoring of transverse beam profile using Mgller

events.

The monitoring of the transverse beam profile is important for the method B. The
idea to monitor this parameter with the Mgller events is the following: most of
the electron pairs are coplanar with the beam direction, in the transverse plane the
vertex position of an event lies on a straight line between the position of the electron

in the SMD plane (Figure A.5). We can use this in two ways:

1. for a fast on-line monitoring. The intersection of the line between the two hit
positions of the electrons with the nominal Y axis and X axis gives, to a good
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Figure A.4: Energy shift of E4 and Ep as function of the beam energy.

approximation, the vertex position. An example of Monte Carlo simulation is

shown in Figure A.6;

2. the second method consists in a maximum likelihood fit of the distribution of
the luminous region. The line between the two electrons recorded in the SMD
has a high probability to pass near the mean beam position (Figure A.7). The
probability to find an electron in the SMD at a given point can be calculated
event by event for a certain model of the beam profile function.

A.4 Conclusions.

The precision on the beam energy measurement depends on the accuracy with which
the changes of the systematic shifts with Ej.,,, is simulated. If a simulation is ac-
curate to £20% the corresponding error on Ej.,, is a fraction of an MeV for the
method A and about 2 MeV for the method B. The error coming from the extrapo-
lation of this measurement to the interaction points is of the order of 5-7 MeV. An
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Figure A.5: Beam profile and Mgller event in the transverse view.

improved measurement of Ej.,, can have two effects on the W mass measurement
at LEP2:

1. for a given integrated luminosity the error on My, is reduced;

2. less integrated luminosity is required to obtain a given accuracy on Myy.

In summary, the impact of the Mgller method is an improvement on the total W mass
error that can vary from 2% to 20 % depending on the values of AMZP and of the
flux-loop extrapolation. In all cases the improvement on the error using this method
is equivalent to a reduction of the statistical error that would require a substantial

larger integrated luminosity.
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Figure A.6: The reconstructed beam profile, the X-projection and the Y-
projection.
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Figure A.7: Distribution of lines joining electron hits in the SMD.
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