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Chapter 1

R�esum�e

Cem�emoiredeth�eseestcompos�edetrois parties. La premi�erepartie donneunebr�eve
introduction th�eoriqueau mod�ele physiquedesinteractions �etudi�eesdans le pr�esent
m�emoire. La deuxi�emepartie d�ecrit la recherche desd�esint�egrationsB0

d ! ��K � 0 ef-
fectu�ee dans le cadre de l'exp�erience CDF (Collider Detector at Fermilab). Elle
introduit d'abord en d�etail le d�etecteurCDF et sescomposants, ensuiteelle explique
la strat�egie d'analyse utilis�ee pour obtenir les rapports de branchement, et le cas
�ech�eant, les limites sup�erieuresdesrapports de branchement optimales. La troisi�eme
partie commencepar la description du collisionneurLHC (Large Hadron Collider) et
de l'exp�erienceATLAS (A Toroidal LHC Apparatus). Finalement, la construction et
�evaluation de modulesATLAS �equip�esde pucesSCTA serapr�esent�eeen d�etail. Ces
modules sont essentiels pour la d�etection desd�esint�egrationsdesm�esonsB, comme
B0

d ! ��K � 0 , qui peuvent explorer la validit �e des di� �erentes th�eoriesd�ecrivant la
physiquedesparticules.

1.1 In tro duction th �eorique

Le Mod�ele Standard (SM) desinteractions �electro-faibleset fortes d�ecrit les interac-
tions entre les particules �el�ementaires en utilisant la th�eorie quantique deschamps.
Jusqu'�a pr�esent, le Mod�eleStandard a eu un succ�esremarquablepar cespr�edictions
qui ont �et�e v�eri� �eesexp�erimentalement.

A pr�esent, un desobjectifs de la physiquedesparticules est de v�eri�er lesvaleurs
des�el�ements de la matrice de m�elangedesquarks, la matrice de Cabibbo-Kobayashi-
Maskawa. Le domaine le plus adapt�e �a cesrecherches est celui des d�esint�egrations
des m�esonsB. Un type tr �es int�eressant de cesd�esint�egrations est celui qui est in-
duit par les courants neutresavec changement de saveur. Dans le Mod�ele Standard
cescourants sont interdits au premier ordre, et ne peuvent proc�ederqu'�a traversdes
diagrammesd'ordre plus �elev�e, ce qui implique des rapports de branchement tr �es
faibles. De ce fait, la mesuredes processusde ce type, comme B0

d ! ��K � 0 , est
exp�erimentalment un d�e� important. Dansplusieursextensionsdu Mod�eleStandard,
notamment dans plusieurs des mod�elessupersym�etriques, cesd�esint�egrations pour-
raient proc�eder via des processusadditionnels, augmentant le rapport de branche-

xix
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ment. La mesured'un rapport de branchement di� �erent de celui pr�edit par le Mod�ele
Standard pourrait être l'indication de nouveaux ph�enom�enesphysiquesau-del�a de
celui-ci.

1.2 L'exp �erience CDF au Tevatron

Le Tevatron est un collisionneurde type proton-antiproton situ�e au Fermi National
Laboratory (FERMILAB) �a Chicago (Etats-Unis). Son �energiede centre de masse
est de

p
s = 1:96TeV, cequi en fait le collisionneuratteignant la plus haute �energie

jusqu'�a la miseen servicedu Large Hadron Collider (LHC).
CDF est une desdeux exp�eriencesmultifonctionnelles construitesa�n de permet-

tre l' �etude de collisions p�p au Tevatron. C'est un d�etecteur cylindrique avec une
sym�etrie avant-arri �ere, con�cu pour couvrir le plus d'angle solide possibleautour du
point d'interaction. On utilise un syst�emedecoordonn�eespolaireso�u r est la distance
mesur�ee �a partir du point d'interaction, � est l'angle azimutal se trouvant dans le
plan perpendiculaire �a la direction du faisceau,et � est l'angle polaire qui d�e�nit la
pseudorapidit�e � = � ln tan �

2.
En partant du point d'interaction lesparticules produites rencontrent trois parties

principalesdu d�etecteur:

� Lesd�etecteursde tracesde particulescharg�ees:Layer 00 (L00), le Silicon Vertex
Detector (SVX II), l'In termediateSiliconLayer (ISL) et le Central Outer Tracker
(COT).

� Les calorim�etres�electromagn�etiqueset hadroniques.

� Les chambres �a muon: le Central Muon Detector (CMU), le Central Muon Up-
grade(CMP) et le Central Muon Extension (CMX).

Le d�etecteur de vertex au silicium est la premi�ere couche cylindrique autour du
tube �a vide du Tevatron. Il est compos�e de L00, SVX et ISL. Il s'agit de d�etecteurs�a
bandesou \microstrips" au silicium. L00, �etant �a 1:35cm, est la couche la plus proche
du point d'interaction. Le SVX est compos�e de trois cylindres de 29cm de longueur,
qui { mont�es ensemble { mesurent au total 96cm. Chaque cylindre est divis�e en
douzesectionsazimutales de 30o, chacunecontenant cinq couches de d�etecteursau
silicium, qui mesurent la position des traces dans le plan r � � . Le SVX permet
la reconstruction pr�ecisedespoints d'interaction secondairesdesparticules avec un
court temps de vie, commeles m�esonsB. Il mesurele param�etre d'impact avec une
pr�ecisionallant jusqu'�a 50�m . Le ISL qui setrouve entre le SVX et le COT prolonge
la couverture desd�etecteursau silicium �a desvaleursde pseudorapidit�e allant jusqu'�a
2.0.

Le COT est une chambre �a d�erive de 310cm de long avec un rayon int�erieur de
44cm et un rayon ext�erieur de 132cm. Elle est compos�ee de 96 couches alternant
des �ls de mesureaxiaux et st�er�eo. Le COT est capablede reconstruire les traces
desparticules dans la r�egionde j� j < 1:0 avec une impulsion transversesup�erieure�a
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400M eV=c. Les d�etecteursde tracessetrouvent �a l'in t�erieur du champ magn�etique
de 1:4T produit par un aimant sol�eno•�dal plac�e autour d'eux.

Les calorim�etres �electromagn�etiques et hadroniquesbas�es sur la technologie des
scintillateurs mesurent le passagedes particules avec j� j < 3:64. Les chambres �a
muons sont situ�ees�a l'ext�erieur descalorim�etres�electromagn�etiqueset hadroniques.
Dans la r�egion centrale (j� j < 0:6) le CMU est constitu�e de quatre couches de
chambres �a d�erive. Elles identi�en t les muons par le biais de leur fort pouvoir de
p�en�etration, en reconstruisant dessegments de traceset les associant aux traces re-
construitespar le SVX et le COT. Derri�ere60cm d'acier additionnels setrouvent les
quatre plansde chambres�a d�erive du CMP, qui permettent un taux de rejet de bruit
de fond encoreplus important que le CMU. La couverture deschambres �a muonsest
compl�et�eepar le CMX qui couvre la r�egion 0:6 < j� j < 1:0. Les chambres �a muons
incluent aussi des scintillateurs qui permettent de mesureravec pr�ecision le temps
exact de passagede la particule.

Le syst�eme de d�eclenchement est compos�e de trois niveaux cons�ecutifs, chacun
diminuant le nombre d'�ev�enements d'un ou deux ordres de grandeur. Une partie
sp�ecialement int�eressante du deuxi�emeniveaudu syst�emeded�eclenchement est le Sili-
conVertex Tracker, qui, pour la premi�erefoispour un collisionneur,permetd'avoir des
coupuressur les quantit �escommele param�etre d'impact, et celaavec une r�esolution
de 50�m . Ceci permet de s�electionner des d�esint�egrations B0

d ! ��K � 0 avec une
e�cacit �e accruetout en rejetant la majeure partie du bruit de fond.

1.3 La recherche de la d�esint �egration B0
d ! ��K � 0 �a CDF

Pour la pr�esente recherche, un �echantillon de donn�eescollect�eespendant la p�eriode
de Mars 2002-Aôut 2003 correspondant �a une luminosit�e integr�ee de 215pb� 1, est
utilis�e. Le rapport de branchement de la d�esint�egration B0

d ! ��K � 0 est mesur�e par
rapport �a celui de la d�esint�egration B0

d ! J= K � 0 . Ainsi, plusieursfacteursdi�ciles
�a d�eterminer { commela luminosit�e, la sectione�cace de production du m�esonB 0

d et
certainese�cacit �es de reconstruction et de s�election { et leurs incertitudes peuvent
être �elimin�es. Le K � 0 est reconstruit �a partir d'un kaonet d'un pion, alorsquele J= 
est reconstruit �a partir de deux muonspour avoir des�etats �naux identiques pour les
deux d�esint�egrations.

Pour reconstruirelesdeuxd�esint�egrationsB0
d ! ��K � 0 et B0

d ! J= K � 0 , on com-
mencepar choisir des�ev�enements qui ont �et�e s�electionn�espar un desd�eclenchements
�a dimuons1. Cela signi�e que l'impulsion transversedes muons d�etect�es par CMU
doit être sup�erieure�a 1:5GeV, ceuxd�etect�espar CMX sup�erieure�a 2:0GeV et ceux
d�etect�espar CMP sup�erieure�a 3:0GeV. Pour chacun desmuons, la di� �erenceentre
le point de d�etection dans une deschambres �a muons et l'extrapolation de la trace
depuisle syst�emede tra jectographie,doit être inf�erieure�a 30cm, 50cm et 25cm pour
CMU, CMX et CMP, respectivement. Une masseinvariante desdeux muonsentre 0

1Ce sont d'ailleurs les d�eclenchements du niveau 1 qui sont optimis �es pour l'acquisition des J= , ce qui est tr �es
pr�ecieux pour le canal B0

d ! J= K � 0 .
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et 6GeV est requise.
La prochaine �etape, consiste �a reconstruire le kaon K � 0 �a partir d'un kaon et

d'un pion. Puisque CDF n'est pas tr �es performant pour l'identi�cation des kaons
et des pions pour la plage d'impulsions transversespertinentes, pour chaque trace
on envisageles deux hypoth�eses.L'impulsion transversede chacunedes traces doit
être sup�erieure �a 0:5GeV, la masseinvariante de la paire kaon-pion doit être dans
une fourchette de � 100M eV autour de la massede K � 0 publi�eepar le Particle Data
Group, et l'impulsion transversedu candidat K � 0 doit être sup�erieure �a 2GeV. Ces
coupuresdiminuent sensiblement le bruit de fond combinatoire dû �a l'identi�cation
erron�eekaon-pion.

La derni�ere �etape est la reconstruction du m�eson B 0
d. Un �t cin�ematique de

moindres-carr�esdesquatre traceseste�ectu�eo�u lestracessont contraintesdeprovenir
d'un mêmevertex, et la variable d�ecrivant la qualit�e du �t devant être inf�erieure �a
15. Ainsi lescandidatsdont lestracessont prochesdansl'espacemaisne proviennent
pas d'un mêmevertex, seront �elimin�es. L'impulsion transversedu candidat B 0

d doit
être sup�erieure�a 6GeV.

Pour lescandidatsB0
d ! J= K � 0 , la masseinvariante desdeux muonsdoit être �a

moins de 200M eV de la massedu J= , et la masseinvariante du candidat doit être
�a moins de 50M eV de la massedu B 0

d. Pour les candidats B0
d ! ��K � 0 , la masse

invariante du candidat doit aussi être �a moins de 50M eV de la massedu B 0
d. Par

contre, on exclut lesr�egionsde � 200M eV autour de la r�esonanceJ= , et � 100M eV
autour de la r�esonance (2S).

Apr�es les coupuresde base, qui viennent d'être d�ecrites, une optimisation est
e�ectu�eesur trois variableschoisiespour diminuer le bruit de fond dansla mesuredu
possible,tout en gardant une e�cacit �e maximale pour le signal recherch�e. Les trois
variables choisiespour l'optimisation sont l'isolation, la longueur de d�esint�egration
transverseet l'angle d'ouverture.

Au cours de la fragmentation d'un quark b, le m�esonB r�esultant a tendance�a
emporter la majeurepartie de l'impulsion du quark initial. Il enr�esultequ'unegrande
fraction de l'impulsion mesur�ee dans un cône autour de m�esonB est port�eepar les
particules issuesde la d�esint�egration du m�esonB. Cette fraction, d�e�nie comme
I = pB

T
pB

T +
P

pT
, est appel�eeisolation. La sommeest une sommescalaireincluant toutes

les traces(sauf cellesdesparticules issuesde la d�esint�egration du B) qui setrouvent
�a l'in t�erieur du côned�e�ni par � R =

q
(� � )2 + (� � )2 autour du vecteurd'impulsion

du candidat.
La deuxi�emevariabled'optimisation est li�eeau fait quelesm�esonsB ont un temps

de vie relativement long compar�e au celui de la majeure partie du bruit de fond.
Ainsi, la longueur de d�esint�egration propre permet d'�eliminer une grandeportion de
ce bruit de fond. Pour la d�etermination de cette quantit �e il est tr �es important de
reconstruire la position de la d�esint�egration du m�eson, appel�ee vertex secondaire,
avecunegrandepr�ecision. Pour obtenir cette pr�ecisionon requiert quele passagedes
particulessoit enregistr�e dansau moins20 (16) couchesaxiaux (st�er�eo) du COT, et 3
couchesdu SVX. Pour lespionset kaonsde basseimpulsion transversecette exigence
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est encoreplus stricte, car on demandeque le passagede la particule soit enregistr�e
dansau moins 4 descouchesdu d�etecteurau silicium. La longueurde d�esint�egration
transverseest d�e�nie commeL xy = ~lxy � ~pB

T =pB
T , o�u ~lxy est le vecteur qui pointe du

vertex primaire2 au vertex secondaire,~pB
T est le vecteur de l'impulsion transversedu

B reconstruit et pB
T est sa valeur absolue. Pour s'assurerqu'on choisit des traces

reconstruitesavecunebonnepr�ecision,l'incertitude sur la longueurde d�esint�egration
transversedoit être inf�erieure �a 150�m . Pour �eliminer des�ev�enements repr�esentant
despathologies,L xy doit être inf�erieur �a 1cm, et la longueurde d�esint�egration propre
doit être inf�erieure�a 0:5cm.

Uneautre quantit �e,qui constitueun fort crit �erederejet debruit defond, est l'angle
d'ouverture (��) entre le vecteur d'impulsion du B reconstruit (~pB

T ) et la direction
de sa trace ( ~lxy ). Il est clair que les deux muons, le kaon et le pion provenant du
mêmem�esonB, les deux vecteursdoivent être parall�eles.

La proc�edure d'optimisation est ex�ecut�ee en �evaluant trois di� �erentes \Figure of
Merit" (FOM) pour les di� �erentes valeurs de coupure pour cestrois variables. Les
FOM d�eterminent le choix optimal descoupurespour rejeter le plus de bruit de fond
possibletout en gardant la plus grandepartie du signal. Pour �evaluer cesFOM on
doit estimer le bruit de fond et le nombre de d�esint�egrationsB0

d ! ��K � 0 .
Le bruit de fond attendu est estim�e en extrapolant le nombre d'�ev�enements ob-

serv�esdanslesr�egionslat�erales,demasseinvariante du candidat B entre 4:379GeV=c2

et 5:179GeV=c2 et entre 5:379GeV=c2 et 6:279GeV=c2. Commeapr�eslescoupuresde
baseet lescoupuresd'optimisation le nombre de candidatscommence�a devenir rela-
tivement bas,pour augmenter la statistique une�etudea �et�e faite pour comprendreles
d�ependencesentre lesvariablesd'optimisation. Il en a �et�e d�eduit, quel'isolation a �et�e
ind�ependante de l'angle d'ouverture et de la longueur de d�esint�egration transverse.
Ainsi, le pouvoir de rejet de bruit de fond des coupuressur l'isolation a �et�e �etudi�e
ind�ependamment de celui desdeux autres, cequi a permis d'utiliser des�echantillons
plus grandespour lesdeux �etudes.

Pour estimer le nombre de d�esint�egrations B0
d ! ��K � 0 attendues, on utilise le

fait que ce nombre est li�e au nombre de d�esint�egrations B0
d ! J= K � 0 . Il su�t de

multiplier ce dernier par le rapport de leurs e�cacit �es de coupuresde baserespec-
tifs { qu'on extrait en utilisant des simulations Monte Carlo {, par des corrections
th�eoriqueset par le rapport desdeux rapports de branchement pour obtenir le nom-
bre attendu de d�esint�egrationsB0

d ! ��K � 0 . Pour calculer le nombre de candidats
B0

d ! J= K � 0 on e�ectue un �t dela distribution dela masseinvariante descandidats
B 0

d avec une fonction Gaussiennecombin�ee avec une fonction lin�eaire (Figure 1.1).
La fonction lin�eaire tient compte du bruit de fond, alors que la fonction Gaussienne
d�ecrit le signal qu'on obtient en l'in t�egrant entre 5:229GeV=c2 et 5:329GeV=c2.

Une fois que toutes les quantit �esn�ecessairespour l'optimisation sont d�e�nies, on
calcule les FOM pour la combinaison de 10 di� �erentes coupuressur la longueur de
d�esint�egration transverse,de 10 di� �erentes coupuressur l'angle d'ouverture et de 10
di� �erentes coupuressur l'isolation. L'optimisation a d�etermin�e que les coupuresles

2Le vertex d'in teraction p�p.
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Figure 1.1: Distribution des candidats B pour la d�esint�egration B0
d ! J= K � 0 (gauche) et

B0
d ! ��K � 0 (droite), L xy > 0:09cm, �� < 0:024rad et I solation > 0:65. Les deux �ev�enements

B0
d ! ��K � 0 qui sont dans la fen̂etre de masseautour de la massenominale du B 0

d sont a�c h�esen
gris.

plus e�caces sont 900�m pour la valeur minimale de la longueur de d�esint�egration
transverse,0:024rad pour la valeur maximale de l'angle d'ouverture et 0:65 pour la
valeur minimale de l'isolation. Lesdistributions desmassesinvariantes descandidats
B0

d ! J= K � 0 et B0
d ! ��K � 0 satisfaisant �a toutes cescoupuressont montr �eessur

la Figure 1.1. 179� 18 candidats B0
d ! J= K � 0 sont observ�es dans la r�egion du

signal. Il y a deux candidatsobserv�esdansla r�egiondu signal pour la d�esint�egration
B0

d ! ��K � 0 , alors que 1.001�ev�enement de bruit de fond est attendu. La m�ethode
de Feldmanet Cousins,bas�eesur desdistributions de Poissonet sur l'approche de la
statistique fr�equentiste, donneles intervallesde con�ance suivantes sur le rapport de
branchement de la d�esint�egration B0

d ! ��K � 0 :

[0:84; 19:57]� 10� 7 CI = 68:75% (1.1)

[0:0; 29:56]� 10� 7 CI = 90% (1.2)

[0:0; 34:44]� 10� 7 CI = 95% (1.3)

Cela implique une observation pour un intervalle de con�ance �a 68.75%,et des
limites sup�erieurespour des intervalles de con�ance �a 90% et 95%. L'incertitude
sur les limites des intervalles a �et�e estim�ee en changeant l'estimation du bruit de
fond par une d�eviation standard, ce qui donne les erreurs suivantes pour les limites
des intervalles: 0:84+0 :79

� 0:73, 19:57 � 2:52, 29:56 � 3:67 et 34:44 � 4:24. L'exp�erience
CDF continuera �a acqu�erir desdonn�eesjusqu'en 2009,et devrait avoir au total 40-80
�ev�enements B0

d ! ��K � 0 pour cette date, ce qui permettrait l'observation de cette
d�esint�egration pour les intervallesde con�ance �a 90%et 95%.
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1.4 L'exp �erience ATLAS au LHC

Le projet LHC est un collisionneur pp qui est en cours de construction au Centre
Europ�een de Recherche Nucl�eaire (CERN). Il repr�esente la prochaine �etape dans
l' �evolution desacc�el�erateurs�a hautes�energies,ayant une �energiedu centre de masse
de

p
s = 14TeV.

Quatre exp�eriencesseront install�eesautour desquatrepoints d'interaction du LHC,
l'une d'entre elles�etant ATLAS (A Toroidal LHC Apparatus). ATLAS, qui est un
d�etecteurplurifonctionnel, a beaucoupde similitudes danssaconstruction avecCDF.
En partant de l'in t�erieur vers l'ext�erieur on trouve les composants suivants:

� Les d�etecteursde traces de particules charg�ees(Inner Tracker): les d�etecteurs
au silicium �a pixels (Pixels), le SemiconductorTracker (SCT) et le Transition
Radiation Tracker (TRT).

� Les calorim�etres�electromagn�etiqueset hadroniques.

� Les chambres �a muons.

Le choix destechnologiespour les trois parties du traceur desparticules charg�ees
est motiv�e par le compromisentre la pr�ecisionde la mesureet le nombre de canaux
de lecture. Pr�es du point d'interaction on trouve desd�etecteursqui fournissent re-
lativement peu de points, mais avecune grandepr�ecision(Pixels et SCT). Plus loin,
on trouve un d�etecteurqui fournit beaucoupde points de mesure,maisavecmoinsde
pr�ecision(TRT). La partie int�erieure du Inner Tracker est constitu�ee de d�etecteurs
au silicium �a pixels, arrang�esen trois cylindres �a des rayons de 5:05cm, 8:85cm et
12:25cm, et de trois disquesdechaquecôt�e du d�etecteurcentral. Cesd�etecteursfour-
nissent une pr�ecisionde 50�m dansle plan r � � et de 400�m le long de la direction
du faisceau. De 30cm �a 52cm du tube �a vide contenant le faisceause trouvent les
quatre couchesdu SCT, ainsi que neuf disquesde chaquecôt�e du d�etecteur central.
La partie cylindrique (\a vant-arri �ere") du SCT est constitu�e de 2112(1976)modules
au silicium qui contiennent aussi l' �electroniquen�ecessairepour la lecture de bandes
de silicium. Lesmodulesde la partie cylindrique mesurent le passaged'une particule
avecunepr�ecisionde17�m dansle plan r � � et 500�m le long de la direction du fais-
ceau. L' �el�ement ext�erieur du syst�emede traceursd'ATLAS est le TRT, une chambre
�a �ls. La partie centrale contient 50000�ls, et les 36 disquesdes r�egions\avant-
arri�ere" en contiennent 320000.Par rapport aux d�etecteursau silicium la r�esolution
est moindre (170�m ), mais cela est �equilibr�e par le nombre important de points de
mesure,typiquement 36 par trace. Le TRT permet la reconnaissancedes�electrons
grâce�a leur radiation de transition caract�eristique (d'o�u le nom du d�etecteur). Entre
les traceurs de particules et les calorim�etres se trouve le soleno•�de supraconducteur
qui cr�eeun champ magn�etique de 2T dans le volume destraceurs.

Lescalorim�etres,qui couvrent la r�egionde j� j < 3:2, sont bas�essur la technologie
d'argon liquide et destuiles descintillateurs plastiques.Lescalorim�etressont entour�es
par les chambres �a muonsqui occupent l'espacejusqu'�a un rayon de 11m et jusqu'�a
� 23m dans la direction du faisceau. Di� �erentes technologiessont utilis�eespour les
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chambres�a muonsremplissant di� �erentes t âches. Des\Monitored Drift Tubes" et des
\Catho de Strip Chambers" sont utilis�espour lesmesuresde pr�ecision,alors quepour
les d�eclenchements des \Resistive Plate Chambers" et des \Thin Gap Chambers"
sont pr�evus. ATLAS pr�evoit un syst�emede d�eclenchement �a trois niveaux, similaire
�a celui de CDF.

1.5 Construction et �evaluation de mo dules ATLAS �equip �es
de puces SCTA128

Un descomposants cruciaux pour la physiquedu m�esonB est le SCT, car il contribue
de mani�ere tr �essigni�cativ e �a la reconstruction pr�ecisedespoints d'interaction sec-
ondaires. Il est essentiel d'e�ectuer desanalyses�etenduesdesmodulesdu SCT a�n
de s'assurerque leurs performancessoient conformesaux attentes.

Dans la pr�esente th�esedeux typesde modulessont �etudi�es:

� Des modules �equip�es de pucesABCD pour une lecture digitale du d�etecteur.
La conception digitale permet une solution plus compacteet r�eduit la quan-
tit �e de donn�ees�a transmettre. Par contre, elle est sensibleaux interf�erences
�electromagn�etiques.

� Desmodules�equip�esde pucesSCTA pour une lecture analogiquedu d�etecteur.
C'est la solution qui a �et�eutilis�eejusqu'�a maintenant dansla plupart desd�etecte-
urs au silicium. Elle permet le traitement individuel des canaux et permet de
contr ôler et d'�eliminer facilement le bruit caus�e par desinterf�erences�electromag-
n�etiquesprovenant dessourcesext�erieures.Le prix �a payer, c'est le largevolume
de donn�ees�a transmettre vers le syst�emed'acquisition de donn�ees.

Di� �erents modules�equip�esavecdespucesde lectureABCD ont �et�e �evalu�estant au
niveaudesperformances�electriques,qu'au niveaude la r�esistancefaceaux radiations.
Les mêmestests pour des modules �equip�es avec des pucesde lecture SCTA seront
aussipr�esent�es. De plus, les r�esultats de tests e�ectu�esen faisceauet avec deslignes
de transmissionoptiquesseront aussid�ecrits.

Plusieursmodules avec despucesABCD satisfaisant les crit �eresde ATLAS SCT
ont �et�e construits. Leurs performances�electriquesont �et�e mesur�eesen utilisant des
�equipements d�edi�es, install�es au laboratoire. Le gain despucesa �et�e conformeaux
valeurspr�evuesavecunedispersionde5%, le bruit a �et�ede430e� pour lescanauxqui
n'�etaient pas connect�es �a desbandesde silicium, 770e� pour les canauxqui �etaient
connect�es �a des bandesde silicium de 6cm et 1400e� pour les canaux qui �etaient
connect�es �a des bandesde silicium de 12cm. Ce chi�re est inf�erieur �a la valeur de
1500e� , n�ecessairepour avoir un rapport signal/bruit sup�erieur �a 15, qui assureune
bonnee�cacit �e de reconstructionde tracestout en gardant un taux d'occupation en
bruit su�samment bas.

La puceSCTA a �et�ed�ev�elopp�eecommesolution suppl�ementaire pour la lecturedes
d�etecteursau silicium du Inner Tracker. La pucecontient 128canauxavecdesampli�-
cateurs,suivis d'une m�emoireanalogiquepour 128�ev�enements et d'un multiplexeur
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Figure 1.2: R�esolution quand deux bandesde silicium sont touch�ees(en haut) et quand une seule
bande de silicium est touch�ee(en bas).

analogiquepour transmettre lesdonn�eesversle syst�emed'acquisition de donn�ees.La
caract�erisation des propri�et�es analogiquesde la puce SCTA est non seulement im-
portante pour le projet SCTA, mais aussipour la version digitale, ABCD. En e�et,
le traitement initial des signaux est identique pour SCTA et ABCD, mais dans la
secondetous les e�ets pr�esents avant le discriminateur sont masqu�espar le fait que
le signal est binaire.

La premi�ere �etape de la caract�erisation des pucess'est e�ectu�ee imm�ediatement
apr�es leur fabrication. Ensuite, les caract�eristiques{ commele gain et les di� �erents
composants du bruit { ont �et�e recontr ôl�eesau laboratoire imm�ediatement apr�es le
d�ecoupage.Les pucesont aussi�et�e irradi�eespour contr ôler leur conformit�e avec les
exigencespos�eespar l'environnement du LHC. Les pucesjug�eesad�equatesont �et�e
ensuitemont�eessur desmodulescorrespondants aux normesd'ATLAS.

Apr�es leur construction les modules analogiquesont �et�e �evalu�es en utilisant une
installation d�edi�eeau laboratoire. Le gain despuces�etait conformeaux sp�eci�cations,
et le bruit a �et�e de 1700e� pour les bandesde d�etecteur de 12cm, et 1100e� pour
les bandesde d�etecteur de 6cm, ce qui montre l'in
uence de la capacit�e repr�esent�ee
par lesbandesde silicium. La lin�earit�e despucesSCTA a �et�e v�eri� �eeen utilisant des
sourcesradioactivesde Terbium, Americium et Cobalt.

Une�etapetr �esimportante pour l' �evaluation desmodulesanalogiquesestdev�eri�er
leur comportement dansdesconditions lesplus prochespossiblesdecellesrencontr �ees
dans LHC, i.e dans un faisceautest. Les r�esultats de cesexp�eriencesmontrent que
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Figure 1.3: Spectre de 241Am pour les lignes de transmission en cuivre et pour les lignes de trans-
mission optiques.

la r�esolution desmodules en casde tra jectoires perpendiculairesaux modules pour
les cas quand une seulebande de silicium enregistre le passagede la particule est
de 21�m , alors qu'elle est de 3�m quand deux bandesadjacentes enregistrent le
passagede la particule (Figure 1.2). Le comportement desmodulesanalogiquespour
des tra jectoires inclin�ees a �et�e satisfaisant. Cela a �et�e aussi le cas pour le taux
d'occupation en bruit qui est de l'ordre de 10� 4 pour dese�cacit �esprochesde 99%.

Lesmodulesanalogiquesont aussi�et�eutilis�espour caract�eriserla lignedetransmis-
sionoptique d�evelopp�e pour la transmissiondessignauxanalogiques.Lesexp�eriences
ont montr �e que la ligne contribue de mani�eren�egligeableaux bruits d�ej�a existants de
la lecture �electroniquedesmodules. Desmesurese�ectu�eesavecdessourcesradioac-
tivesont aussimontr �e que lesspectresdesrayons
 de cessourcessont transmis sans
modi�cation apparente (Figure 1.3), cequi prouve le bon fonctionnement de la ligne
de transmissionoptique.
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Chapter 2

The Standard Mo del and beyond

2.1 The Standard Mo del

The experimental and theoretical developments of the last 50 yearshave led to the
development of the Standard Model (SM) of strong and electroweak interactions.
Sinceit is described in great detail in many textbooks (for example[1] and [2]), the
discussiongiven herewill be brief.

The most important conceptof the modern fundamental physics is that of sym-
metry. Noether's theorem states that to every symmetry corresponds a conserved
quantit y. For example, invariance under translations, time displacements, rotations
and Lorentz transformations lead to the conservation of momentum, angular momen-
tum, and energy. Other symmetries include the parity, that is, the mirror image
of any physical processalso represents a perfectly possiblephysical process;charge
conjugation which changesa particle to its antiparticle 1. Apart from the discrete
symmetries,like the onesjust mentioned, there are also local gaugesymmetries: the
phasevariation permitted by a local symmetry conserves the invariance of the la-
grangian if there is a compensating �eld which is consideredto be the mediator of
interactions betweenparticles. The Standard Model describes the fundamental par-
ticles and their interactions via the electroweak and the strong force. The force of
gravit y is negligibly small at the particle level and is not yet described by the SM.

The SM has three typesof particles:

� fermionswhich are the elementary particles and have spin 1
2

� bosonswhich are the interaction �elds betweenfermionsand have spin 1

� the Higgs-bosonwhich is a consequenceof the spontaneoussymmetry breaking
of the electroweaksector,and hasspin 0. The Higgsbosonis yet to bediscovered
experimentally

The main properties of the fermionsare summarizedin Table 2.1.
1 It changes all the `internal' quantum numbers { charge, baryon number, lepton number, strangness, beauty {

while leaving mass, energy, momentum and spin untouched.

3
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Quarks d u s c b t

Mass (GeV=c2) 0.008 0.004 0.15 1.4 4.5 174

Charge -1/3 +2/3 -1/3 +2/3 -1/3 +2/3

Leptons e � e � � � � � �

Mass (GeV=c2) 0.0005 0 0.105 0 1.8 0

Charge -1 0 -1 0 -1 0

Table 2.1: Main properties of the fermions

2.1.1 CP-violation

Not all symmetriesare conserved by all interactions. The weak interactions are not
invariant under the parity transformation P; the cleanestevidencefor this is the fact
that the antimuon emitted in the pion decay

� + ! � + + � � (2.1)

is always producedleft-handed. Nor are the weak interactions invariant under C, the
charge-conjugatedversionof reaction 2.1 would be

� � ! � � + � � (2.2)

with a left-handedmuon, whereasin fact the muon is always producedwith a right-
handed helicity. However, combining the two operations gives a true picture: CP
turns the left-handed anti-muon into a right-handed muon, which is exactly what is
observed in nature. Contrary to parity transformations the CP transformationswere
believed to be conserved. However, in somecases,CP is not strictly conserved. The
contradiction camefrom the neutral K mesons. CP violation can be parametrized
(though not explained) by means of a phase in the Cabbibo-Kobayashi-Maskawa
(CKM) matrix [3] [4].

The matrix that connectsthe weak eigenstates(d0; s0; b0) and the corresponding
masseigenstatesd;s;b is

0

B
B
B
@

d0

s0

b0

1

C
C
C
A

=

0

B
B
B
@

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

C
C
C
A

0

B
B
B
@

d

s

b

1

C
C
C
A

(2.3)

After introducing the notation cij = cos� ij and sij = sin� ij with i and j being
generationlabels(i; j = 1; 2; 3), the standard parametrization is then given asfollows
[3]:

V =

0

B
B
B
@

c12c13 s12c13 s13e� i�

� s12c23 � c12s23s13ei� c12c23 � s12s23s13ei� s23c13

s12s23 � c12c23s13ei� � s23c12 � s12c23s13ei� c23c13

1

C
C
C
A

; (2.4)
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where � is the phasenecessaryfor CP violation. cij and sij can all be chosento be
positive and � may vary in the range0 � � � 2� . However, the measurements of CP
violation in K decays force � to be in the range0 < � < � .

Extensive phenomenologyof the last yearshas shown that s13 and s23 are small
numbers: O(10� 3) and O(10� 2), respectively. Consequently to an excellent accuracy
c13 = c23 = 1 and the four independent parametersare given as

s12 = jVus j; s13 = jVubj; s23 = jVcbj; � (2.5)

with the phase� extracted from CP violating transitions or loop processessensitive
to jVtd j. The latter fact is basedon the observation that for 0 � � � � , asrequiredby
the analysisof CP violation in the K system, there is a one{to{one correspondence
between� and jVtd j.

For numerical evaluations the useof the standard parametrization is strongly re-
commended.However, oncethe four parametersin (2.5) have beendetermined it is
often useful to make a changeof basicparametersin order to seethe structure of the
result more transparently. This brings us to the Wolfensteinparametrization.

The original Wolfenstein parametrization is an approximate parametrization of
the CKM matrix in which each element is expandedas a power seriesin the small
parameter � = jVus j = 0:22,

V =

0

B
B
B
@

1 � � 2

2 � A� 3(%� i� )

� � 1 � � 2

2 A� 2

A� 3(1 � %� i� ) � A� 2 1

1

C
C
C
A

+ O(� 4) ; (2.6)

and the set (2.5) is replacedby

�; A; %; � : (2.7)

Looking back at (2.4) and imposingthe following relations

s12 = � ; s23 = A� 2 ; s13e� i� = A� 3(%� i� ) (2.8)

to all orders in � . It follows then that

%=
s13

s12s23
cos� ; � =

s13

s12s23
sin� : (2.9)

(2.8) and (2.9) represent simply the changeof variables from (2.5) to (2.7). Making
this changeof variablesin the standardparametrization (2.4) it follows that the CKM
matrix asa function of (�; A; %;� ) satis�es unitarit y exactly. Another property is that
in view of c13 = 1 � O(� 6) the relations betweensij and jVij j in (2.5) are satis�ed to
high accuracy.

In order to improve the accuracy of the unitarit y triangle discussedbelow the
O(� 5) correction to Vtd is also included. In summary then Vus, Vcb, Vub, Vtd and Vts

are given to an excellent approximation as follows:

Vus = �; Vcb = A� 2 (2.10)
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Vub = A� 3(%� i� ); Vtd = A� 3(1 � �%� i �� ) (2.11)

Vts = � A� 2 +
1
2

A(1 � 2%)� 4 � i� A� 4 (2.12)

with

�%= %(1 �
� 2

2
); �� = � (1 �

� 2

2
): (2.13)

The advantage of this generalizationof the Wolfenstein parametrization over other
generalizationsfound in the literature is the absenceof relevant corrections to Vus,
Vcb and Vub and an elegant changein Vtd which allows a simple generalizationof the
unitarit y triangle.

The Wolfensteinparameterizationhasseveral nice features. In particular, it o�ers
in conjunction with the unitarit y triangle a very transparent geometricalrepresenta-
tion of the structure of the CKM matrix and allows the derivation of several analytic
results. This turns out to be very useful in the phenomenologyof rare decays and of
CP violation.

2.1.2 The unitarit y triangle

The unitarit y VV + = 1 of the CKM-matrix implies orthogonality of the di�erent
rows and columns. The orthogonality relations can be represented assix \unitarit y"
triangles in the complex plane. Analyzing the shape of the six unitarit y triangles
by using the original Wolfenstein parametrization, it turns out that most of these
triangles are very squashedones.

Only in two of the unitarit y triangles are all three sidesof comparablemagnitude
(O(� 3)), while in the others one side is suppressedrelative to the remaining ones
by O(� 4) and O(� 2). For the two triangles with comparablesidesthe sidesagree
at the O(� 3) level and di�er only through O(� 5) corrections. Neglecting the latter
subleadingcontributions they describe the unitarit y triangle that appearsusually in
the literature:

VudV �
ub + VcdV

�
cb + VtdV �

tb = 0: (2.14)

Phenomenologicallythis triangle is very interesting as it involvessimultaneously the
elements Vub, Vcb and Vtd .

In most analysesof the unitarit y triangle present in the literature only terms O(� 3)
arekept in (2.14). It is, however, straightforward to include the next-to-leadingO(� 5)
terms.

VcdV
�

cb = � A� 3 + O(� 7): (2.15)

Thus to an excellent accuracy VcdV
�

cb is real with jVcdV
�

cbj = A� 3. Keeping O(� 5)
correctionsand rescalingall terms in (2.14) by A� 3

1
A� 3

VudV �
ub = �%+ i �� ;

1
A� 3

VtdV �
tb = 1 � ( �%+ i �� ) (2.16)
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with �%and �� de�ned in (2.13). Thus(2.14)canberepresented asthe unitarit y triangle
in the complex ( �%;�� ) plane. This is shown in Figure 2.1. The length of the side CB
which lies on the real axis equalsunity when eq. (2.14) is rescaledby VcdV

�
cb. Beyond

the leadingorder in � the point A doesnot correspond to (%;� ) but to ( �%;�� ). Clearly
within 3% accuracy �%= %and �� = � . Yet in the distant future the accuracy of
experimental results and theoretical calculations may improve considerablyso that
the more accurateformulation will be appropriate.

r+i h 1-r- i h

bg

a

C=(0,0) B=(1,0)

A=(r,h)

Figure 2.1: Unitarit y Triangle.

For numerical calculationsthe following procedurefor the construction of the uni-
tarit y triangle is recommended:

� Usethe standard parametrization in phenomenologicalapplications to �nd s12,
s13, s23 and � .

� Translate to the set (�; A; %;� ) using (2.8) and (2.9).

� Calculate �%and �� using (2.13).

Using simple trigonometry sin(2� i ), � i = � ; � ; 
 , can be expressedin terms of
( �%;�� ) as follows:

sin(2� ) =
2�� ( �� 2 + �%2 � �%)

( �%2 + �� 2)((1 � �%)2 + �� 2)
(2.17)

sin(2� ) =
2�� (1 � �%)

(1 � �%)2 + �� 2
(2.18)

sin(2
 ) =
2�%��

�%2 + �� 2
=

2%�
%2 + � 2

: (2.19)

The lengths CA and BA in the rescaledtriangle of Figure 2.1, denotedby Rb and
Rt , respectively, are given by

Rb �
jVudV �

ubj
jVcdV

�
cbj

=
q

�%2 + �� 2 = (1 �
� 2

2
)
1
�

�
�
�
�
Vub

Vcb

�
�
�
� (2.20)
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Rt �
jVtdV �

tbj
jVcdV

�
cbj

=
q

(1 � �%)2 + �� 2 =
1
�

�
�
�
�
Vtd

Vcb

�
�
�
� : (2.21)

The expressionsfor Rb and Rt given here in terms of ( �%; �� ) are excellent approxi-
mations. Clearly Rb and Rt can also be determinedby measuringtwo of the angles
� i :

Rb =
sin(� )
sin(� )

=
sin(� + 
 )

sin(� )
=

sin(� )
sin(
 + � )

(2.22)

Rt =
sin(
 )
sin(� )

=
sin(� + � )

sin(� )
=

sin(
 )
sin(
 + � )

: (2.23)

The angles� and 
 of the unitarit y triangle are related directly to the complex
phasesof the CKM-elements Vtd and Vub, respectively, through

Vtd = jVtd je� i� ; Vub = jVubje� i
 : (2.24)

The angle� can be obtained through the relation

� + � + 
 = 180� (2.25)

expressingthe unitarit y of the CKM-matrix.
The triangle depicted on Figure 2.1 together with jVus j and jVcbj givesa full des-

cription of the CKM matrix. Looking at the expressionsfor Rb and Rt , it is clear that
within the Standard Model the measurements of four CP conservingdecays sensitive
to jVus j, jVubj, jVcbj and jVtd j can tell whether CP violation (� 6= 0) is predicted in the
Standard Model. This is a very remarkable property of the Kobayashi-Maskawa pic-
ture of CP violation: quark mixing and CP violation arecloselyrelated to each other.
In the context of the SM, the potential interest in rare B-decays is that they would
provide a quantitativ e determination of the quark-
avor rotation matrix, in particu-
lar the matrix elements Vtd , Vtb and Vts , the �rst one being extremely important, as
together with Vub it carriesthe CP-violating phase[5] [6].

There is, of course, the very important question whether the CKM picture of
CP violation is correct and more generally whether the Standard Model o�ers a
correct description of weak decays of hadrons. In order to answer these important
questionsit is essential to calculate as many branching ratios as possible,measure
them experimentally and check whether they all can be described by the sameset of
the parameters(�; A; %;� ). In the languageof the unitarit y triangle this meansthat
the variouscurvesin the ( �%; �� ) planeextracted from di�erent decays shouldcrosseach
other at a singlepoint. Moreover the angles(� ; � ; 
 ) in the resulting triangle should
agreewith thoseextracted in the future from CP-asymmetriesin B-decays.

2.1.3 Recent results on the CKM Unitarit y Triangle

With the successfulturn-on of the BaBar and Belle experiments in the last few years,
many experimental measurements in the b sectorhave achieved impressive precision.
The Fermilab Tevatron, with the upgradedCDF and D0 detectorshasalsostarted to
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producemeasurements which arecomplimentary to thoseof BaBar and Belle, asthey
o�er the opportunit y to measurethe heavier B hadronswhich are not accessibleat
the �(4 S) resonance.The primary missionof the B-factory experiments is to search
for the breakingof the CP-symmetry in B mesondecays and examinethe consistency
of the measurements with the expectedvalueswithin the CKM mechanism.

The measurement of sin2� , the CP-violating asymmetry in B 0 decays to charmo-
nium �nal states(b ! c�cs), by the CDF, BaBar and Belle collaborations established
the breaking of CP-symmetry in B decays [7] [8] [9]. The way to measurethe large
CP-asymmetriesin the decays of neutral B mesonsto CP eigenstatesis to study the
�(4 S) ! B 0 �B 0 ! f CP f tag decay chain, where one of the B mesonsdecays at time
tCP to a �nal state f CP and the other decays at time t tag to a �nal state f tag that
distinguishesbetweenB 0 and �B 0. The decay rate has a time dependencegiven by
[10] [11]

e
� j � t j

�
B 0

4� B 0
f 1 + q � [S sin(� md� t) + A cos(� md� t)]g (2.26)

where � B 0 is the B 0 lifetime, � md is the massdi�erence between the two B 0 mass
eigenstates,� t = tCP � t tag , q = +1( � 1) is the b 
a vor charge when the tagging
B mesonis a B 0 ( �B 0), and S and A are the CP-violation parameters. To a good
approximation the SM predicts

S = � � f sin2� (2.27)

where � f = +1( � 1) corresponds to CP-even (CP-odd) �nal states. Direct CP-
violation, A= 0 is expected for both b ! c�cs and b ! s�ss transitions. BaBar and
Belle reconstruct B 0 decays to the following b ! c�cs eigenstates:J= K S,  (2S)K S,
� c1K S for � f = � 1 and J= K L for � f = +1. The two classesshould have CP-
asymmetriesof opposite sign. Both experiments alsouseB 0 ! J= K � 0 decays with
K � 0 ! K S� 0, where the �nal state is a mixture of even and odd CP with the CP-
odd fraction relatively small ((19 � 4)% for Belle and (16 � 3:5)% for BaBar). The
samplesof CP-eigenstatesare large and clean [10]. Figure 2.2 shows the new Belle
data. The � t distributions show a clear shift between B 0 and �B 0 tags. For low-
quality tags (0 < r < 0:5) only a modest asymmetry is visible, while for high-quality
tags (0:5 < r < 1:0) a very clear asymmetry with a sinusoidal time modulation is
present. The �nal results are extracted from an unbinned maximum likelihood �t to
the � t distributions that takes into account resolution, mistagging and background
dilution. The new Belle result with 140f b� 1 is

sin2� = 0:733� 0:057� 0:028 (2.28)

while the sameanalysisfrom BaBar (78f b� 1) yields

sin2� = 0:741� 0:067� 0:03 (2.29)

From theseresults a new world averagecan be calculated

sin2� = 0:736� 0:049 (2.30)
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Figure 2.2: The upper plot shows the � t distributions for B 0 and �B 0 tags. The middle plot shows
the raw asymmetry for low quality tags and the lower plot shows the raw asymmetry for high quality
tags. The smooth curvesare projections of the unbinned likelihood �t (Belle).

which can be comparedto the indirect determinations on the unitarit y triangle [12]
[13] [14]. This comparisonis shown in Figure 2.3and is consistent with the hypothesis
that the CKM phaseis the sourceof CP-violation. The valuesobtained from b ! c�cd
and b ! sq�q processesare alsoconsistent with the Standard Model expectation, with
the exception of the value for the B ! �K 0

S from Belle [15]. Figure 2.4 shows the
raw asymmetriesfrom Belle for low-quality tags (0 < r < 0:5) and for high-quality
tags (0:5 < r < 1:0). The solid curves show the results of the unbinned maximum-
likelihood �t to the � t distribution. An evaluation of the signi�cance of the result
using the Feldman-Cousinsmethod and allowing for systematic uncertainties shows
that this result deviatesby 3:5� from the Standard Model.

The knowledgeof sin� leads to four possiblesolutions in the (�; � ) plane (Fig-
ure 2.3), one of which coincideswith the allowed region by the indirect measure-
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Figure 2.3: Indirect constraints on the anglesof the CKM unitarit y triangle comparedto the most
recent direct measurements of � (blue). The theoretical uncertainties in the indirect constraints are
estimated conservatively by the CKM �tter group.

ments. The �t also yields the allowed ranges77o < � < 122o, 37o < 
 < 80o at
95%CL, which givesa starting point for comparisonwith direct measurements [16].
Both BaBar and Belle have performedmeasurements of the time dependent CP ob-
servablesin the channel B ! � + � � . They have not yet establishedCP-violation in
this channel, but are consistent with the expected valuesfrom the Standard Model.
Signi�cant progresshas beenmade in identifying and measuringthe components of
the 2-body charmlessB decays, such as B ! � 0� 0, B ! �� and B ! �� , which
together with theoretical models and symmetry relations will eventually lead to the
determination of the angles� and 
 . The BaBar collaboration has presented limits
on sin2� + 
 using time-dependent CP-violation analysisof the B ! D � + � � decay.
A limit of j sin2� + 
 j > 0:76 at 90% CL has beenset. Figure 2.5 shows the result
of this limit in the ( ��; �� ) plane, indicating that it is consistent with the SM. At the
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Figure 2.4: Raw asymmetry for the B ! �K 0
S decay for low-quality tags (0 < r < 0:5) and for high-

quality tags (0:5 < r < 1:0). The solid curvesshow the results of the unbinned maximum-likelihood
�t to the � t distribution, while the dashedline is the expectation from the Standard Model (Belle).
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 included (BaBar).
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Figure 2.6: Diagrams contributing to the b ! sl+ l � decays

current level of experimental and theoretical accuracies,all of the measurements of �
and 
 can be accomodated within the SM and the CKM picture.

2.2 The FCNC Decays of B Mesons

2.2.1 In tro duction

In the Standard Model the Flavor ChangingNeutral Current processesare forbidden
at tree level, and canonly proceedthrough higherorderdiagrams,such asthe penguin
diagramsand box diagramsshown in Figure 2.6. Such loop diagramsare expected
to be sensitive to new physics. Heavy particles beyond the Standard Model, such as
Higgsor SUSYparticles(neutralino, chargino,etc) couldcontribute to additional loop
diagrams,and modify the branching ratios, CP-violation parametersand kinematic
variablesexpected by the Standard Model. B mesondecays is an excellent place to
study 
a vor changing neutral currents as long distancee�ects which hide the weak
e�ects aresmall dueto its heavy quark mass.Also the relevant CKM matrix elements
are comparableto thoseof a tree decay, while in the K or D mesonsystemsthey are
O(� 4) or O(� 5) smaller than thoseof the comparabletree decays (Table 2.2).

Meson tree decay penguin decay
�K Vus V �

ud = O(� ) Vts V �
td = O(� 5)

D VcsV �
ud = O(1) VcbV �

ub = O(� 5)
�B VcbV �

ud = O(� 2) Vtb V �
ts = O(� 2)

Table 2.2: The CKM matrix elements in the tree and penguin decays of the �K , D and �B mesons.

The e�ective Hamiltonian generating the b ! s
 and b ! sl+ l � transitions can
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be written as follows2:

Hef f = �
4GFp

2
V �

tsVtb

10X

i =1

Ci (� )Oi (� ) (2.31)

where Oi (� ) are dimension-sixoperators at the scale� , Ci (� ) are the correspond-
ing Wilson coe�cien ts which represent the e�ective strength of short distanceinter-
actions, GF is the Fermi coupling constant, and the Cabibbo-Kobayashi-Maskawa
dependencehasbeenmadeexplicit. The operatorscan be chosenasfollows [17] [18]:

O1 = ( �sL 
 � TacL )( �cL 
 � TabL ) (2.32)

O2 = ( �sL 
 � cL )( �cL 
 � bL ) (2.33)

O3 = ( �sL 
 � bL )
X

q
( �q
 � q) (2.34)

O4 = ( �sL 
 � TabL )
X

q
( �q
 � Taq) (2.35)

O5 = ( �sL 
 � 1 
 � 2 
 � 3 bL )
X

q
( �q
 � 1 
 � 2 
 � 3 q) (2.36)

O6 = ( �sL 
 � 1 
 � 2 
 � 3T
abL )

X

q
( �q
 � 1 
 � 2 
 � 3 Taq) (2.37)

O7 =
e
g2

s
mb( �sL � �� bR )F�� (2.38)

O8 =
1
gs

mb( �sL � �� TabR )Ga
�� (2.39)

O9 =
e2

g2
s
( �sL 
 � bL )

X

l

(�l 
 � l ) (2.40)

O10 =
e2

g2
s
( �sL 
 � bL )

X

l

(�l 
 � 
 5l ) (2.41)

where the subscripts L and R refer to left- and right-handed components of the
fermion �elds, F�� and Ga

�� denotethe QED and QCD �eld strength tensorsrespec-
tively. The Ci (� ) are evaluated perturbatively at the high energyscaleO(mW ). In
order to obtain the low energytheory, the Ci (� ) are evolved down to the scaleO(mb)
using renormalization group equations which guarantee that the � dependenceof
Ci (� ) is cancelledby the � dependenceof Oi (� ), thus the observables should not
depend on the renormalization scale� . The advantage of this approach is that if

2The assumption here is that the combination (V �
us Vub ) of the CKM matrix elements can be neglected.
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non-SM physicscontributes to the additional diagrams,it will only modify the rele-
vant Wilson coe�cien ts. The amplitude of the B mesondecaying into the �nal state
F can be written as:

A(B ! F ) = hF jHef f jB i =
GFp

2
V �

tsVtb

10X

i =1

Ci (� )hF jOi (� )jB i (2.42)

As the Wilson coe�cien ts represent the short distance interactions, the matrix
elements hF jOi (� )jB i will take into account the long distance strong interactions.
Hence,the operator elements can not be obtained preturbatively becauseof the con-
�ning nature of strong interactionsat largedistances.If hF j is an inclusive �nal state,
the leading order term can be represented using the matrix element for free quark
transition which can be easily calculated. However, when hF j is an exclusive �nal
state the operator element is more di�cult to obtain. Fortunately, if part of hF j is
a non-hadronic state, like hK � l+ l � j it is possibleto compute the operator element.
Sinceleptonsand photonsare not involved in long distanceinteractions, the operator
element can be factorized into hadronic and non-hadroniccurrents:

hF jOi (� )jB i = hhLjOi (� )jB i = hhjJ1jB ihLjJ2j0i (2.43)

where the secondterm can be written explicitely, and the former can be calculated
by non-perturbative methods, even though thesemethods have limitations.

2.2.2 The b ! sl+ l � decays

While the measurement of the B ! X s
 is being consolidated, searches are being
made for several other radiative and semileptonic rare B decays. In the SM the
b ! sl+ l � decay rate is expected to be nearly two orders of magnitude lower than
that of b ! s
 . However, it depends on the magnitude and sign of three Wilson
coe�cien ts C7, C9 andC10 in the e�ectiveHamiltonian, while b ! s
 dependsonly on
the magnitudeof C7. Thesethree Wilson coe�cien ts are likely placesfor newphysics
to appear, as they comefrom loop and box diagrams. Upper limits on the branching
fraction for b ! sl+ l � thus placeconstraints on newphysics;an observation at a rate
in excessof that predicted by the Standard Model would provide evidencefor new
physics. New heavy particles can a�ect the rate and decay distributions.

C7, C9 and C10 can be completely determined by measuringthe dilepton invari-
ant massdistributions and the forward-backward charge asymmetry of the dilepton
together with the b ! s
 decay rate.

While for the moment B ! X s
 remainsmore restrictive over most of the super-
symmetric space,this is expectedto changewith improved precisionon the semilep-
tonic rare B decays.

The b ! sl+ l � decays receive short-distancecontributions from the electromag-
netic penguin, the Z penguin, and the W box diagrams. They also receive long
distance contributions from the b ! s(c�c) ! sl+ l � with both resonant (J= and
 0) and continuum intermediate states. For the dimuon invariant massesaround the
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Authors B ! K l+ l � B ! K � � + � � B ! K � e+ e�

� 10� 6 � 10� 6 � 10� 6

Ali et al. (2002) NNLO [18] 0.35� 0.12 1.19� 0.39 1.58� 0.49

Ali et al. (2000) [19] 0.57 1.9 2.3

Melikhov et al. (1998) [20] 0.44 1.15 1.5

Geng and Kao (1996) [21] 0.5 1.4

Colangeloet al. (1996) [22] 0.3 1.0

Table2.3: Theoretical predictions basedon the Standard Model for the exclusivedecays B ! K l + l � .

resonant regions the decay is dominated by the long-distancecontributions, while
away from theseresonancesshort-distanceprocessesdominate. Table2.3shows some
predicted branching ratios for b ! sl+ l � decays. It is important to note that the
theoretical uncertainties in the decay rates are estimated to be typically � 35%[19].

Mode Belle [31] [32] BaBar [33]

B � stat � syst � model [� 10� 7] B � stat � syst[� 10� 7]

B ! K + e+ e� 6:3+1 :9
� 1:7 � 0:3 � 0:1 10:5+2 :5

� 2:2 � 0:7

B ! K + � + � � 4:5+1 :4
� 1:2 � 0:3 � 0:1 0:7+1 :9

� 1:1 � 0:2

B ! K 0e+ e� 0:0+2 :0
� 1:2

+0 :3
� 0:4 � 0:0 � 2:1+2 :3

� 1:6 � 0:8

B ! K 0� + � � 5:6+2 :9
� 2:3 � 0:4 � 0:3 16:3+8 :2

� 6:3 � 1:4

B ! K � 0e+ e� 12:9+5 :7
� 4:9 � 1:1 � 0:1 11:1+5 :6

� 4:7 � 1:1

B ! K � 0� + � � 13:3+4 :2
� 3:7 � 1:0 � 0:5 8:6+7 :9

� 5:8 � 1:1

B ! K � + e+ e� 20:2+12 :7
� 10:1

+2 :3
� 2:4 � 0:7 2:0+13 :4

� 8:7 � 2:8

B ! K � + � + � � 6:5+6 :9
� 5:3

+1 :4
� 1:5 � 0:4 30:7+25 :8

� 17:8 � 4:2

B ! K e+ e� 4:8+1 :5
� 1:3 � 0:3 � 0:1 7:4+1 :8

� 1:6 � 0:5

B ! K � + � � 4:5+1 :4
� 1:2 � 0:3 � 0:1 4:5+2 :3

� 1:9 � 0:4

B ! K `+ ` � 4:8+1 :0
� 0:9 � 0:3 � 0:1 6:5+1 :4

� 1:3 � 0:4

B ! K � e+ e� 14:9+5 :2
� 4:6

+1 :2
� 1:3 � 0:2 9:8+5 :0

� 4:2 � 1:1

B ! K � � + � � 11:7+3 :6
� 3:1 � 0:9 � 0:5 12:7+7 :6

� 6:1 � 1:6

B ! K � `+ ` � 11:5+2 :6
� 2:4 � 0:8 � 0:2 8:8+3 :3

� 2:9 � 1:0

Table 2.4: Latest observations and limits of rare B decays by the Belle and BaBar experiments.

Until the advent of B factoriesthe most stringent limits on the B ! K (� ) l+ l � de-
cays have beenplaced by the CLEO [24] and CDF [23] collaborations. Now the B
factories are starting to observe thesedecays instead of measuringupper limits [25]
[26] [27] [28] [29] [30]. As of January 2004, using a data sample of 152� 106 B �B
pairs, corresponding to 140f b� 1 taken at the �(4 S) resonance,the Belle experi-
ment hasreported observation (i.e. more than 3� signi�cance) for half of the modes
(B ! K + e+ e� , B ! K � 0� + � � , B ! K 0� + � � and B ! K + � + � � ) and all the
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Figure 2.7: Beam-energyconstrained massM bc distributions for K ( � ) `+ ` � samplesfrom the Belle
experiment (140f b� 1). Solid and dotted curves show the results of the �ts and the background
contributions, respectively.
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Figure 2.8: q2 distributions for K `+ ` � and K � `+ ` � from the Belle experiment (140f b� 1). Points
with error bars show the data while the hatched boxes show the range of SM expectations from
various models [18] [20] [22].

Figure 2.9: Beam-energyconstrainedmass(mE S ) distribution for the K `+ ` � modesfrom the BaBar
experiment. The solid curve is the sum of all �t components, including signal; the dashedcurve is
the sum of all background components.
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combined modes [31] [32]. Someof the remaining modes are also likely to be dis-
covered: B ! K � 0e+ e� 's signi�cance is 2:8� , and that of B ! K � + e+ e� is 1:9� .
The BaBar experiment, using a data sampleof 123� 106 �(4 S) ! B �B decays, has
also observed several of the modes [33]. The latest results of the two experiments
are summarizedin Table 2.43. Figure 2.7 shows the beam-energyconstrainedmass
Mbc =

q
(E �

beam=c2)2 � jp�
B =cj2 distributions for K (� ) `+ ` � samplesfrom the Belle ex-

periment, where p�
B is the measuredmomentum of the B candidate, and E �

beam is
the beam energy in the �(4 S) rest frame. Figure 2.8 shows that the Belle experi-
ment is not only observingthe di�erent decay modes,but hasalsostarted to measure
the invariant masssquareq2 = M 2

`` c2 distributions as well. Figure 2.9 shows the
beam-energyconstrainedmassdistribution for the four K `+ ` � modesfor the BaBar
experiment. The signi�cance of the B ! K `+ ` � signal from the simultaneous �t is
8� .

2.3 Bey ond the Standard Mo del

The assumptionis that the dominant e�ects of an underlying supersymmetrictheory
can be implemented by using the SM operator basis for the e�ective Hamiltonian.
Thus, supersymmetric e�ects enter in the theoretical analysis through the modi�-
cations of the Wilson coe�cien ts. Restricting the operator basis to the one in the
SM obviously doesnot cover the most generalsupersymmetriccase,but it covers an
important part of the underlying parameter space,and hencecan be employed to
undertake searchesfor supersymmetric e�ects in rare B decays.

Several papers have discussedthe possiblee�ects of di�erent non-SM theorieson
FCNC decays [18] [19] [34] [35] [36] [37] [38] [39] [40] [41]. It is important to note,
that due to the large theoretical uncertainties, any e�ect beyond the StandardModel
will only be noticed if it is a drastic e�ect. For example in the B ! K l+ l � and
B ! K � l+ l � sector the most important quantities where to look for non-SM e�ects
are the dilepton invariant massdistribution and the normalized forward-backward
asymmetry. Figure 2.10 shows the dilepton invariant masssquareddistribution of
the B ! K � � + � � decay for several di�erent models. Onecanclearly notice the poles
corresponding to the resonant modesJ= and  (2S). The solid line represents the
Standard Model prediction and the shadedarea represents the form-factor related
uncertainties. The dotted line correspondsto a SUGRA model with C7 = � 1:2�CSM

7 ,
C9 = 1:03� CSM

9 and C10 = 1:0� CSM
10 . It correspondsto tan � = 304 in which caseC7

becomespositive, resulting in a constructive interferenceof the termsdependingon C7

and C9 in the dilepton invariant massspectra. In the low-q2 regionit resultsin a 100%
enhancement of the branching ratio for B ! K � � + � � which is clearly distinguishable
from the SM-related theoretical uncertainties. The e�ect of the positive C7 is even

3These experimental numbers refer to the so-called non-resonant branching ratios integrated over the entire dilepton
invariant mass spectrum, where judicious cuts were used to remove dominan t resonant contributions arising from the
B decays where the dilepton is coming from a J= or  0.

4For small tan � the sign of C7 is the same as in the SM and no spectacular deviations from the SM can be
expected.
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Figure 2.10: The dilepton invariant masssquared distribution for B ! K � � + � � . The solid lines
represent the SM and the shadedareasignalsthe form-factor related uncertainties. The dotted lines
correspond to the SUGRA model with C7 = � 1:2� CSM

7 , C9 = 1:03� CSM
9 and C10 = 1:0� CSM

10 . The
long-short dashed lines correspond to an allowed point in the parameter spaceof the MIA-SUSY
model given by C7 = � 0:83 � CSM

7 , C9 = 0:92 � CSM
9 and C10 = 1:61 � CSM

10 . The black lines show
the sum of the short-distance and long-distance contributions, while the magenta lines show the
corresponding pure short-distance spectra.

more striking in the FB asymmetry shown in Figure 2.11. The dotted lines represent
two SUGRA modelswhich are identical exceptfor the sign of C7. The solution which
does not have a zero crossingbelow the J= -resonant region is the one with the
positive C7 coe�cien t.

Another possibleapproach is the minimal insertion approach (MIA) which aimsat
including all possiblesquark mixing e�ects in a model independent way. The 
a vor
changesare incorporated by a non-diagonalmassinsertion in the squarkpropagator.
The long-short dashedline of the dilepton invariant massplot shows the result for
a MIA-SUSY calculation with C7 = � 0:83� CSM

7 , C9 = 0:92� CSM
9 and C10 = 1:61�

CSM
10 . As in the caseof the SUGRA model there is an important enhancement of

the branching ratio. Concerning the forward-backward asymmetry the long-short
dashedlinescorrespond to the MIA-SUSY model usingparametersC7 = � 0:83�CSM

7 ,
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Figure 2.11: The normalized forward-backward asymmetry in B ! K � � + � � decay as a function of
s. The solid line denotesthe SM prediction. The dotted lines correspond to the SUGRA model with
C7 = � 1:2�CSM

7 , C9 = 1:03�CSM
9 and C10 = 1:0�CSM

10 with the upper and lower curvesrepresenting
the C7 < 0 and C7 > 0 case,respectively. The long-short dashed (blue) lines correspond to the
MIA-SUSY model, using the parametersC7 = � 0:83� CSM

7 , C9 = 0:92� CSM
9 and C10 = 1:61� CSM

10
with the upper and lower curvesrepresenting the C7 < 0 and C7 > 0 case,respectively. The dashed
curves indicating a positive asymmetry for large s correspond to the MIA-SUSY models using the
parametersC7 = � 0:83� CSM

7 , C9 = 0:79� CSM
9 and C10 = � 0:38� CSM

10 .

C9 = 0:92� CSM
9 and C10 = 1:61� CSM

10 with the upper and lower curvesrepresenting
the C7 < 0 and C7 > 0 caserespectively. An important possibility in the MIA
approach is that the C10 coe�cien t could change sign. This has no e�ect in the
dilepton invariant massdistributions, as they depend quadratically on C10, but it
would changethe sign of the forward-backward asymmetry. This scenariois shown
by the dashedcurves indicating a positive asymmetry for large s correspond to the
MIA-SUSY modelsC7 = 0:83� CSM

7 , C9 = 0:79� CSM
9 and C10 = � 0:38� CSM

10 .
Even though all current data are consistent with the Standard Model, present

experimental measurements allow considerableroom for beyond-the-SM e�ects.
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Chapter 3

Detectors for studying rare B
decays I: The CDF exp erimen t at
the Tevatron

The Collider Detector at Fermilab (CDF) is oneof the two generalpurposedetectors
built to study high-energyp�p collisions at the Tevatron, located at the Fermi Na-
tional Accelerator Laboratory. After introducing the acceleratorchain, the di�erent
components of the detector and the trigger systemwill be described in detail.

3.1 The Tevatron

The Tevatron is a proton-antiproton collider locatedat the Fermi National Accelerator
Laboratory (FNAL) in Chicago. It produced the �rst p�p collisions in 1983, and
since then has had several phasesof running. Between 1992 and 1996 the center
of mass collision energy achieved by the accelerator was 1:8TeV. This phase is
calledRun I and 120pb� 1 of data1 have beencollectedwhich enabled,amongstother
measurements, the discovery of the top quark [47]. In 1996 the accelerator was
temporarily shut down in order to implement a seriesof improvements to increase
substantially the luminosity [48]. This secondphase,calledRun II, wasinitially aimed
at achieving 15f b� 1 integrated luminosity. Due to some experimental di�culties
described later in this sectionthe integrated luminosity goalshave beenadjusted�rst
to 6:5� 11f b� 1 [49], then to 4:4� 8:6f b� 1 [51]. Run II itself wasplannedto consistof
two parts, Run IIa and Run IIb. Betweenthe two runs a shutdown of several months
was foreseenin order to replacethe silicon detectorsof the experiments designedto
survive 2f b� 1 of integrated luminosity. Becauseof lack of funding and the lower
than expected luminosity CDF will not replacethe silicon detectorsas planned,and
continue to take data without major upgradesof the detector. For Run II the center
of masscollision energyhas also beenraised to

p
s = 1:96 TeV, so until the Large

Hadron Collider is completedat CERN, it will remain the highest energycollider in
1 Integrated luminosities are usually given in units of barn � 1 , corresponding to 1024 cm � 2 , i.e. 1 pb� 1 = 1036 cm � 2 .

25
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Figure 3.1: The acceleratorcomplex at Fermilab.

the world (
p

s is oneof the most important parametersin collider experiments, asthe
cross-sectionsof the di�erent processesand the massesof the particles which can be
created,depend on its value). Another very important parameter is the luminosity
which determinesthe size of the data sample that can be collected during a given
period of time. The number of events collected(N ) can be written as:

N = �
Z

� t
Ldt = � L (3.1)

where� is the cross-sectionof the process,� t is the length of the data taking period,
L is the instantenuous luminosity and L is the integrated luminosity. In order to
achieve the luminosity goalsset for Run II the acceleratorchain wasdeeplymodi�ed
with the construction of two additional rings, the Main Injector and the Recycler[53].

3.1.1 Proton pro duction

The �rst element of the acceleratorchain (Figure 3.1) is the Cockroft-Walton pre-
acceleratorin which hydrogen gas is ionized to create negative ions H � , which are
subsequently acceleratedand reach an energyof 0:75M eV [54]. Next, the negative
hydrogen ions are acceleratedin the Linac, a 130m long linear accelerator,where
they reach an energyof 400M eV. At the end of this phaseof acceleration,the ions
passthrough a carbon foil, which removes the electrons,leaving only the positively
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chargedprotons. The third stageof the acceleratorchain is the Booster,a synchrotron
with a diameter of 475m, whereelectric �elds accelerateprotons until they reach an
energyof 8GeV. The fourth stageis the Main Injector. It is a new synchrotron with
a diameter of 1km which was completedin 1999. The Main Injector acceleratesthe
protons from 8GeV to 150GeV and groupsthem in bunchesof 2:7 � 1011 particles.

3.1.2 An tiproton pro duction

The antiproton production rate is oneof the main limiting factors in achieving higher
luminosity, so for Run II particular emphasiswas put onto the improvement of the
antiproton beam. Besidesproducingproton bunchesfor the collisionsin the Tevatron,
asmentioned earlier, the Main Injector is alsoproducing 120GeV protons in bunches
of 2 � 1012 particles which then enter in collision with a nickel target. The resulting
particles are collected with magnetic lenses,then the antiprotons are �ltered with
a dipole magnet. On the average,50000protons are neededfor the production of
every single antiproton. The antiprotons are then sent to the Debuncher which is a
triangular ring of 505m in length. The Debuncher reducesthe dispersionof the energy
of the antiprotons usingstochastic cooling. Finally, the antiprotons are transferredto
the Accumulator wherethey are further cooled and stacked in bunchesbeforebeing
transferredto the Main Injector. The complexdescribed above needs8 hours in order
to accumulate 1:3 � 1012 antiprotons. The antiprotons are then acceleratedin the
Main Injector to 150GeV and form bunchesof 3 � 1010 particles.

Oneof the main improvements of Run II is the construction of the Recycler,which
is installed in the sametunnel as the Main Injector. Originally its aim was to recycle
the antiprotons remaining after the end of a store (which corresponds to 75%of the
initial number). This would have enabledto double the number of antiprotons for
the next store. As of early 2004,work on recyclingantiprotons hasbeenstopped and
the Recycler is expected to serve as a secondantiproton storagering, ful�lling the
original aim in a di�erent fashion [50]. After the installation of the electron cooling
the Recycleris expectedto be integrated in the rest of the complexin early 2005[51]
[52].

3.1.3 The Tevatron

The last element in the chain of the acceleratorsis the Tevatron, a superconducting
synchrotron. The Tevatron acceleratesprotonsandantiprotons, which it receivesfrom
the Main Injector, from 150GeV to 980GeV. BetweenRun I and Run II the energy
of the beam has been increasedfrom 900 to 980GeV and a new cryogenicsystem
has beeninstalled. There are 36 bunchesof protons and 36 bunches of antiprotons
circulating in the opposite direction. The two beamsare focusedusing quadrupole
magnets in two regionsaround the ring where they collide every 396 ns. The two
generalpurposecollider experiments installed in thesetwo regionsare CDF and D0.
In the region of CDF the beam has a longitudinal dispersion of � z ' 30cm, and a
transversedispersionof � t ' 30�m .
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Run Ib Run I I present Run I Ia nominal Run I Ib nominal

p bunches � �p bunches 6 � 6 36� 36 36� 36 140� 121

p=bunch 2:3 � 1011 2:1 � 1011 2:7 � 1011 2:7 � 1011

�p=bunch 5:5 � 1010 2:5 � 1010 3:0 � 1010 3:0 � 1010

L [cm� 2s� 1] 0:16� 1031 4:1 � 1031 8:6 � 1031 16� 1031

L [pb� 1=week] 3.2 6-8 17 32

Bunch spacing[ns] � 3500 396 396 132

Crossingangle [�r ad] 0 0 0 136

Energy (p + �p) [GeV] 900+ 900 980+ 980 980+ 980 980+ 980

Table 3.1: Parametersof the Tevatron for Run I and Run I I [49] [53]. Recent developments suggest,
that Run I Ib will useessentially the sameparametersas Run I Ia [51].

The acceleratorhas been running since March 2001. Many improvements have
been implemented to correct the problems that were identi�ed during the start-up
period:

� Modi�cation of the injection helix

� Proton beamloading compensationin Main Injector

� Accumulator stochastic cooling upgrade

� C-0 Lambertson magnetsremoval

However, there are still several problemsto which satisfactory solutions have not
beenfound yet:

� Emittance preservation throughout the complex

� Beam-beaminteraction in the Tevatron

� Proton and antiproton acceleratione�ciencies (Tevatron)

� Beam lifetimes

� Transfer losses

At present2 the instantenuousinitial luminosity is topping out at 5� 1031 cm� 2s� 1

(seeFigure 3.2), which is signi�cantly lower than expected(Table3.1). The samecan
be said about the weekly integrated luminosity which is 2-3 times lower than planned
(Figure 3.3). The modi�ed aim is to reach 3� 1032 cm� 2s� 1 instantenuousluminosity
and 4:4� 8:6f b� 1 integrated luminosity by 20093 [49]. For the Run IIb a structure of
140 proton bunchesand 121 antiproton buncheswas foreseen.However, this would
have implied the reductionof time betweencollisionsto 132ns, signi�cantly increasing

2 i.e. end of 2004.
3However, this number could be decreasedby 15% if the 7 month shutdown goes ahead as planned in 2006.
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Figure 3.2: Instantenuous luminosities at the start of the stores through the end of 2003[56].

Figure 3.3: The luminosity delivered by the Tevatron since the start of Run I I until January 2004
[55].
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Figure 3.4: The coordinate system of the CDF experiment.

beam-beam e�ects, and the introduction of an angle between the two beams. As
the primary motivation for increasing the number of bunches, the expected high
luminosity, was not achieved, plans for operating the Tevatron with 132ns bunch
spacinghave beenabandoned,sothe same36� 36 con�guration will be usedfor Run
IIb as for Run IIa.

3.2 The CDF exp erimen t

3.2.1 Overview of the CDF exp erimen t

CDF is a generalpurposedetector designedto detect secondaryparticles produced
in p�p collisions at the Tevatron. It is a cylindrical detector with forward-backward
symmetry designedto cover as much solid angleas possible.

For the descriptionthat follows to be clear, it is usefulto de�ne the quantities that
will be used. CDF usesa cartesiancoordinate system(Figure 3.4), wherethe z axis is
oriented along the nominal direction of the beampointing along the direction of the
incomingprotons, the protonscircling clockwise. The center of the coordinate system
is the nominal interaction point, which coincideswith the center of the detector. The
y axis points upwards, while the x axis is directed radially outwards in the horizontal
plane of the Tevatron. There is also a sphericalcoordinate systemde�ned, where r
is the radial distance measuredfrom the center of the detector, � is the azimuthal
anglemeasuredanti-clockwisefrom the positive x axis in the transverseplane,and �
is the polar anglemeasuredwith respect to the proton direction. So

z = r � cos� (3.2)
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and the transversemomentum (the projection of the momentum onto the x � y plane)
is de�ned as

pT = p � sin� =
q

p2
x + p2

y (3.3)

The natural unit of measurement in collider physics is the rapidit y, de�ned as

y =
1
2

ln
E + pz

E � pz
(3.4)

becausethe shape of the particle density distribution in rapidit y is invariant under
Lorentz transformations along the beam direction. The rapidit y is approximately
equal to the pseudorapidity

� = � ln tan
�
2

(3.5)

for highly relativistic particles (p � mc). Pseudorapidity is much more convenient
to use,becauseit is independent of the particle type and dependsonly on the polar
angle.

The CDF II which is a generalpurposesolenoidaldetector is shown on Figure 3.5
and 3.6. The innermosttracking layer of the CDF II detectorsystemconsistsof silicon
detectors(Layer00,SVX II and ISL) surroundedby a drift chamber (COT), and the
whole contained in a superconductingsolenoid,1:5m in radius and 4:8m in length,
which generatesa 1:4T magnetic�eld parallel to the beamaxis. Progressingtowards
the outside are placed the electromagneticand hadronic calorimeters, followed by
the muon chambers. The luminosity is measuredby Cherenkov counters which are
located in the forward regionsvery closeto the beampipe. All thesesubsystemswill
be described in greater detail in the following sections.

3.2.2 The CDF Tracking System

The elements of the CDF tracking system and their electronics must be capable
of handling the high luminosity and high repetition rate provided by the Tevatron.
The anchor of the Run II tracking system is a large open cell drift chamber for
charged particle reconstruction in the central region (j� j < 1:0). At small radii a
new silicon detector consisting of three subsystemsprovides precision tracking and
secondaryvertexing, enablingstand-alonesilicon tracking over the full regionof j� j <
2:0 (Figure 3.7).

The Silicon Detectors

Silicon tracking providesprecisetrack coordinate measurements in the r � � planeand
precisesecondaryvertex reconstruction for the long-lived b and c hadrons. In Run
II the silicon inner tracker consistsof three concentric subsystems(Figure 3.8). The
oneclosestto the interaction point is Layer 00 (L00), which is located at the radius
of 1:35cm, and consistsof single-sidedradiation resistant silicon moduleswhich are
actively cooled (Figure 3.9). Its main advantage lies in improved impact parameter
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Figure 3.5: Three dimensional view of the CDF detector showing the position of the detector sub-
systems.

resolution and b-tagging. L00 is followed by a �v e-layer detector, the Silicon Vertex
Detector, which covers the region between 2:5cm and 10:6cm. It provides CDF
with three dimensionalvertex reconstructionand tracking. Finally, the Intermediate
SiliconLayer (ISL) extendsthe coverageof the siliconup to j� j < 2:0. The information
provided by the SVX and ISL is su�cien t to reconstruct three dimensional tracks
independently of the COT4. It also helps to link COT tracks to SVX tracks more
e�cien tly. The total sensorarea adds up to approximately 6m2. As L00, ISL and
the corresponding reconstructionsoftware werestill maturing during the data-taking
period of the present analysis, the data from thesesubsystemswere not used. The
properties of the Run II silicon detectorsare summarizedin Table 3.2.

The Silicon Vertex Detector (SVX) consistsof three barrels (Figure 3.10), each
29cm long, which mounted together add up to a 96cm total length. There are 12
wedgesin � , each containing �v e layersof silicon. Of the �v e layers,three (Layers0, 1
and 3) combine an r � � measurement on onesidewith a 90o stereomeasurement on
the other. The remaining two (Layers2 and 4) combine r � � with small anglestereo

4This is called the stand-alone mode, and amongst others it allows to measure the e�ciency of the COT tracking.
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Figure 3.6: Elevation view of the CDF detector showing the position of the di�eren t subsystems.

at 1:2o. This is designedto permit good resolution in locating the z-position of the
secondaryverticesand improve pattern recognition and 3-D vertex reconstruction.

The sensorsused in the detector modules have a bulk silicon thicknessof 300�
15�m for the 90o stereo layers and 275� 15�m for the small angle layers. The
HV biasing usespolysilicon resistorsand the readout is AC-coupled. The 90o stereo
sensorshave strips running lengthwiseon the sensor'sp � n junction sideto measure
the r � � position of the particle, and strips running laterally on the ohmiccontact side
(n-side) to measurethe r � z position. Both setsof strips are read out at the end of
the sensors.A substantial R&D program,similar to that of the ATLAS SCT hasbeen
carriedout in order to achieve the full potential of the tracker5. The detectormodules
are assembled in \ladders", 12 ladders corresponding to the 12 wedgesin � and
making a layer. In each barrel, the silicon laddersaremounted betweentwo precision-
machined beryllium bulkheadswhich also carry the water cooling channels for the
readout electronics. The bulkheadsde�ne the precisionof the barrel assembly and,
therefore,had to be machined to very low tolerances.Beryllium wasusedbeacauseof
its longradiation length andsti�ness. The coolant is circulated through the integrated
cooling channelsof the bulkheadsat approximately � 5C0. In order to allow a possible

5See[59] Chapter 5 for more details and references.
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Figure 3.7: Overview of the CDF tracking system.

Layer 00 SVX II ISL Total

Layers 1 5 2 8

Length 0:9m 0:9m 1:9m

Channels 13824 405504 303104 722432

Modules 48 SS 360 DS 296 DS 704

Readout Length 14:8cm 14:5cm 21:5cm

Inner Radius 1:35cm 2:5cm 20cm 1:35cm

Outer Radius 1:65cm 10:6cm 28cm 28cm

Power 100W 1:4kW 1: kW 2:5kW

Table 3.2: Characteristics of the Run I I silicon detectors.



3.2. THE CDF EXPERIMENT 35

Figure 3.8: Overall view of the di�eren t silicon subsystems.

Figure 3.9: Design of the Layer 00.
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Figure 3.10: SVX barrel and bulkhead.

replacement of the inner two layers,the bulkheadassembly wasdivided into two parts,
with the inner two layers separatefrom the outer three layers.

A perspective view of both sidesof a Layer 0 ladder is shown on Figure 3.11. A
notch on the ladder end is usedto preciselylocate ladders relative to their support
structure. The � -side, where the detector strips are parallel to the beam line, is on
the top of the ladder with the readout chips being opposite the cooling channel. The
z-sidereadout chips are on the undersideof the ladder located inboard of the cooling
channel. The ladders consist of two halves, each containing two crystals. As soon
as the � -side hybrid had adheredto the surface, the seconddetector was precisely
located relative to the �rst and the two detectorswerewirebonded. In the next step
the support rail was connectedto the surface in order to make a single structure
beforethe completion of the z-side.

The readout chips (SVX3D) are mounted on an electrical BeO hybrid on the
surfaceof the silicon detectors. A 46-cellanalogpipelinewith 4 bu�er cellsstoresthe
data while the Level-1 trigger decisionis made. This pipeline supports simultaneous
digitization and readout of data, which takes only 10�s resulting in a L1 trigger
acceptrate of 50kH z with minimal deadtime. The high speedis required in order to
usethe SVX data in the Level 2 vertex trigger processor(SVT, seesection3.2.6 for
moredetails). The dynamicpedestalsubtraction enablesto suppresson-chip common
mode noise, so that the threshold which correponds to 99% of e�ciency is usually
4-5 rms noisevaluesaway from the pedestals[60]. As there are 128channelsin each
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Figure 3.11: Perspective views of the z and � -sidesof a Layer 0 ladder.

chip, 88 chips in each wedge,12 wedgesin each barrel and 3 barrels, it adds up to
405504channelsfor the whole system. In order to be able to read out such a large
systemwithin the required time a highly parallel �b er-baseddata acquisition system
hasbeenimplemented.

Figure 3.12: Impact parameter resolution in �m as a function of the pT for tracks passingthrough
passive material without Layer 00 hits (red), and with Layer 00 hits (blue).

The commissionningof the SVX II detector was completedin June 2002. 92:5%
of the modulesare operating, of which 87%are good ladderswith an error rate below
1% [61]. The analog performanceof the detector is excellent, the charge collection
e�ciency being higher than 99% [62]. The signal-to-noiseratio rangesfrom 14:1 for
the r � � sideof SVX II to 10:1for Layer 00. The best position resolutionachieved is
9�m for two-strip and 18�m for single-strip clustersin the SVX II, and the average
o�ine tracking e�ciency is 94%[63]. As it will bedescribed in Section5.6 for ATLAS
the resolution for single-strip clusterswill be � 23�m . The averagefake rate is 1:7%
(that of the ATLAS Silicon Tracker is required to be < 1% (Section 5.5)). The
single track impact parameter resolution was measuredto be 50�m [64]. However,
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Figure 3.13: E�ciency as a function of � of the calorimeter seededoutside-in silicon tracking for
tracks with three (blue), four (green) and �v e (red) silicon hits.

this resolution can be improved, particularly for low-pT tracks, as soon as Layer
00 data will be included in the physics analysis framework. Figure 3.12 shows the
improvement of the impact parameter resolution with recently improved alignment
and with the use of Layer 00. The improvement is the most spectacular at low
pT , where multiple scattering is the dominant component. The current Layer 00
hit e�ciency is only 65% as a result of aggressive clustering cuts. This number
does not include the e�ects of the substantial fraction of overlapping strips in L00
design. Moreover, it shouldget better with �nal alignment and optimized clustering.
In ATLAS the impact parameter resolution is expected to be � 110� 150�m , the
di�erence coming primarily from the fact that CDF has Layer 00 at 1:5cm and the
�rst two layers of SVX II at 2:7 and 4:3cm, while the �rst layer of pixels in ATLAS
is situated at 5:05cm (seeSection5.3). The resolution of the impact parameterand
similar quantities, like the transversedecay length, is extremely important for rare B
decays. Not only someof the triggers arebasedon them, but thesequantities arealso
usedasvery strong background rejection cuts, someasuringthem with high precision
is essential. The forward silicon layers of ISL allow tracking where there is no COT
coverage.E�ciencies in excessof 70%havebeenachievedout to j� j < 2 with minimal
fake rates (Figure 3.13). This extendedcoverageis especially important for analyses
with multi-lepton �nal states and statistically limited measurements. An example
is the top dilepton cross-sectionmeasurement which gave the result � t �t = (7:6 �
3:4(stat) � 1:5(syst)) pbwhich is � 30%better than the Run I measurement despite
having about the sameluminosity. It is important to note, that no degradation in
performancehasyet beenobserved in the two yearsof operation. On the contrary, the
performancecontinues to increaseas alignment, clustering and tracking algorithms
improve.
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Figure 3.14: 1/6 section of the COT endplate.

COT

The Central Outer Tracker (COT) is a cylindrical open-celldrift chamber spanning
from 44 to 132cm in radii and 310cm alongthe beamline6. It operatesinsidea 1.4T
solenoidalmagnetic �eld and is designedto �nd chargedtracks in the region of j� j <
1:0 with transversemomentum as low as400M eV=c. A reconstructedtrack provides
accurateinformation in the r � � view for the measurement of transversemomentum,
and substantially lessaccurateinformation in the r � z view for the measurement of
� . In addition, the COT is designedto link tracks to segments in the inner silicon
detectors,to provide an overall momentum resolution of � pT =p2

T < 0:1%=(GeV=c).
The COT is segmented into 8 super-layers (Figure 3.14) alternating stereo and

axial, with a stereoangleof � 2o. Each super-layer contains 12 sensewiresalternated
with 13 potential wires which provide the �eld shaping within the cell, yielding a
total of 96 measurement layers. The wire planesand �eld sheetsare strung in pre-
cision slots betweentwo precisionmachined aluminum endplates.The endplatesare
separatedby a 0:251cm thick carbon-�b er composite inner cylinder and an 0:635cm
thick aluminum outer cylinder. The tension on each wire is 150g resulting in a to-
tal endplate load of 40 tons. High voltage distribution and readout electronicsare
both mounted on the chamber face. At present the COT usesArgon-Ethane (50:50),
resulting in a drift �eld of 1:9keV=cm and a maximum drift time of 180ns. Mother-
boardsfeedthrough the senseand potential wire connectionsto daughter boardsthat
contain the ASDQ readout chips on oneendand distribute high voltageon the other.
Following the ASDQ, the signalsare transmitted to the TDC boardshousedin VME

6For more details on the Central Outer Tracker see[59] [65] [66]
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Figure 3.15: Resolution of the Central Outer Tracker.

crates at the cornersof the End Wall. From the TDC, fast signalsare sent to the
XFT to producea track trigger at Level 1, and digitized signalsare sent through the
remainderof the readout chain. The COT's high single-hit e�ciency provides � 99%
tracking e�ciency , which is uniform for tracks with pT > 2GeV [67]. For muonswith
pT > 1:5GeV the e�ciency was found to be 99:61� 0:02(stat)+0 :34

� 0:91(stat) [68], which
is very important for e�cien tly reconstructingrare B decays, like B0

d ! ��K � 0 . The
measuredCOT resolution wasfound to be 175�m meetingthe designgoalof 180�m
(Figure 3.15).

3.2.3 The calorimetry

Located immediately outside the solenoid,scintillator-based calorimetry covers the
region j� j < 3:64. Its primary goal is to measurethe energyof electrons,photons,
jets, and the net transverseenergy
o w. All the calorimetersare segmented in pseu-
dorapidity and azimuth. The uniform segmentation in pseudorapidity, asopposedto
that in polar angle,hasbeenchosen,becausein high energycollisionsthe number of
chargedparticles per unit of rapidit y is constant in the central region. The calorime-
try is divided into two geometrical regions: the central region (j� j < 1:1) and the
plug region (1:1 < j� j < 3:64). The properties of each calorimeter are summarized
in Table 3.3 (the thicknessis given in radiation length (X 0) for the electromagnetic
calorimetersand interaction lengths (� ) for the hadronic calorimeters).

The central region is further subdivided into an electromagnetic(CEM) and a
hadronic portion (CHA). In the central region, the CEM [59] [69] is a sampling
calorimeter composed of 3:2mm thick lead sheets interspersed with 5mm thick
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Coverage Energy resolution Segmentation Thickness

� (E )=E � � � � �

CEM j� j < 1:1 14%=
p

ET 0:1 � 15o 19X 0; 1�

CHA, WHA j� j < 1:3 75%=
p

ET 0:1 � 15o 4:5�

PEM 1:1 < j� j < 3:6 16%=
p

E 0:1 � 7:5o,0:16� 7:5o 21X 0; 1�

PHA 1:2 < j� j < 3:6 80%=
p

E 0:16� 7:5o,0:2 � 0:6 � 15o 7�

Table 3.3: Characteristics of the Run I I calorimeters of the CDF detector.

polystyrenescintillator layers. Due to the geometryof the solenoidthe central region
is covered by two hadronic calorimeters: the central (CHA) and the wall (WHA)
hadronic calorimeters. Theseuseacrylic scintillators sandwiched betweensheetsof
iron using a similar schemeto that of the CEM. The central calorimeter is divided
into two halvesat � = 0, each half consistingof 24wedgesin � . A wedgeis segmented
into ten towers subtending 15o in � and 0.1 in � . Particles which passthrough the
calorimeter interact with the material producing showers of photons and electrons.
Incoming photons and electronswill start showering earlier and their showers will
be almost completely contained in the electromagneticportion of the calorimeter.
Hadrons(such as pions) will releasea signi�cant fraction of their energylater in the
hadronicsectionof the calorimeter. Proportional chambers(CES) areembeddednear
the shower maximum about six radiation lengthsdeepinto the EM calorimeters.They
determinethe location of the incident particle within a tower and allow shower-track
matching. Another set of proportional chambers, the Central Preradiator (CPR) is
placedin front of the wedgesand perform the task of a shower presampler.They use
the magnet coil and the tracking material asa radiator.

As in the caseof the central region, the plug calorimeter is divided into an elec-
tromagnetic (PEM) and hadronic (PHA) portion as well. Unlike the central part,
the gascalorimetersof Run I were incompatible with the crossingrates of Run II, so
a new scintillating tile plug calorimeter has beenconstructed. In both sectionsthe
active elements arescintillator tiles readout by wavelengthshifting (WLS) �b ersem-
beddedin the scintillator. The WLS �b ers are sliced to clear �b ers,which carry the
light out to the PMTs locatedon the back plane of each endplug. The EM calorime-
ter (PEM) is a lead/scintillator sampling devicewhere4mm thick scintillator layers
are sandwiched between4:5mm thick lead layers. There is a preshower (PPR) and
shower-max(PES) detector in the plug portion of the calorimeteraswell. The hadron
calorimeter(PHA) is a 23 layer iron and scintillator samplingdevicewith a unit layer
composedof 2inch iron and 6mm scintillator.

With the completionof the CDF II upgrade,both the electromagneticandhadronic
calorimetershave the samegeometryand disposition of towers,so that a comparison
of energydeposition in each element can be madefor any individual tower.



42 CHAPTER 3. THE CDF EXPERIMENT AT THE TEVATRON

CMU CMP/CSP CMX/CSX IMU

Pseudo-rapidity coverage j� j � 0:6 j� j � 0:6 0:6 � j� j � 1:0 1:0 � j� j � 1:5

Drift tube crosssection 2:68� 6:35cm 2:5� 15cm 2:5� 15cm 2:5� 8:4cm

Drift tube length 226cm 640cm 180cm 363cm

Max drift time 800ns 1:4 �s 1:4 �s 800ns

Total drift tubes 2304 1076 2208 1728

Scintillation counter thickness - 2:5cm 1:5cm 2:5cm

Scintillation counter width - 30cm 30� 40cm 17cm

Scintillation counter length - 320cm 180cm 180cm

Total counters - 269 324 864

Pion interaction lengths 5.5 7.8 6.2 6.2-20

Minim um detectable muon pT 1:4GeV=c 2:2GeV=c 1:4GeV=c 1:4 � 2:0GeV=c

Multiple scattering resolution 12cm=p 15cm=p 13cm=p 13� 25cm=p

Table 3.4: Design parametersof the CDF II Muon Detectors.

3.2.4 Muon detectors

Unlike electronsand hadrons which lose most of their energy in the calorimeters,
muons traversethe tracking system and calorimeterswith ease. Triggering and re-
constructing muons is at the coreof several broad physicsprogramsand is the basis
of the present analysis. In order to detect theseparticles muon chambers are placed
outside the calorimetry. CDF II usesfour systemsof scintillators and proportional
chambers in the detection of muons over the region j� j < 2:0 (Figure 3.16). The
designparametersof thesedetectorsare summarizedin Table 3.4.

The performanceof the central muon systemswassatisfactoryduring Run I, sothe
structure remains largely unchanged,and changesfor Run II represent incremental
improvements. In the forward region, however, the muon system'slower granularit y
would have transformed into higher occupancy, so it was replacedby a new forward
muon system(IMU). In all of the systemsthe long drift times relative to the beam
crossingtime necessitatea pipelined TDC.

The Central Muon Detector

The Central Muon System(CMU) [71], the original set of muon chambers consists
of 144 modules with 16 rectangular cells per module (Figure 3.17), located behind
the � 5:5� absorption material of the CHA. Each cell is 6:35� 2:68� 226cm in size
and has a 50�m stainlesssteel wire in the center. The 16 cells in the module are
stacked four deep in the radial direction, with a small o�set between the �rst and
third and betweenthe secondand fourth layers. The �rst and third (and the second
and fourth) � cells have their wires gangedtogether in the readout, and each wire
pair is instrumented with a TDC to measurethe muon's location in � , and an ADC
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Figure 3.16: Location of the di�eren t components of the muon system in azimuth � and pseudora-
pidit y � .

on each end to measurethe muon's location in z via chargedivision. The only major
changecomparedto the Run I is that the CMU chambers are run in proportional,
rather than limited streamer mode of Run I, which implied the installation of new
pre-ampli�ers on the chambers. Also the cell gangingschemehasbeenchangedfrom
alternate cells to adjacent cells, improving the granularit y at the trigger level from a
5o azimuthal arc to 2:5o.

Central Muon Upgrade

In spite of all the material represented by the calorimeters in front of the CMU
� 0:5% of the hadrons7 will reach the CMU and fake a muon signal. Thesehadrons
createa signi�cant background, especially for muons near jets. In order to improve
the rejection of this hadronic background another set of muon chambers is placed
behind the CMU. The Central Muon Upgrade(CMP)[72] [73] consistsof a secondset
of muon chambers behind an additional 60cm of steel in the region 55o � � � 90o

(j� j �� 0:6). The return yoke of CDF solenoidprovides the necessarysteel above
and below the central detector,while on the two sidestwo non-magnetizedretractable

7Called punch-through in the caseof interacting hadrons and sail-through in the caseof non-in teracting hadrons.
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Figure 3.17: Schematic view of the 16 cells of a CMU module.

m

Figure 3.18: Layout of a CMP wall with steel, chambers (CMP) and counters (CSP). Counter
readout is located at z = 0. Counter layers are o�set from the chambers and from each other in x
to allow overlapping light guidesand PMTs and saving space.
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Figure 3.19: Schematic view of a CMP-CMX tube (left), and the drift tube layout in a CMX module
covering 150 in azimuth (right).

walls havebeenadded,resulting in the reduction of the punch-through hadronrate by
a factor of 20. The CMP chambersare rectangular,singlewire drift tubescon�gured
in four layers with alternate half-cell staggering(Figure 3.18 and 3.19). They are of
�xed length in z and form a box around the central detector. The tubesare madeof
aluminum extrusionswith 0:26cm walls. They have a single wire in the center and
�eld shaping cathode strips on the top and bottom. The extrusions are glued into
four-tube stacks with a half-cell staggeringof the secondand fourth layers relative
to the �rst and third. Comparedto the Run I the CMP coveragewas extendedin
several placesto �ll existing gaps,such asthat on top of the north wall, at the south
of the south yoke etc. Theseadditions increasedthe CMP coverageby approximately
17 %. Steelhasbeenaddedwhereit was necessary.

A layer of scintillation counters (CSP) is installed on the outside surfaceof the
wall drift chambers in order to identify the beamcrossingof the muon track.

The Central Muon Extension

The Central Muon Extensionconsistsof drift tubes(CMX) and scintillation counters
(CSX) located at each end of the central detector. They extend the coverageof the
CMU to 42o � � � 55o (� 0:6 � j� j �� 1:0). The CMX drift tubesare arrangedasa
logicalextensionof the CMU. There arefour logical layersof twelve tubesfor each 15o

sectorin � , and successive layersare half-cell o�set in order to eliminate ambiguities.
Each logical layer consistsof two physical layers which partially overlap with each
other, resulting in a stereoangle of 3:6mr ad and thus permitting the measurement
of the polar angleof the track. On the averagea muon intersectssix cells. The drift
tubesof the CMX di�er from those of the CMP only in length (180cm as opposed
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Figure 3.20: A detailed section of the IMU Barrel, showing several chamber cells and the corre-
sponding scintillators.

to 640cm of the CMP).
A layer of four CSX scintillation counters is installed on both the insideand outside

surfacesof each CMX sector. The counters on the inside are half-cell staggered
comparedto those on the outside doubling the e�ective granularit y of the system.
The excellent timing resolution of the counters rejects large CMX backgroundsfrom
out-of-time interactions in the beampipe and the faceof the forward calorimeter.

Comparedto Run I the coveragehas beenincreasedby instrumenting the top 30
degreesin � on the west sideof the detector and the bottom 90 degreesof � as well.
The latter is commonlycalled the \miniskirt" and due to the presenceof the 
o or of
the collision hall requiresa di�erent geometricalcon�guration. Theseupgradesresult
in a 45%increasein coverage.

The In termediate Muon System

The CDF II tracking system,in particular the ISL, providesthe abilit y to reconstruct
tra jectories with 1:0 < j� j in the solenoid, where the resolution is not dominated
by multiple scattering. In order to improve acceptancea new Intermediate Muon
System (IMU) was constructed. It provides coveragefor 1:0 < j� j < 1:5 with �ne
granularit y, and providing coveragesu�cien t to identify isolated high pT tracks as
muons or hadrons between � = 1:5 and � = 2:0. The IMU consistsof a barrel of
drift chambers(BMU) and scintillation counters around the FMU toroid steel(TSU),
with additional counters between the toroids and on the endwall (BSU). The IMU
chambers and counters are virtually identical to the central muon detectorsand use
the samereadout electronics(Figure 3.20). The toroids will not be energizedand the
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pT measurement will be provided by the tracking system. This muon subsystemis
not usedin the present analysis.

3.2.5 The Cherenk ov Luminosit y Coun ters

In CDF the beamluminosity is measuredusing the processof inelastic p�p scattering.
The inelastic p�p events are e�cien tly detectedusingCherenkov Luminosity Counters
(CLC) [74] [75] [76]. There are two CLC modules, installed at small anglesin the
proton and anti-proton directionswith rapidit y coveragebetween3.75and 4.75. Each
module consistsof 48 thin, long, isobutane-�lled, Cherenkov counters. The counters
are arrangedaround the beam-pipe in three concentric layers,with 16 counters each,
and pointing to the center of the interaction region. The conesare about 180cm
and 110cm long in the two outer and inner layers respectively. Isobutaneis usedas
radiator, becauseof its large index of refraction and good transparencyfor photons
in the ultra-violet part of the spectrum wheremost of the Cherenkov light is emitted.

Figure 3.21: Integrated luminosity delivered by the Tevatron (red) and recorded by CDF (blue)
through the end of 2003[56].

The detector has performed very well during the �rst part of Run II and is an
essential part in measuringboth the Tevatron and the CDF luminosity (Figure 3.21).
The systematicerror of the luminosity measurement is dominated by the uncertaini-
ties of the inelastic p�p cross-section(� 3%), the CLC acceptance(� 2%), and the
non-linearity of the CLC acceptance(< 2%), so that the total systematic error is
below 5%.
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3.2.6 Trigger
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Figure 3.22: Functional block diagram of the CDF data 
o w.

In hadron collider experiments the collision rate is much higher than the rate at
which data can be stored on tape. In Run II the maximal collision rate is expected
to be 7:6M H z while the tape writing speedwill not exceed50H z. The role of the
trigger is to e�cien tly reject uninteresting events while keepingevents of potential
interest with high e�ciency . The trigger systemof CDF usesa three level architecture
with each level providing a rate reduction su�cien t to allow for processingin the next
level with minimal deadtime(Figure 3.22).

Level-1 (L1) usescustom designedhardware to �nd physics objects (i.e. muons,
electrons, etc) based on a subset of detector information. In order to make the
L1 trigger decision,each detector element has local data bu�ering for the 42 beam
crossingscorreponding to the 132ns separationand 5:5�sec L1 trigger latency8. If
an event is acceptedby the Level-1 trigger, the front-end electronicsmove the data
to one of four on-board Level-2 bu�ers. The Level-2 (L2) trigger is asynchronous
with an averagelatency of 20�sec . It usescustomhardware to make a limited event
reconstruction which is performed in programmableprocessors.The L2 trigger can
accept as many as 300 events per secondwhich are then transferred to the Level-3
processorfarm. Level-3 (L3) takesadvantage of the full detector resolutionsin order

8 i.e the time needed to processan event.



3.2. THE CDF EXPERIMENT 49

RUN II TRIGGER SYSTEM
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Figure 3.23: Block diagram of the Run I I trigger system.

to fully reconstruct events and theseevents can alsobe viewed by online monitoring
programs. Figure 3.23shows the functional block diagram of the trigger system.

To keepthe count of the passedtriggers every event hasa set of trigger bits. Each
of the trigger bits is reserved for oneparticular trigger. If an event passesthe require-
ments of the trigger, the corresponding trigger bit is set. A set of consequent L1, L2
and L3 triggers is called a Trigger Path. Only those events which have the required
L1, L2 and L3 bits can passthe Trigger Path. A given Trigger Path is intended to
determinepotentially interesting events for oneparticular type of physics. To accom-
modate the di�erent physics interests,several Trigger Paths are usedin parallel and
all compete for DAQ bandwidth. Such a collectionof Trigger Paths is calleda Trigger
Table. Trigger Tablestructure and preferencesareusually a complicatedcompromise
betweenseveral physicsand technical requirements.

Front-end and trigger electronicsare housedin VME crates, and the trigger de-
cision information is distributed by the Trigger System Interface (TSI). The data
is read out from the trigger modules by commercial processorsand is delivered to
the VME readout boards (VRB) and the Event Building subsytem,which, in turn,
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concentrates and delivers the data to the L3 trigger subsystem. L3 is a \farm" of
commercialparallel processors,where each event is processedby a single processor.
Finally, the Data Logging systemwrites the events to massstorageand a subsetof
events to the DAQ monitoring system.

Lev el 1

The L1 hardware consistsof three parallel synchronous processingstreams which
output their data to the Global L1 processingunit. One of the streams�nds muons
(MUON PRIM and L1 MUON of Figure 3.23), another one �nds calorimeter based
objects (L1 CAL), and the third one �nds tracks in the COT (XFT - XTRP - L1
TRACK). This latter is the most signi�cant changefrom Run I, as previously track
�nding was available only at L2. As the muon and electron triggers require a track
pointing at the corresponding detector element, the tracks are also fed to the muon
and calorimeterstreams.Up to 64di�erent triggerscanbe formedusingsimpleANDs
and ORs of objects from thesestreams. The decisionis made every 132ns by the
Global L1 unit.

The addition of the eXtremely Fast Tracker (XFT) is a signi�cant improvement
over Run I where tracks were available only at L2. The XFT is highly parallel and
processesdata from each bunch crossing. The tracking results from the XFT are
available fast enough so that they can be used in L1 trigger decisions. Its track-
�nding e�ciency is 96 % for tracks with pT > 1:5GeV, the momentum resolution
is � (1=pT ) = 1:7%=GeV, and the resolution in � 0 is 5mr ad [77]. The latter is very
important for the present analysisasXFT tracks will be usedasthe seedfor the SVT
at L2. Track identi�cation is accomplishedin two subsystems,the Finder and the
Linker. The Finder searchesfor high-pT track segments in each of the outer-four axial
superlayersof the COT. Each found segment is characterizedby a mean� position in
the axial SL. The Linker then searchesfor a four-out-of-four match amongsegments
in the four layers,consistent with a prompt high-pT track. The XFT divides the COT
into 288 segments, each covering 1.25 degrees,with one track allowed per segment.
Each XFT board sendsits list of tracks to the extrapolation unit (XTRP), which
distributes the tracks or information derived from the tracks to the L1 and L2 trigger
subsystems.

The calorimeter triggers are divided into object triggers (electrons, photons and
jets) and global triggers (

P
ET and E=T ). In the caseof the object triggers the thresh-

oldsareapplied to individual calorimetertrigger towers,while in the caseof the global
triggers thosethresholdsare applied after summingenergiesover all towers. Someof
the calorimeter triggers usetrack information in order to reducethe trigger rate. For
example,in the caseof the low-ET electrontrigger tracks from the L1 track processor
(XFT) are available for matching to the tower, and towers with signi�cant hadronic
energycan be rejected.

A muon trigger is de�ned as a muon stub match with an associated XFT track.
A muon stub is de�ned as a pattern of hits in the muon chambers consistent with
the passageof a chargedparticle. CMU and CMX stubs represent a pair of hits on
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Figure 3.24: Level 1 CMU trigger e�ciency as a function of muon pT and muon track � after
excluding bad wedgein 240-270degree.For the e�ciency as a function of � the muons are required
to have pT > 3GeV=c.

Figure 3.25: Level 1 CMX trigger e�ciency as a function of muon 1=pT and muon � . For the right
plot the �lled squarepoints are for the averagede�ciencies, the dot points are for the East CMX
e�ciencies, and the open squareare for the West CMX e�ciencies.
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projective wires with a time di�erence lessthan somedownloadedvalue, which is set
to selecttracks above a pT threshold. For the CMP a stub correspondsto a pattern of
hits in a tube stack consistent with a muon. Matching is doneby extrapolating XFT
tracks to the muon chambersand looking for the presenceof a muon stub within 2:5o.
Figure 3.24 shows the CMU trigger e�ciency as a function of muon pT and muon
track � [78]. The e�ciency was obtained from the 4GeV inclusive CMUP Level 1
singlemuon trigger, wherethe secondleg of a J= wasusedasthe probe muon. The
CMU e�ciency was found to be 0:9774� 0:0020. Figure 3.25shows the CMX trigger
e�ciency as a function of muon 1=pT and muon track � , which give an e�ciency of
0:9672� 0:0029 for CMX. Thesehigh e�ciencies are essential as they enter in the
overall e�ciency of collecting B0

d ! ��K � 0 decays.

Lev el 2

The L2 trigger selection is composedof several asynchronous systemswhich input
their data into the Global L2 crate taking the decisionwhether any of the trigger
conditions hasbeensatis�ed. L2 decisionstarts after the event is written into oneof
the four L2 bu�ers. In order to keepthe bu�ers from �lling up and causingdeadtime
the time betweenL2 decisionsshouldbe < 16�sec . As the latency is 20�sec , the L2
decisionis pipelined in two stageseach taking approximately 10�sec resulting in a
minimal deadtimeeven with a L1 acceptrate of 50K H z9.

The data for the decisionis collectedfrom the L2 bu�ers of the L1 trigger systems
(XFT and L1 MUON) and from the calorimeter shower maximum detector (XCES).
At the sametime a track processor�nds tracks in the silicon vertex detector (SVT)
and a hardware cluster �nder (L2 CAL) processesthe calorimeterdata. Basedon the
data collecteda decisionis madeby the Global L2 subsystem.

Sincejets are not fully contained in trigger towers usedby the L1 trigger, the L1
thresholdsmust be set much lower than the jet energy in order to provide e�cien t
triggers. At Level-2 L2 CAL combinesa contiguous regionof calorimeter towerswith
non-trivial energyto form clusters. For each cluster found the total electromagnetic
and hadronic energiesare calculatedand recordedalong with the number of towers,
and the � and � coordinatesof the seedtower.

The abilit y to useimpact parameterinformation in the trigger to detect secondary
vertices can substantially increasethe physics reach and the Silicon Vertex Tracker
(SVT) is providing this capability, which is the �rst time in a hadron-collider ex-
periment. Studies of B decays are greatly enhancedby the SVT. Decay channels
important for the study of CP violation like B0 ! � + � � would be virtually unde-
tectable at the Tevatron without an impact parameter trigger. Other interesting
decay modes like the one described in the present thesis will also bene�t from an
impact parameter trigger in terms of better rejection againstbackground and higher
statistics on tape. In order to obtain impact parameterinformation at L2, the SVX II
is readout after each L1 trigger. In the next stepthe SVT combinesthis data with L1

9For technical reasons at present the maxim um L1 trigger rate is � 20kH z.
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Figure 3.26: Architecture of the SVT trigger.

tracking information from the XFT and computestrack parameterswith resolution
and e�ciency comparableto full o�ine analysis10.

The SVT hasbeenimplemented on customdesignVME 9U boards,organizedin 12
identical subsystems,corresponding to the 12 wedgesof the SVX alongthe azimuthal
angle. After tracking information is received from SVX II it is fed to the Hit Finder
boards(Figure 3.26). The Hit Finder performspedestalsubtraction and bad channel
suppression.It then scansthe data for clustersof hit strips. As soon as clusterssa-
tisfying the requirements are found, the centroid of the cluster and the most probable
track intersection point at that SVX layer is computed. In the meantime, the list
of tracks found by the XTRP is transmitted to the Associative Memory Sequencer
(AMS). As soonasthe clustersfrom the Hit Finder areavailablefrom the output of the
Merger, they are also transmitted to the Associative Memory Sequencer.The AMS
usesa lookup table to convert the 14-bit cluster centroid into a coarserSuperstrip
in preparation for the pattern recognition stage11 and transmits the information to
the Associative Memory (AM) boards. On the AM boards each chip stores 128
combinations of outer tracks and coarseSVX hits. Each combination represents a
legitimate particle tra jectory and is called a road. The roads are programmable,so

10 Unfortunately , during the initial period of running there several parts of the SVT system were brought into
functioning gradually . That means during the initial period of running the acceptance of the SVT was signi�can tly
lower than expected.

11 The size of the Superstrip is programmable.
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Figure 3.27: Impact parameter distribution of SVT tracks. � = 50�m = 35�m � 33�m =
SV T resolution � beam.

that they can be changed in caseof geometric misalignment 12 and other potential
problems. Each chip tries to match its input data to a road, and, if a match is found,
outputs the track candidate's road number. All the data from the Hit Finder, the
AM and the XFT are collectedin the Hit Bu�er and transmitted to the Track Fitter,
wherea linear 2-D �t 13 consistingof a set of scalarproducts is performed.

The resolutionafter correctingfor SVX alignment and beamline position hasbeen
found to be � 50�m , which is the result of the convolution of 35�m SVT resolution
and the beamspot 33�m wide (Figure 3.27)[80] [81]. Figure 3.28shows the e�ciency
asa function of pT and � of the muonsfor both the data and Monte Carlo simulation
for B ! J= X decays [79]. It not only shows that the SVT is performing at a good
e�ciency , but that this e�ciency is well understood and correctly reproducedby the
Monte Carlo simulation. The e�ciency for �ducial o�ine muon tracks from J=	 decay
having pT > 1:5GeV and hits in the four silicon planesusedby the SVT is measured
to be 85% [82]. The exact de�nition of the e�ciency dependson the given physics
analysis. Requiring the tracks to have pT > 2:0GeV increasesthe latter e�ciency to
90%,while requiring 3 silicon hits insteadof 4 diminishesthe e�ciency by 10� 15%.
In mid-2003the SVT patterns havebeenupgraded,which resultedin an improvement
of up to 15% of the e�ciency [83]. Having a good impact parameter resolution and
a high e�ciency is important in order to collect thoseB0

d ! ��K � 0 and other decays,
which are not covered by the non-SVT rare B triggers. With the help of the SVT

12 Since the SVT does not have z information for tracks, an angular misalignmen t between the SVX and the beam
would result in incorrect impact parameter results.

13 The �t is performed in the plane perpendicular to the beam axis.
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Figure 3.28: SVT e�ciency versus the pT and � of the muon from B ! J= X decays for tracks
with 4 R � � silicon hits for data (blue) and Monte Carlo simulation (red) [79].

Figure 3.29: Invariant massdistribution of B ! h+ h� decays.
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for the �rst time it is possibleto trigger on tracks with a large impact parameter
at the hardware level, which paves the way for triggering on fully hadronic decays
and enhancesthe semileptonictriggers. As an exampleof the former, the invariant
massdistribution of two tracks of opposite charge,assumingthe pion hypothesisfor
each track, is shown on Figure 3.29. The peak14 is the �rst evidenceof charmlessBs

decays, and is a step towards direct CP asymmetry measurements in B 0 ! K + � �

and CP asymmetry measurements in B 0 ! � � .
Finally, the data from the �v e major sources(L2 CAL, L1 MUON, SVT, XTRP,

XCES) is collectedand the L2 decisionis madein a set of four L2 processorssitting
in the Global L2 crate. As the SVT is the systemwhich has the longestprocessing
time, if all triggers which require SVT impact parametersare rejectedby other cuts
(i.e. kinematics), then the impact parametercut won't be tested.

Lev el 3

The Level-3 (L3) trigger systemconsistsof two major subsystems,the Event Builder
(EVB) and the Level 3 Farm [84][85]. The L1 and L2 physics cuts and prescales
are tuned so that the output rate is about 300H z, which is the designedinput rate
of EVB. L1 and L2 systemsneedto make their decisionsat a very high rate which
makes it impossibleto fully reconstruct each event. L1 and L2 algorithms useonly
small prede�ned piecesof event data to make their decision. After a L2 decisionis
made,the Event Builder assemblesall event fragments from the Front End cratesinto
one data block (Figure 3.30). The Level 3 Farm receives a single and completebut
disorderedblock of event data from the Event Builder. The L3 Filter extracts L1 and
L2 trigger bits from the trigger banks of the event, looks through the Trigger Paths
of the Trigger Table, fully reconstructsthe event and makesa �nal trigger decision.
For exampleeven though the impact parameter resolution of the SVT is similar to
the o�ine resolution, the SVT resolution hassigni�cant non-Gaussiantails, which is
causedby the handling of large clusters of overlapping hits in the silicon detector.
More time and information for more complexpattern recognitionenablethe software
of Level 3 to handle the non-Gaussianresolution tails, thus reducingthe background
while keeping the events of interest with high e�ciency [86]. Events passing L3
are sent to ConsumerServer Logger (CSL). The CSL writes event data to disk and
distributes a small fraction of events to Consumersto allow the shift crew to monitor
the quality of incoming data from the Control Room.

While L1 and L2 systemsare making their decisionthe disjointed piecesof event
data are waiting in the L1 and L2 data bu�ers in FE crates. When the L2 trigger
decision is made the data fragments of the acceptedevent are transmitted to 15
EVB VRB crates. Each VRB crate reads event data from a group of FE crates,
corresponding to somelogical part of the detector (COT, SVX etc). Data 
o w from
the detector is equally distributed betweenthe 15 groupsof FE cratesto provide the
sameload for all the VRB crates. Each VRB crate is controlled by a single board

14 The peak is a mixture of B 0 ; B s ! � � ; K � ; K K decays, which can be separated based on track dE =dx and
kinematics.
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Figure 3.30: Level 3 block diagram.

computer called a ScannerCPU (SCPU) and can serve as a separateunit in data
taking.

Event fragments from EVB crates are next sent to the L3 Farm. It takesabout
a secondfor one Linux PC to make a trigger decisionon one event. It requires a
large farm of 250Dual PentiumI I I PCs to deal with the required input rate. Each of
the 250Processornodesruns an instanceof L3 Filter code on each of two CPUs and
reconstructstwo events in parallel. The 250processorsare divided into 16 subfarms,
each subfarm being controlled by a Linux computer called a Converter node. The
ScannerManager(SM), a singleboard computer, controls all the components of the
EVB via SCRAMNet network. It receives L2 trigger from the Trigger Supervisor
(TS) and synchronizes data 
o w from SCPUs to Converters. The data received
from the Converter must go through the Reformatter in order to be used by the
reconstructioncode on the processors.The L3 algorithms can take advantage of the
full detector information instead of relying only on subsystems.The L3 Filter also
runs a reconstruction basedon the o�ine analysispackages,hencethe resolution is
greatly improved comparedto the lower trigger levels. It determinesthe event type
and makesthe L3 trigger decision,acceptingevents at a rate of approximately 75H z.
Eight Output nodes,each sharedby two subfarms,are dedicatedto the output from
the Level3 Farm to the CSL.
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Chapter 4

Search for the B0
d ! ��K � 0 decay

4.1 In tro duction

Chapter 2 showed that B physicsin general,and especially in the last fewyears,is one
of the most interesting areasof high energyphysics for testing the Standard Model.
The importance of the b ! sl+ l � decays for discerning supersymmetric e�ects in
observed physics quantities has beendescribed. One of the most promising decays
was found to be B0

d ! ��K � 0 , which can show supersymmetric contributions either
by an enhancedbranching ratio, or by a changein the forward-backward asymmetry.

In the previous chapter it was shown why the CDF detector is especially well
adapted for carrying out measurements in the �eld of B physics. It has a powerful
tracking systemwith silicon layers as closeas 1:35cm to the interaction region pro-
viding the precisiontracking and a drift chamber providing the continuous tracking.
Togetherwith the SVT the silicon detector provides50�m resolution for the impact
parameter, which enablesCDF to selectevents of interest with higher e�ciency al-
ready at the trigger level. Extensive muon systemsprovide an excellent basis for
collecting events of semi-muonic or muonic decays, like B0

d ! ��K � 0 .
Although the present data is not su�cien t to measurethe forward-backward asym-

metry in B0
d ! ��K � 0 decays, its branching ratio is starting to be within the reach of

the CDF experiment. The present chapter will describe the principle of the measure-
ment performedin order to obtain that branching ratio, or { if the casearises{ set an
upper limit on it. The chapter �rst introducesthe data sampleon which the analysis
was performed and the trigger cuts inherent to them. Various selectioncuts, aimed
at eliminating the background, will be described next. Three of the most e�cien t
discriminating variableswere chosenin order to perform an optimization procedure
on them. The procedure,basedon �gures of merit will be described in Section4.5.
Section 4.6 will show how the e�ciencies of various cuts have been obtained from
Monte Carlo calculations. Finally, the branching ratios and upper limits for various
con�dence intervals will be presented together with a short outlook to the future of
the B0

d ! ��K � 0 decay at CDF.
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4.2 The datasets

The study of rare B decays with dimuon �nal states is one of the strong points of
hadron colliders comparedto the B factories. The clean �nal states allow to trigger
and selectthe relevant events out of the overwhelmingbackground, making it possible
to take full advantage of the much larger b quark production crosssectionat hadron
colliders. The present analysisusesthe data of dimuon rare B triggers from Run II
acquiredduring the period starting from March 2002until September 2003. In that
time frame CDF collecteddata for a total integrated luminosity of

R
Ldt = 215pb� 1.

Unlike the Run I, whereseveral di�erent triggershad to becombined in order to cover
the relevant massrange[87] in Run II a set of rare B triggers designedexplicitely for
decays such as B 0

d ! ��K � 0 were introduced[88].
Both the L1 and L2 muon triggers and the XFT have thresholdsat 1:5GeV. The

resulting high rate implies that additional cuts must be implemented at L2 and L3
in order to reducethe rate to manageablelevels. The most important new cut used
is the requirement that oneof the muon tracks has large impact parameter. It is not
only simple to implement with the help of the SVT, but is also more inclusive than
requiring an extra track for example,asit will besensitive to decays likeBd;s ! �� as
well.

Trigger Cuts

L1 TWOCMU1.5PT1.5 pT > 1:5GeV for both CMU muons

L1 CMU1.5PT1.5 & CMX1.5PT2PS1 pT > 1:5GeV for the CMU muon

pT > 2:0GeV for the CMX muon

run� 152953,added CSX scintillator veto

Table 4.1: Summary of the Level 1 rare B triggers.

The L1 cuts are the sameas for the J= triggers, i.e. two central muons are re-
quired to trigger an event. More precisely, the rareB triggersusethe L1 TWOCMU1.5-
PT1.5 and L1 CMU1.5PT1.5 & CMX1.5PT2PS1triggers in their trigger path. The
�rst one requires two muons in the CMU with pT > 1:5GeV each, while the sec-
ond one asks for one muon with pT > 1:5GeV in the CMU and another one with
pT > 2:0GeV in the CMX. In each casethe subdetector requiresa muon exceeding
the thresholdof 1:5GeV and the pT cut is appliedon the information provided by the
XTRP. During the data taking period several minor changeshave beenimplemented.
From run 145532the CMX extrapolation has beentightened. The XFT maps have
beenchangedto allow only 1 miss instead of 2 beginningwith Run 152636.Starting
from run 152953a CSX scintillator veto has beenadded to the CMX selectionre-
quirement at Level 1 in order to reducethe rate of the fakesgeneratedby the noise
in the CMX. The rejection1 of the CMU-CMU and CMU-CMX trigger is � 4 � 104

and � 105, respectively. It is also worth noting that there is an implicit angle cut,
1The rejection is calculated with respect to the L1 MBCLCPS10Kminim um bias trigger.
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characteristic of the dimuon triggers, of �� > 2:5o, which is the minimal separation
betweentwo muons.

At this moment, there is no cut at L2, i.e. all events are automatically accepted
(triggers L2 AUTOL1 TWOCMU1.5PT1.5 and L2 AUTOL1 CMU1.5PT1.5 & CMX1.5-
PT2). At the moment, the luminosity is lower than expected,and rate is not an issue
at L2. However, when the luminosity increasesto its nominal level, muon boards
should allow a selectionon the muon parametersand the SVT should allow a cut on
the impact parameterat Level 2.

two muons with opposite charge

pT > 1:5GeV for CMU, pT > 2:0GeV for CMX and pT > 3:0GeV for CMP muons

dx < 30cm for CMU, dx < 50cm for CMX and dx < 25cm for CMP muons

� z0 < 5:0cm for the two muons

� � < 2:25rad for the two muons

0 < invariant massof the two muons < 6GeV

Table 4.2: Cuts common to all Level 3 rare B triggers.

Trigger Cuts

RAREBCMUPCMU

RAREBCMUPCMX

RAREBCMUCMUSUMPT
P

pT > 5GeV

run� 153067,prescaleof 10

run� 155433,invariant mass> 2:7GeV, no more prescale

RAREBCMUCMUSVT one of the muons has d0 > 0:01cm

RAREBCMUCMULXY jL xy j > 0:01cm

RAREBCMUCMXSUMPT
P

pT > 5GeV

run� 155433,invariant mass> 2:7GeV

RAREBCMUCMXCMUSVTthe CMU muon has d0 > 0:01cm

RAREBCMUCMXCMXSVT the CMX muon has d0 > 0:01cm

RAREBCMUCMXLXY jL xy j > 0:01cm

Table 4.3: Summary of the Level 3 rare B triggers (common cuts are shown in Table 4.2).

The basic L3 strategy is to con�rm the L1 cuts. Con�rming L1 muons with L3
reconstructed muons cleansup fake muons and fake tracks. At the moment, the
impact parametercut is implemented at L3. In the future, it will be doneat L2, and
L3 will only con�rm it usingsilicon tracking. There are cuts in L3 which are common
to all rare B triggers (Table4.2). Two CdfMuonsof oppositechargeare requiredto be
in the event with the di�erence of their longitudinal impact parameters� z0 < 5:0cm
and � � < 2:25rad. The invariant massof the two muonsis required to be between0
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and 6GeV, hencethesetriggersarevery interestingfor other analysesaswell, because
there are very few triggers that do not have a lower limit on the dimuon invariant
mass. The L1 transversemomentum cuts are also con�rmed (i.e. pT > 1:5GeV for
CMU, pT > 3:0GeV for CMP and pT > 2:0GeV for CMX). There are also cuts on
the muon stub matching, i.e. the r � � betweenthe position of the stub and the track
extrapolation to the stub2. For CMU it is required to be lessthan 30cm, while for
CMP dx < 25cm and for CMX dx < 50cm are required.

Trigger Rates [H z] Rejection E�ciency

RAREBCMUPCMU 0.25 42 0.082

RAREBCMUPCMX 0.02 7 � 102 0.016

RAREBCMUCMUSUMPT 1.1 10 0.105

RAREBCMUCMUSVT 0.3 39 0.075

RAREBCMUCMXSUMPT 0.18 75 0.044

RAREBCMUCMXSVT 0.06 4 � 102 0.028

Table 4.4: Summary of the Level 3 rare B trigger rates, rejections and e�ciencies. The rejection
is normalized to the corresponding L1 trigger rate. The e�ciency is normalized to the number of
generatedevents.

The SUMPTtriggers have the additional requirement that the scalar sum of the
transversemomentum of the two trigger muonshasto exceed5GeV. The SVTtriggers
have an addedrequirement on the the transverseimpact parameter,i.e. d0 > 0:01cm
(Table 4.3). Several studies [88] [89] [90] were performed in order to optimize the
di�erent rare B triggers, so that they reject e�cien tly the background while keeping
the signal with high e�ciency . Table 4.4 summarizesthe rejection and e�ciency 3 of
the triggers4, wherethe rejection is normalizedto the corresponding L1 trigger rates.
As happenedwith the L1 triggers, the L3 triggers have gonethrough modi�cations
as well. Becauseof the increasein luminosity the rate had to be reduced. First, the
RAREBCMUCMUSUMPTtrigger responsible for most of the rate was prescaledstarting
from run 153067. Starting from run 155433this prescalewas removed, but a lower
limit of 2:7GeV on the invariant massof the two muonswasintroducedon both SUMPT
triggers. The pT cuts weremoved from the level of the XTRP to the level of the XFT
with their valueschanging slightly beginning with run 155368(1:52GeV instead of
1:5GeV for CMU tracks, and 2:04GeV instead of 2:0GeV for CMX). There was a
major modi�cation for triggers that usedan impact parametercut. They have been
replacedby triggerscutting on the L xy obtainedfrom the L3 reconstructionbeginning
with run 163117.L xy is de�ned asa projection of the vector pointing to the two track
crossingpoint in 2D on the direction of the momentum of the two track system. It
can be positive (displacement of the two track vertex is in the samedirection as the
pair momentum) or negative. This cut implies that both muonshave to have silicon

2 In common CDF jargon r � � is the same as dr phi and dx.
3The e�ciency is normalized to the number of the generated MC events.
4RAREBCMUCMXSVTis the sum of the RAREBCMUCMXCMUSVTand RAREBCMUCMXCMXSVTtriggers.
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Dataset Runs Date Total size Luminosity

jbmu08 140886-152952 13.03-16.10.2002 501GB 45pb� 1

jrar08 152953-158732 16.10.2002-13.02.2003 239GB 48pb� 1

jrar09 158733-168889 13.02-06.09.2003 775GB 122pb� 1

All 140886-168889 13.03.2002-06.09.2003 1515GB 215pb� 1

Table 4.5: Datasets usedin the present study.

tracks with j� j < 1:2 associated with them.
Level 3 writes out the data to appropriate streams. All the data relevant to the

present thesiswerewritten out to streamJ, which is the streamcontaining the events
triggered by muons. The data is reconstructed o�ine and is further divided into
di�erent datasets. The advantage of the o�ine is that it has much more time and
information at its disposalthan Level 3. It hasaccessto the run dependent conditions,
such asalignment and calibration constants of the varioussubdetectorsystems.These
datasetsare closelyrelated to the Level 3 triggers.

The present analysisspansa time frame wherethree typesof datasetswereused5:

� Runs140886-152952:the rare B triggers werewritten out to the jbmu08 dataset
together with other dimuon triggers

� Runs 152953-158732:asthe number of datasetsincreasedfrom 20 to 34 the rare
B triggers were assigneda separatedataset, jrar08.

� Runs 158733-168889:the version of the production was changed,so the rare B
triggers were written out to the dataset jrar096.

The data correspondingto thesedatasetswerewritten out to tapes. The advantage
of the tapesis that spaceis freely available, however, running analysison data which
is stored on tapes,can be slow. The alternative solution is to store the data on hard
disks on �le servers. It reducesconsiderablythe time neededfor analyses,however,
the spacetends to be limited. In order to be able to store the data necessaryfor the
present analysison hard disks, it has been\stripp ed", i.e. its sizehas beengreatly
reduced. In order to reduce data size, raw data banks which were not necessary
for the present study were dropped and in the caseof the jbmu08 dataset, events
corresponding to other triggers than the rare B triggers, were dropped as well. The
resulting data were stored on the fcdfdata041 �le server.

5Theoretically , the number at the end of the dataset describes the version. Hence, jbm u06 was processedwith
version 4.8.0 of the o�ine software, jbm u08 and jrar08 with version 4.8.4a etc. However, the processing pass 09 is
a special one. Of the 2429 �les 681 were processedwith version 4.8.4a, 1047 with version 4.8.4g1, 701 with version
4.8.5, and 81 with version 4.8.4a but with no silicon alignment, so they were omitted.

6Actually , there are a couple of runs from the 153xxx and 155xxx range that were processedalready for the jrar09
dataset, but there is no duplication between jrar08 and jrar09.
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4.3 Preselection

The �rst step of the analysis is to convert the data into ntuples, a format which is
appropriate for fast and e�cien t analysis. In order to perform the optimization on a
reasonablysizeddata �le, a �rst set of selectionrequirements wasapplied during the
ntuple-making. Only events acceptedby one of the rare B triggers are kept. Quali-
ty requirements are imposedon tracks in order to reduceuncertainties on derived
parameters. The default tracking algorithm usedfor tracking is called \outside-in"
tracking. It is seededby tracks found in the COT and progressively searches for
the silicon hits inward, hence its name \outside-in". The use of silicon improves
the tracking in a dramatic fashion, the resolution of the J= width is reducedfrom
22M eV to 16M eV, while the resolution of the longitudinal impact parameter goes
down from 0:797cm to 0:0144cm [60].

Figure 4.1: Extrap olating the COT track from the outside into the SVX.

The drift chamber is at larger radius than the silicon tracker, thus the relative
track density is lower there than in the vertex detector. The isolation of the tracks
is also higher which results in lower combinatorial background and faster track re-
construction. After being reconstructedin the COT the tracks are extrapolated into
the silicon vertex detector. As the extrapolation proceeds,the track error matrix
is adjusted to re
ect the amount of scattering material encountered. At each layer
of silicon a road size in r � is establishedbasedon the error matrix of the track7.

7At present it is set to 4� .
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r � hits that are within the road are added to the track, and the track parameters
and the error matrix are re�t 8 with this new information (Figure 4.1). A new track
candidateis generatedfor each hit on the road. In order to take account of potential
hit ine�ciencies a candidatewithout a hit in the given layer is included aswell. Each
of thesenew candidatesare then ranked basedon the number of hits found so far,
and only the best two candidatesare kept and extrapolated into the next layer where
the processis repeated. At the end of this processthe candidate that hashits in the
largest number of silicon layers is chosen. If there are several such candidates,the
best and secondbest candidate are chosenbasedon the � 2 of the �t in the silicon
and the number of hits in the wedgeoverlap region. Optionally, the whole algorithm
is repeatedby adding z hits via a progressive �t. However, as the z resolution of the
COT is oneorder of magnitudeworsethan in r � , the stereolinking of COT to silicon
is much more challengingand special care is required. For the algorithm to function
properly an excellent alignment is required betweenthe COT and the silicon detec-
tors, and the COT covariance matrix must be scaledproperly. For a more precise
description on this and other tracking algorithms see[91], [92] and [93].

In the present analysiswe require the tracks to be reconstructedin the COT with
at least 20 axial hits and 10 stereohits. There also must be at least 2 axial and 2
stereosuperlayers with at least 4 hits each. The tracks are required to have their
transversemomentum in excessof 0:4GeV.

Only events acceptedby oneof the chosendimuon triggers are kept. In the CDF
o�ine software muons are a combination of a track and one or several stubs of the
di�erent muon systems.For the present study, the CMU muonsselectedare required
to have the matching � 2 < 9, which is the value representing the quality of the track-
stub match9. The minimum momentum requirement is 1:5GeV, while j� j must not
exceed1.0(which is equivalent to askfor CMU, CMP, CMX muons). The di�erence in
z betweenthe position of the stub and the track extrapolation to the stub is required
to be lessthan 10cm for CMU and CMX. The r � � cuts of the Level 3 are con�rmed
as well.

The B mesoncandidate is reconstructedduring the preselectionstep, the �t pa-
rameters being saved, so that they can also be used in later stages. At this stage
the cuts are aimedat cleaningup the sample,by requiring the transversemomentum
of the K � 0 to be greater than 2GeV and the reconstructedK � 0 massto be within
100M eV of the nominal mass.

In the processof re�tting �rst two muons are found by the RareBDimuonModule
and �tted to a commonvertex. Then, in the RareBKstarModule two further tracks
of opposite charge are associated with the muon pair. All measuredcharged tracks
have to be consideredas kaon tracks, as in the relevant momentum range, apart
from muons,CDF lacks the abilit y to identify chargedparticles. The Time Of Flight
systemof CDF is not able to e�cien tly separatekaonsfrom pions in the momentum
range relevant to the present analysis. This results in a signi�cant combinatorial

8Curren tly , there are two main progressive �tting methods in use at CDF, the Kalman �tter and the G3X �tter.
9More precisely, it is the � 2 formed from the r � � on which the cut is preformed. There are several other � 2

variables implemented. Unfortunately , at present only two of them are �lled in by default, and only for CMU stubs.



66 CHAPTER 4. SEARCH FOR THE B0
D ! ��K � 0 DECAY

)[GeV]mmM(
0 1 2 3 4 5 6

N
um

be
r 

of
 c

an
di

da
te

s

0

200

400

600

800

1000

1200

2x10
 invariant massmm

Figure 4.2: Invariant massdistribution of the dimuons after the preselection.

background.
As re�tting tracks is a very time-consumingoperation, it is only doneon the four

tracks that form a B candidate. A least-squarekinematic �t of the candidatetracks is
performed,the tracks being constrainedto comefrom a commonsecondaryvertex10.

There is no massconstraint applied to the muon pair as in FCNC decays the
dimuon massis not �xed and at this stage no attempt is made to separateB 0

d !
� + � � K � 0 and B0

d ! J= K � 0 candidates, as the former oneswill be used for nor-
malization and di�erent other studies. The summary of the applied cuts is listed in
Table 4.6.

The dimuon invariant massdistribution after the preselectioncuts is shown in
Figure 4.2. There is a very pronouncedJ= peak,and onecanalsoclearly distinguish
the  (2S) ! � + � � , � ! K + K � ! � + � � and � ! � + � � ! � + � � peaks.

4.4 Baseline selection

Runs, in order to be selectedin the analysis, must satisfy certain conditions. The
relevant detectorsmust be declaredoperational by both the online and o�ine moni-
toring. Online monitoring starts from basicchecks, such aswhetherthe givendetector
subsystemand all its components areturned on, and continueswith the monitoring of
the performanceof each detector subsystemby looking at the monitoring programs
attached to the DAQ system, which provide in real time plots of di�erent physics
quantities corresponding to data from various triggers. Thesereal time checks are
followed by more in-depth checks once the data is written to tapes, where addi-
tional information and the full analysisframework are usedto show through various

10 This is called a vertex-constrained �t.
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RareBDimuonModule RareBKstarModule

Cuts on muons

opposite charge

pT (� ) > 1:5

j� j < 1:0

dz(CM U) < 10:0

� 2
xposition < 9:0

dz(CM X ) < 10:0

axial hits � 20

stereohits � 10

axial SL � 2 with hits � 4

stereoSL � 2 with hits � 4

dphi < 3:14

dx(CM U;CM P) < 30:0

dx(CM X ) < 50:0

Cuts on tracks

pT (tr ack) > 0:4

axial hits � 20

stereohits � 10

axial SL � 2 with hits � 4

stereoSL � 2 with hits � 4

Cuts on K � 0

pT (K � 0) > 2:0

0:796< M (K � 0) < 0:996

0 < dphi(K � ) < 180

dz(K � ) < 10:0

Table 4.6: Preselectioncuts applied to the data sample. Following the CDF convention the various
quantities are always expressedin GeV and cm unlessotherwise stated.
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Cuts on muons

pT (� ) > 1:5

Cuts on tracks

pT (tr ack) > 0:5

axial hits � 20

stereohits � 16

Si hits � 3

Si hits � 4 for tracks with pT (tr ack) < 1:5

Cuts on K � 0

0:792< M (K � 0) < 0:992

pT (K � 0) > 2:0

Cuts on B 0

pT (B 0) > 6

lxy < 1:0

c� < 0:5

� l xy < 0:015

� 2
f it < 15:0

Table 4.7: Baselineselectioncuts applied to the data sample.

physicsquantities, such as the yield of J= -s etc, that the performanceof the detec-
tor is satisfactory. For the present analysisthe following bits are required to be set
in the database: SVX ONLINE, COT ONLINE, CMU ONLINE, CMP ONLINE,
L1T ONLINE, L2T ONLINE, L3T ONLINE, CLC ONLINE, OFFLINE STATUS,
COT OFFLINE, CMU OFFLINE, CMP OFFLINE. Additionally , for CMX muons
the CMX ONLINE and CMX OFFLINE bits are required to be set as well. As the
location of the primary interaction vertex is essential in this study for measuringlife-
times, pointing anglesand L xy , runs for which the beamposition measuredby SVX
is not available are discarded.

The preselectioncuts are re�ned. We require 16 stereohits in the COT insteadof
10. Each track is required to have at least 3 hits in the SVX (for the moment ISL
and L00 are not used), and 4 hits for kaon and pion tracks with pT < 1:5GeV. For
the tracking algorithm to producea high track-�nding e�ciency togetherwith a good
resolution of track parameters,the cut on the transversemomentum of the tracks is
raisedto 0:5GeV.

We require that the muons have pT > 1:5 which is a clean-upcut as the trigger
muonsshould satisfy this criteria. However, comparedto the Run I, wherethe lower
limit on the pT was2GeV, it is a major changeasit enablesto increasethe acceptance.

There areseveral additional cuts that areapplied to the B meson.Someareclean-
up cuts, the aim of which is to get rid of odd events, such as requiring the proper
decay length to beshorter than 0:5cm, the transversedecay length to be shorter than
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Figure 4.3: Di�eren t regionsof the analysis.

1:0cm and the uncertainty on it be inferior to a certain value(� lxy < 0:015cm). There
is an important cut on the con�dence level of the �t, which eliminates candidates
with tracks that are closespatially, but are not consistent with a common vertex
(� 2

f it < 15:0). The transversemomentum of the B mesoncandidate is required to be
larger than 6GeV aswell.

Dependingon the invariant massof the dimuon pair we de�ne two distinct regions:

� For the non-resonant B0
d ! ��K � 0 candidates the invariant mass of the two

muons is required to be in the interval of 0 � 6GeV=c2 excluding the regions
corresponding to the resonant J= (� 200M eV=c2 around the PDG value of the
J= mass)and  (2S) (� 100M eV=c2 around the PDG valueof the  (2S) mass)
decays.

� For the resonant B0
d ! J= K � 0 candidates,the invariant massof the muon pair

is required to be within 200M eV=c2 around the PDG value of the J= mass
(Figure 4.3).

After the re�t of the four tracks that make up the B 0
d candidatea vertex-�t with

no massor pointing constraint is performed. The invariant massdistribution of the B
candidatesfor the resonant and non-resonant regionsafter the baselinecuts areshown
in Figure 4.4. The signalregionis de�ned asa window of 50M eV, i.e. approximately
2� around the nominal B mesonmass. As expected, no evidenceof a peak in the
signal region is seenfor the non-resonant dimuon masses. By �tting the B peak
for the B0

d ! J= K � 0 decay to the sum of a gaussianand a �rst order polynomial
475� 73 resonant decays are found in the signal region. The �tted width of the
gaussianis 22M eV, while the mean is 5:285GeV. The non-resonant dimuon mass
region of Figure 4.4 has 9500entries in the signal region. Section 4.5 will describe
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Figure 4.4: Invariant massdistribution of the B candidatesafter the baselineselectionrequirements
for the resonant (left) and non-resonant (right) decays.

how a tighter selectionis chosenafter a careful optimization in order to measurethe
branching fraction or set an upper limit on it.

4.5 Optimization of the selection requiremen ts

Three variableswere chosenon which to perform the optimization of the cuts after
the baselineselection: the isolation, the transverse decay length and the pointing
angle. The aim is to reducebackground, while retain a high e�ciency for the sought
signal. This is achieved by maximizing the �gure of merit. The three quantities
mentioned above will be described in greater detail in the �rst three parts of the
present section. The optimization procedure basedon the �gure of merit will be
described in Section4.5.4, while the choice of the �nal cut valueswill be presented
in Section4.8.

4.5.1 The isolation

The basicideaof B mesonisolation is that dueto their hard fragmentation B mesons
tend to carry a large fraction of the momentum of the particles in a local region
around the B. As noted in [94], sincethe fragmentation processand the underlying
event are independent of the decay mode of the B meson,the isolation of B mesons
is generalenoughto be useful for many analyses.The de�nition of isolation usedin
the present analysisis that of [95]:

I =
pB

T

pB
T +

P
pT

(4.1)

where the sum is a scalar sum over all the tracks (except the descendents of the B)
inside the conede�ned by � R = 1 (which was shown to be the most e�cien t cone
sizein [95]) around the momentum vector of the B candidate,where

� R =
q

(� � )2 + (� � )2 (4.2)
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Figure 4.5: The points with error bars show background subtracted data for B 0
d ! J= K � 0 decays

after baselineselectionand L xy > 0:01, �� < 0:1 cuts. The shadedhistogram shows the background
from the high 500M eV sidebandof the data.

Figure 4.5 shows that isolation is a good discriminating variable. As it is very
complicatedto model the underlying event, the isolation for signaland background is
shown for the B0

d ! J= K � 0 decay, whereone can clearly separatesignal and back-
ground. As noted above, the fragmentation processand the underlying event are
independent of the decay mode, i.e. the above plot should qualitativ ely apply to
B0

d ! ��K � 0 decays as well.

4.5.2 The transv erse decay length

As the lifetime of the B mesonsis relatively long, it providesa strong rejection criteria
againstthe mostly short-livedbackground. The transversedecay length L xy is de�ned
as

L xy =
�!
lxy �

�!
pB

T

pB
T

(4.3)

where
�!
lxy is the vector pointing from the primary interaction vertex to the secondary

decay vertex,
�!
pB

T is the transversemomentum vector of the B candidate,and pB
T is the

absolute value of the transversemomentum vector of the B candidate. Both these
quantities are derived from the vertex �t performedin the RareBKstarModule. Fig-
ure 4.6 shows the transversedecay length distribution for B0

d ! ��K � 0 Monte Carlo
together with that for its sidebandfrom data. Figure 4.7 shows the samecompari-
sontogether with the sidebandsubtracteddistribution from the B0

d ! J= K � 0 signal
region.



72 CHAPTER 4. SEARCH FOR THE B0
D ! ��K � 0 DECAY

[cm]xyL
-0.2 0 0.2 0.4 0.6 0.8 1

ca
nd

id
at

es
/0

.1
cm

1

10

10
2

10
3

xyL

Figure 4.6: Transversedecay length distribution for the signal region from MC (histogram) and
from the high sidebandregion of 500M eV from data (shadedhistogram). The two histograms are
normalized in order to have the samearea.
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Figure 4.7: Comparison of background subtracted data (points with error bars) and MC (solid
histogram) for B0

d ! J= K � 0 deacays after baselineselectionand iso > 0:65, L xy > 0:01, �� < 0:1
cuts. The shadedhistogram shows the background from the 500M eV high sidebandof the data.
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d ! ��K � 0 MC (histogram) and
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normalized to have the samearea.

Another quantit y related to the transversedecay length is the proper decay length:

c� = L xy �
mB 0

pB
T

(4.4)

Even though the variable usedfor optimization is the minimum transversedecay
length, cuts on its maximal valueand on the maximal valueof the proper decay length
are used as clean-up cuts as discussedearlier. The requirements on the transverse
decay length, proper decay length, aswell asthat on the pointing angle,which will be
discussednext, requireprecisemeasurement of the primary and secondaryvertices. A
beamlinecalculatedby the SVX is requiredfor each run usedin this study sothat the
primary vertex is measuredwith su�cien t precision,andall tracksarerequiredto have
at least three silicon hits in order to have a precisesecondaryvertex reconstruction.

4.5.3 The poin ting angle

The �nal variableusedasa strong rejection criteria in the optimization is the pointing
angle,which is the anglebetweenthe momentum vector of the B meson(

�!
pB

T ) and its

igh t path in the transverse(r � � ) plane(

�!
lxy ). It is clearthat becausethe two muons,

the kaon and the pion are coming from the B, the two vectors should point in the
samedirection, i.e. �� shouldbe closeto 0 (Figure 4.8 for B0

d ! ��K � 0 ). Figure 4.9
showsboth the comparisonbetweenMC signaland the signalobtainedfrom the data,
and the distribution from the sidebandsof the data for the B0

d ! J= K � 0 decay.



74 CHAPTER 4. SEARCH FOR THE B0
D ! ��K � 0 DECAY

[rad]f D
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

ca
nd

id
at

es
/0

.0
5r

ad

0

100

200

300

400

500

Pointing angle

Figure 4.9: Comparison of background subtracted data (points with error bars) and MC (solid
histogram) for B0

d ! J= K � 0 decays after baselineselectionand iso > 0:65, L xy > 0:01, �� < 0:1
cuts. The shadedhistogram shows the background from the high 500M eV sidebandof the data.

4.5.4 The optimization pro cedure

Our procedurefor the cut optimization is to evaluate the �gures of merit

f om1 =
S2

B
=

S2(B 0
d ! ��K � 0)

B (B 0
d ! ��K � 0)

(4.5)

f om2 =
S2

S + B
=

S2(B 0
d ! ��K � 0)

S(B 0
d ! ��K � 0) + B(B 0

d ! ��K � 0)
(4.6)

f om3 =
S2

( a
2 +

p
B)2

=
S2(B 0

d ! ��K � 0)

( a
2 +

q
B(B 0

d ! ��K � 0))2
(4.7)

whereEq. 4.5and Eq. 4.6areexpressionsthat arecommonlyusedfor optimization
purposesand Eq. 4.7 is a new formula proposedin [96], where a is the number of
standard deviations corresponding to one-sidedGaussiantests for the sought signi�-
cance. With the present integrated luminosity only a couple B0

d ! ��K � 0 events
are expected, so for the remainder of the analysis a is set to 1. As we are not
expecting a large enoughsignal for B0

d ! ��K � 0 to be able to optimize on, we will
extract the signalstrength for the optimization from the signalof the referencedecay
B0

d ! J= K � 0 . As

S(B 0
d ! ��K � 0) = � � L � B(B 0

d ! ��K � 0) � � baseline (B 0
d ! ��K � 0) � � iso;L xy ;�� (4.8)

and
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S(B 0
d ! J= K � 0) = � �L �B(B 0

d ! J= K � 0) �� baseline (B 0
d ! J= K � 0) �� iso;L xy ;�� (4.9)

wherethe e�ciencies of the isolation, L xy and pointing cuts can be consideredthe
samefor the two decays. Dividing Eq. 4.8 by Eq.4.9gives

S(B 0
d ! ��K � 0) = S(B 0

d ! J= K � 0)�
B(B 0

d ! ��K � 0)
B(B 0

d ! J= K � 0)
�

� baseline (B 0
d ! ��K � 0)

� baseline (B 0
d ! J= K � 0)

�� r el

(4.10)
Let us de�ne

� =
B(B 0

d ! ��K � 0)
B(B 0

d ! J= K � 0)
�

� baseline (B 0
d ! ��K � 0)

� baseline (B 0
d ! J= K � 0)

� � r el (4.11)

where � r el denotesall the other relative e�ciencies discussedin Section4.6.1and
the branching ratios are:

� B(B 0
d ! ��K � 0) = 11:7+3 :6

� 3:1 � 0:8 � 0:6 � 10� 7 from the results presented at
the Lepton-Photon 2003 conferenceby the Belle experiment [30], which is in
excellent agreement with the 1:19� 0:39� 10� 6 recently publishedby Ali. et al.
[18].

� B(B 0
d ! J= K � 0) = 1:31� 0:07� 10� 3 from [3]11

� B(J= ! � + � � ) = 5:88� 0:10% from [3]

hence

B(B 0
d ! ��K � 0)

B(B 0
d ! J= K � 0)

= 1:52� 0:49� 10� 2 (4.12)

soequations4.5, 4.6 and 4.7 can be rewritten

f om1 =
S2(B 0

d ! J= K � 0) � � 2

B(B 0
d ! ��K � 0)

(4.13)

f om2 =
S2(B 0

d ! J= K � 0) � � 2

S(B 0
d ! J= K � 0) � � + B(B 0

d ! ��K � 0)
(4.14)

f om3 =
S2(B 0

d ! J= K � 0) � � 2

( 1
2 +

q
B(B 0

d ! ��K � 0))2
(4.15)

So,in order to calculatethe two typesof �gure of merit, two quantities are needed
to be measuredfrom the data for each set of cuts:

� B (B 0
d ! ��K � 0): the background expected in the signal region.

� S(B 0
d ! J= K � 0): the number of B 0

d ! J= K � 0 decays observed.
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Figure 4.10: Examplesof background �ts with cuts that result in high statistics (left, baselinecuts),
and with cuts that result in low statistics (right, baselinecuts and L xy > 0:075, isolation > 0:65).

In order to estimate the background in the signal window, the sidebandsare used
(see Figure 4.3). The background in the [M B 0

d
� 900M eV; MB 0

d
� 100M eV] low

sidebandregion and the [M B 0
d

+ 100M eV; MB 0
d

+ 900M eV] high sidebandregion is
approximated by an exponential. This approximation gives good results whether
it is performed after the baselineselection,where the background is almost linear,
or after additional selectioncuts, where the background becomesmore exponential
(Figure 4.10). Linear �ts over various regionswere also tested and they gave similar
results to that of the exponential �t, except for the region where the statistics is
very low. The �t proceduretakes into account only the bins of the region de�ned
above. The expectedbackground in the signal region is calculatedas the integral of
the �tted exponential in the signal region[M B 0

d
� 50M eV; MB 0

d
+ 50M eV]. This type

of background estimation, whereall cuts are applied in the sidebandregionsand the
surviving number of events is scaledto get a prediction in the signal region su�er
from a seriousproblem. The problem is that very few events survive all the cuts,
which makesthe optimization di�cult. Oneway to improve the background estimate
is to factorize the expectedrejection for each cut separately12. For this method to be
accuratethe correlationsamongthe optimization variablesmust be small. The linear
correlation coe�cien t betweeneach of the two variablesis:

� xy =
1
n

P n
i=1 x i yi �

�
1
n

P n
i=1 x i

�
�

�
1
n

P n
i=1 yi

�

� x � � y
(4.16)

wheren is the total number of events, � x is the standard deviation of the variable
x:

� x =

vu
u
u
t

1
n

8
<

:

nX

i =1

x2
i �

1
n

 nX

i =1

x i

! 2
9
=

;
(4.17)

11 In the equations presented throughout the present thesis B(B 0
d ! J= K � 0) implicitly means B(B 0

d ! J= K � 0 ) �
B(J= ! � + � � ), so that the �nal state is identical to B(B 0

d ! ��K � 0). Here, exceptionally , the decay of the J= 
into two muons is not included implicitly .

12 This is the method used in [97] [98].
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Isolation L xy Pointing angle

Isolation 1 0.025 -0.017

L xy 1 -0.367

Pointing angle 1

Table 4.8: The linear correlation coe�cien ts for the discriminating variables in the sidebandregion
for the B0

d ! ��K � 0 decay.

and similarly for y.
The resulting values for the sideband region are given in Table 4.8. Only the

transversedecay length and the pointing angle are signi�cantly correlated, whether
one takes both the low and high mass sideband, or only the high mass sideband
(Figure 4.11). The y error bars on Figure 4.11represent the RMS of the meanvalue,
< y > , in each bin of x. The fact that betweenthe other variablesthere is very little
correlation, or in the caseof the high masssidebandno correlation at all, implies that
the rejection factors can be estimatedusing

Roptvar = R(L xy ; ��) � RI solation (4.18)

Cut value Risolation

I so > 0:45 1:5 � 0:0134

I so > 0:50 1:7631� 0:03003

I so > 0:55 2:1125� 0:05775

I so > 0:60 2:6794� 0:08769

I so > 0:65 3:5678� 0:1158

I so > 0:70 4:8837� 0:2134

I so > 0:75 7:1077� 0:3951

I so > 0:80 10:8497� 0:6707

I so > 0:85 17:6895� 1:6496

Table 4.9: The rejection of isolation cuts from events passingthe baselinecuts and �� < 0:5.

It implies that the optimization of the isolation cut can be performedon a sample
with very looseL xy and �� cuts, thus reducingthe associated uncertainity. Table4.9
summarizesthe results for the rejection of the di�erent cuts on isolation for events
passingthe baselinecuts and having �� < 0:5. The error is the systematic error
obtained by looking at rejections for di�erent L xy cuts (no L xy cut, L xy > 150�m
and L xy > 300�m ). The statistical errors obtained from the background �t through
error propagation are an order of magnitude smaller than the systematic ones. Us-
ing equation 4.18 oncemore leads to Figure 4.12 which shows the rejection factors
R(L xy ; ��) of the di�erent (L xy , ��) cut combinations in the caseof events passing
the baselinecuts. The advantage of this approach is that, although it shouldgive the
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Figure 4.11: Correlations betweenthe three discriminating variablesfor events satisfying the baseline
cuts in both the low and high masssideband(left), and only the high masssideband(right).
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Figure 4.12: Rejection of the �� and L xy cuts for events passingbaselinerequirements (but no cut
on isolation).

samerejection aswith a supplementary isolation cut, it reducesthe error (asomitting
the isolation cut increasesstatistics).

On Figure 4.12 the �rst column represents the rejection factors when there is no
L xy cut applied, while the other nine columns represent cuts from 0:015cm up to
0:135cm in stepsof 0:015cm; the uppermost row represents rejection factors when
there is no �� cut applied, while the other nine rows represent upper cuts on ��
from 0:072rad down to 0:008rad in steps of 0:008rad. The systematic error was
obtained from the comparisonwith the linear �t and wasfound to be � (5 � 15)%, so
that we can assigna � 15%error to the estimatedbackground obtained from:

B(B 0
d ! ��K � 0) = B0(B 0

d ! ��K � 0) � R� 1
optvar (4.19)

whereB0(B 0
d ! ��K � 0) is the background without any of the optimization cuts.

In order to calculate the number of the B 0
d ! J= K � 0 decays exactly the same

baselinecuts as for B0
d ! � + � � K � 0 wereapplied and the dimuon invariant masswas

requiredto be within 200M eV of the J= massgiven by the PDG. In order to obtain
the number of B mesons,the invariant massdistribution of the B mesoncandidates
was �tted using a Gaussiancombined with a �rst order polynomial in the range of
[5:0GeV; 5:5GeV] (Figure 4.13). The number of signalevents wassimply the integral
of the Gaussianin a � 50M eV window around the B mesonmass.
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Isolation L xy Pointing angle

Isolation 1 0.266 -0.204

L xy 1 -0.434

Pointing angle 1

Table 4.10: The linear correlation coe�cien ts for the discriminating variables in the signal region
for the B0

d ! J= K � 0 decay.

As Figure 4.14 and Table 4.10 show, the optimization variables in the signal re-
gion for the B0

d ! J= K � 0 decays are correlated,asonewould expect from variables
meant to cut on background but preserve the signal. This implies that the number
of B0

d ! J= K � 0 decays must be calculated by varying the three optimization vari-
ablessimultaneously. A typical plot for the number of B0

d ! J= K � 0 events found
is shown on Figure 4.15 (see Appendix A for the plots displaying the number of
B0

d ! J= K � 0 signal events for the other isolation cuts). The error on the number of
the B0

d ! J= K � 0 events is typically 10%.
The �nal step consistsof combining the results of Table 4.9, Figure 4.12 with

FiguresA.1 through A.7 of Appendix A and insert them into Equations4.13,4.14and
4.15. However, beforedoing that oneneedsto extract from Monte Carlo simulations
the ratio:

� baseline (B 0
d ! ��K � 0)

� baseline (B 0
d ! J= K � 0)

(4.20)

and � r el which will be described in the next section.
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Figure 4.14: Correlations betweenthe three discriminating variablesfor events satisfying the baseline
cuts for the B0

d ! J= K � 0 decay. On the left sideare shown the events in the high sidebandregion,
and on the right the events from the B peak region.
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Figure 4.15: Example plot for number of B0
d ! J= K � 0 events for I so > 0:7 and di�eren t valuesof

L xy and �� cuts (the �rst column represents events with no L xy cut, while the upper row represents
events with no �� cut).

4.6 Acceptance and e�ciencies

It is very convenient to analyzethe B0
d ! ��K � 0 decay together with the B 0

d !
J= K � 0 decay. As the two �nal statescontain the sameparticles (where we take the
events where the J= is decaying into two muons) the topologiesare very similar,
so the B production crosssection and several commonreconstruction and selection
e�ciencies will cancel. The samecan be said of the integrated luminosity (on the
condition, of course,of using the samesamplefor both).

There will be a di�erence due to theoretical factors. We are looking for a rare
decay which doesnot proceedthrough resonant states (i.e. J= or  0). In order to
do that the massrange is divided into resonant and non-resonant regions. Unfor-
tunately, decays from resonant states will contribute to the signal observed in the
non-resonant massregions,i.e. experimentally we can only determinethe decay rate
into �nal stateswith non-resonant dimuon masses.Even though this e�ect is small,
it must be accounted for. If we usethe terms resonant and non-resonant to refer to
di�erent dimuon massregionswhile the rare and resonanceinduced amplitudes will
be called short-distance(SD) and long-distance(LD) respectively, we can write for
the B0

d ! ��K � 0 decay:
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B(SD + LD ; nonres) =
B(SD + LD ; nonres)

B(SD; nonres)
| {z }

� S D

�
B(SD; nonres)
B(SD; total )

| {z }
� nonr es

�B(SD; total ))

(4.21)
So the quantit y B(B 0

d ! ��K � 0) of Equation 4.10 is in reality B(SD; total ), and
in order to estimate the number of observed events it must be multiplied by

� r el = � SD � � nonr es (4.22)

to obtain B(SD + LD ; nonres), where� SD = 1:055� 0:023and � nonr es = 0:792� 0:019
[87]. The luminosity and reconstruction e�ciency cancel out for the two decays.
The acceptanceand the relative selectione�ciencies are obtained from Monte Carlo
simulations described in the next subsection.

4.6.1 Mon te Carlo Calculations

In order to generateB0
d ! ��K � 0 events, the following chain of moduleswas used:

� Bgenerator was used to generatethe B mesons. They were generatedwith
pT > 5GeV and with j� j < 2:0. Going to lower pT would have increasedthe
generation time and data size considerablywhile adding negligible amount of
events, while the cut on � is motivated by the CMU, CMP, CMX geometry.

� The generatedB mesonswere then decayed using EvtGen, which forced all of
them to decay via the B0

d ! ��K � 0 channel.

� The resulting events were passedthrough full detector simulation and standard
reconstruction.

� In order to save disk space,the resulting data were�ltered and only events which
had two CdfMuons with somevery loosecuts13 were kept.

The sameprocedure was applied in order to generatethe B0
d ! J= K � 0 decay,

where the J= further decays into two muons, giving exactly the same�nal state
as B0

d ! ��K � 0 . The resulting Monte Carlo �les are analyzedthe sameway as the
data, applying the sameselectionrequirements14. The MC descriptionof the resonant
decays agreesreasonablywell with the data (Figures 4.16 and 4.17). The data is
represented by the points with error barsand is shown background subtracted,where
the background is taken from the [M (B) + 100M eV; M (B) + 600M eV] sidebandof
the data and scaledby the relative sizeof the masswindow. The background itself
is represented by the shadedhistogram. The Monte Carlo samplehasapproximately

13 Tw o muons were required with pT > 1:35GeV , with dx < 40cm for CMU and dx < 60cm for CMX.
14 In realit y, there are some minor di�erences. For example, the Monte Carlo events are generated using ideal beam

line, which is not the caseof real data, where the beam position must be corrected on a run-b y-run basis. The Monte
Carlo also assumes that the detector subsystems are functioning correctly . However, the reconstruction procedure,
the algorithms used are exactly the same for Monte Carlo as for the data
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Figure 4.16: Comparison of background subtracted data (points with error bars) and MC (solid
histogram) for B0

d ! J= K � 0 deacays after baselineselectionand iso > 0:65, L xy > 0:01, �� < 0:1
cuts. The shadedhistogram shows the background from the 500M eV high sidebandof the data.

4 times the statistics of the data. It is scaledin order to yield the sameamount
of events as in the background subtracted data separately for each plot. For each
plot, the cut on the given quantit y has been removed while all other baselinecuts
have beenapplied15. In addition to the baselinecuts, I solation > 0:65, L xy > 0:01,
�� < 0:1 cuts have beenapplied as well.

After checking the quality of the Monte Carlo simulation on the B0
d ! J= K � 0 de-

cay, the relativee�ciencies of the selectionrequirements werecalculated. The relative
e�ciency of the selectionrequirements wasobtained by comparingthe B0

d ! ��K � 0

MC samplewith the B0
d ! J= K � 0 MC sample. There are various cuts, for which

the accuracyof the Monte Carlo cannot be trusted, like the error on the L xy , the � 2

of the �t, or the cuts concerningthe number of the silicon or COT hits. Fortunately,
thesecuts should be very similar for both decays and their relative e�ciency is close
to 1. The acceptancewas also incorporated into the baselineselectione�ciencies.
The e�ciencies of the various cuts are summarizedin Table 4.11and yield

� baseline (B 0
d ! ��K � 0)

� baseline (B 0
d ! J= K � 0)

= 0:85543� 0:0113398 (4.23)

15 Obviously some preselection cuts have a clear e�ect, lik e pT (K � 0) > 2 GeV .
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Figure 4.17: Comparison of background subtracted data (points with error bars) and MC (solid
histogram) for B0

d ! J= K � 0 deacays after baselineselectionand iso > 0:65, L xy > 0:01, �� < 0:1
cuts. The shadedhistogram shows the background from the 500M eV high sidebandof the data.

B0
d ! ��K � 0 MC B0

d ! J= K � 0 MC Relative e�ciency

2100000events 675000events B0
d ! ��K � 0 /

B0
d ! J= K � 0

Acceptanceand preselection 0.01207� 7.53e-05 0.01427� 0.00014 0.8453� 0.01005

pT of the muons > 1:5GeV 0.9998� 8.82e-05 0.9997� 0.00018 1.00011� 0.0002

z0 of the muons < 50cm 0.9282� 0.00162 0.9296� 0.0026 0.9985� 0.0033

pT of the tracks > 0:5GeV 0.9641� 0.00121 0.9648� 0.00195 0.9993� 0.00238

pT of the K � 0 > 2:0GeV 0.9972� 0.00035 0.9985� 0.00042 0.9987� 0.00055

K � 0 masswithin � 100M eV 0.9742� 0.00105 0.9728� 0.00175 1.00145� 0.0021

pT of the B 0
d > 6GeV 0.9373� 0.00163 0.9244� 0.00288 1.0139� 0.0036

All cuts 0.00983� 6.74e-05 0.01149� 0.00013 0.8554� 0.0113

Table 4.11: Selectione�ciencies for the B0
d ! ��K � 0 and B0

d ! J= K � 0 decays.
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Figure 4.18: Invariant massdistribution of the B candidates of the B0
d ! J= K � 0 decay without

re�tting the tracks (left) and applying the re�t procedure(right).

The errors are obtained by propagating the initial statistical errors (
p

n) through
the calculations16. Inserting this result, the result of Eq. 4.12 and Eq. 4.22 into
Eq. 4.11gives

� = 0:01086� 0:00354 (4.24)

4.7 Energy loss, B �eld corrections and trac k re�tting

The track parametersof particles must be correctedfor the energylosswhenpassing
through the detector material, as mass �ts would result in lower values than the
true value otherwise. As the relative e�ect becomessmalleras the momentum of the
particle increases,the variation of the measuredJ= massfor di�erent J= pT -s turns
out to be a very preciseindicator of whether all material hasbeenincluded properly.
The relevant detector material is dominated by the silicon system and, at present,
the description is accurateto about 20%[99]. In order to addressthis de�ciency the
missingmaterial is incorporated into GEANT by e�ectively putting a uniform layer
of material around the inner COT wall. In addition, the overall scaleof the CDF
B-�eld is correctedby adjusting the extracted J= massto its PDG value. Without
the B-�eld correction the B massvalueswould be shifted down by � 6 � 10M eV.
Figure 4.18shows that re�tting and correctingfor the missingdetectormaterial shifts
the B candidatemassup by approximately 2� 4M eV more sothat the value is now
consistent with the PDG value. At the sametime re�tting alsoreducesthe width by
� 10%.

The �nal judge for the re�t procedureis whether it improvesour �gure of merit.
Figure 4.19 shows the �gure of merit obtained without re�tting the tracks, while
Figure C.5 shows the samewith the re�t. There is a 15-20%improvement after the
re�t. The re�t procedureis thus adopted for this analysis.

16 In the procedure everything was expressed as a function of events that passed the cut and failed the cut, which
are independent of each other. If one uses the number of events passed and the total number of events, these two
variables are not independent, as the total number of events does depend on the number of events passed!
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Figure 4.19: Figure of merit S2=(1=2 + B )2 for iso > 0:7 without re�tting the tracks.

4.8 Final selection

The results of Table 4.9 and Figure 4.12 can now be combined with those of Fig-
ures A.1 through A.7 of Appendix A and inserted into Equations 4.14 and 4.15,
which will give Figures B.1 through B.7 of Appendix B, and Figures C.1 through
C.7 of Appendix C. These plots represent the �gures of merit for each di�erent
set of optimization cuts, where what remains is to choose the set with the high-
est �gure of merit. As one can seethe �gures of merit of Eq. 4.13 were not used
in �nding the optimal cut values. It turned out that this �gure of merit tends to
choose very hard cuts (Figure 4.20). Indeed, if the expected signal rate is in the
low statistics Poissonrange,the cuts which maximize S=

p
B will push the e�ciency

of the experiment to very small values. Another pathology is that the number of
B0

d ! J= K � 0 signal events calculated when there are no L xy and �� cuts applied
seemsto be smaller than the number of events when there is an L xy > 0:015cm cut
applied. The reasonis that when there are no cuts applied, the peak is harder to
�t with all the background present (seefor exampleFigure 4.4), while even mild L xy

and/or �� cuts will eliminate most of the background which will result in a peak,
which is a lot easierto �t (Figure 4.13). So the pathology is present only for the bin
without L xy and �� cuts, and is propagatedfor all the quantities that involve the
number of B0

d ! J= K � 0 signal events (i.e. �gures of merit and number of expected
B0

d ! ��K � 0 events).
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Figure 4.20: Figure of merit S2=B for iso > 0:65.

The optimization plots show that both the S2=(S+ B) and S2=(1=2+
p

B)2 �gures
of merit give identical L xy and �� cuts over a wide rangeof di�erent I solation cuts,
namely L xy > 0:09cm and �� < 0:024rad. Table 4.12shows the �gures of merit for
several di�erent I solation cuts with the above L xy and �� cuts. The typical error
on the �gures of merit obtained by error propagation is � 0:3.

I solation S2=(S + B ) S2=(1=2 + B )2

> 0:55 1.13 1.31

> 0:6 1.20 1.46

> 0:65 1.28 1.67

> 0:7 1.23 1.65

> 0:75 1.13 1.55

Table 4.12: Values of the two �gures of merit after the baseline cuts, L xy > 0:09cm and �� <
0:024rad for di�eren t valuesof the isolation cut.

For both S2=(S + B) and S2=(1=2+
p

B)2 the value corresponding to I solation >
0:65 turned out to be optimal. From theseresults the optimal values for the three
optimization cuts are: L xy > 0:09 cm, Isolation > 0:65 and �� < 0:024 rad .

The B candidatemassdistribution for B0
d ! ��K � 0 is shown in Figure 4.21. There

are two events in the signal region. Figure 4.22 shows the B candidate massdistri-
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Figure 4.21: B candidate distribution for the B0
d ! ��K � 0 decay, L xy > 0:09cm, �� < 0:024rad

and I solation > 0:65. The two events falling inside the masswindow are drawn in grey.
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90 CHAPTER 4. SEARCH FOR THE B0
D ! ��K � 0 DECAY

)[GeV]*0KmmM(
4.7 4.8 4.9 5 5.1 5.2 5.3 5.4 5.5 5.6 5.7

)[
G

eV
]

m
m

M
(

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

 candidate invariant mass*0Kmm

Figure 4.23: Scatter plot of B0
d ! ��K � 0 candidates, L xy > 0:09cm, �� < 0:024rad and

I solation > 0:65.

bution for the B0
d ! J= K � 0 decays. Figure 4.23 shows the scatter plot of both the

B0
d ! ��K � 0 and B0

d ! J= K � 0 candidates. The horizontal bands are the regions
around the J= and  (2S) resonances.The signal region is delimited by the two
blue lines at � 50M eV around the B mass. The background is considerablyhigher
in the low masssidebandthan in the high masssidebandin the resonant case,where
partially reconstructedB ! J= X decays account for the excessin the low mass
sidebandregion. However, there is no such explanation for the non-resonant case.

The resonant signal has 179events in the signal region. In the non-resonant case
thereare2 candidatesin the signalregion. The expectednumber of backgroundevents
is 1.001(seeAppendix D), while the expected number of signal events is 1.94 (see
Appendix E), which addsup to 2.94events in the signal region. The next step is to
deducea con�dence interval of 68.27%C.L. for the number of signalevents. In order
to do that the method described in [100] will be used. It is alsopart of the methods
recommendedby the PDG [3]. The advantage of this method is that it uni�es the
treatment of upper con�dencelimits for null resultsand two-sidedcon�denceintervals
for non-null results. The interval resulting from the calculation is overcovering and is
conservative. Rather than using the Bayesianapproach with an \ob jective prior", it
usesclassicalcon�denceintervals. The present measurement is describedby a Poisson
distribution with a background, i.e. the observable x is the total number of observed
events n, consistingof signal events with mean� and background events with known
meanb:

P(nj� ) = (� + b)nexp(� (� + b))=n! (4.25)

Next, con�dence intervals [x1; x2] for each value of � are constructed such that
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P(x 2 [x1; x2]j� ) = � . The con�dence interval [� 1; � 2] we are looking for is the
union of all valuesof � for which the corresponding acceptanceinterval contains the
measuredvalue (i.e. n0 = 2). From Table I I of [100] for b = 1:0 and n0 = 2 the
corresponding interval is:

[� 1; � 2] = [0:14; 3:25] CI = 68:75% (4.26)

In particular, the interval contains the �xed unknown � t (number of signalevents)
in a fraction � = 68:27%of experiments. This is di�erent from the Bayesianstatement
that the degreeof belief that � t is in [� 1; � 2] is � . Usingthe sameprocedurecon�dence
intervals for � = 90%and � = 95%can be constructed:

[� 1; � 2] = [0:0; 4:91] CI = 90% (4.27)

[� 1; � 2] = [0:0; 5:72] CI = 95% (4.28)

In theselatter casesthe con�dence intervals transform automatically into upper
limits. Unfortunately, at present, there is no acceptedmethod to incorporate the
uncertainty in the background estimate into the result [101]. Work is still in progress
to �nd an adequatesolution to the problem [102] [103] [104] [105] [106]. Taking
the � 15%systematicerror of Section4.5.4on the background estimate of 1.001the
background is varied by onestandarddeviation, and usingthe tablesof [107] 0:14+0 :13

� 0:12
and 3:25� 0:15 are obtained for the lower and upper limits of the con�dence interval
for 68.75%. The samenumbers for the lower and upper limits of the 90% (95%)
con�dence intervals are 0:0 and 4:91� 0:15 (0:0 and 5:72� 0:15), respectively17. The
corresponding con�dence intervals for the branching ratios can be obtained using
Eq. 4.10:

B(B 0
d ! ��K � 0) = B(B 0

d ! J= K � 0)�
S(B 0

d ! ��K � 0)
S(B 0

d ! J= K � 0)
�
� baseline (B 0

d ! J= K � 0)
� baseline (B 0

d ! ��K � 0)
�

1
� r el

(4.29)

[0:84; 19:57]� 10� 7 CI = 68:75% (4.30)

[0:0; 29:56]� 10� 7 CI = 90% (4.31)

[0:0; 34:44]� 10� 7 CI = 95% (4.32)

Theseare consistent both with the theoretical predictions presented in Chapter 2
and with the results presented at the Lepton-Photon 2003conferenceby the Belle
experiment [31] [32]. By propagating the error on the interval limits stemming from
the uncertainty on the background and combining it with the errors on the other
quantities of Eq. 4.29the following valuesare obtained for the lower and upper limits

17 There is no error on the 0.0, as it represents the transition to an upper limit.
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of the intervals for the branching ratio: 0:84+0 :79
� 0:73, 19:57 � 2:52, 29:56 � 3:67 and

34:44� 4:24.

4.9 Future prosp ects at CDF

Fiscal Goal Stretch Number of Number of Number of Number of

Year Goal B0
d ! J= K � 0 B0

d ! J= K � 0 B0
d ! ��K � 0 B0

d ! ��K � 0

[f b� 1] [f b� 1] decays decays (stretch) decays decays (stretch)

Sept03 0.215 0.215 179 179 1.94 1.94

FY02 0.08 0.08 67 67 0.72 0.72

FY03 0.2 0.22 167 183 1.8 2.0

FY04 0.31 0.38 258 316 2.8 3.4

FY05 0.39 0.67 325 558 3.5 6.0

FY06 0.50 0.89 416 741 4.5 8.0

FY07 0.63 1.53 525 1274 5.7 13.8

FY08 1.14 2.37 949 1973 10.3 21.4

FY09 1.16 2.42 966 2015 105 21.8

Total 4.41 8.56 3672 7127 39.8 77.2

Table 4.13: Projected number of B0
d ! ��K � 0 decays (basedon [51]).

Basedon the projectionsfrom [51] it is possibleto estimatethe number of expected
B0

d ! ��K � 0 decays. Usingthe cuts found to beoptimal thereare179B0
d ! J= K � 0

decays in the data corresponding to 215pb� 1 delivered luminosity, which enablesto
make a projection for the following years(Table 4.13). Obviously thesenumbers are
describing the delivered luminosity, the recorded luminosity with all the necessary
detector elements functioning properly being 16% smaller for CMUP muons, and
22%smaller for CMX muons. Part of this ine�ciency can be explainedby the early
problemsof the Tevatron and CDF detector18. As more and more is learnedabout
both and the running of the systemsettlesdown, thesee�ciencies are expectedto go
up. Unfortunately, someof the e�ect will be balancedby the ine�ciencies appearing
due to the ageingof the detector, like small parts of the silicon detector destroyed by
random Tevatron quenches or components, which cannot be replaceddue to access
problems,failing after years' of operation in the high radiation environment.

More luminosity meansmore signal and also more background. However, with
more signal events softer cuts can be used. Also, with the increasedstatistics it may
be possibleto identify someof the backgrounds, and cut them out, increasingthe
S=B.

18 Even though these do not include the early start-up problems, as the RAREB triggers were intro duced only
starting from Run 140886.
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4.10 Conclusions

A search for the 
a vor changing neutral current processB0
d ! ��K � 0 has beenper-

formed in p�p collisions at
p

s = 1:96TeV produced at the Collider Detector at
Fermilab (CDFI I). Thesedecays are forbidden at tree-level in the Standard Model,
but proceedat low rate through penguin and box diagrams. The search for the
B0

d ! ��K � 0 decay hasbeenconductedusingdata accumulated until September 2003
corresponding to 215pb� 1 integrated luminosity. Judiciouscuts have beenapplied in
order to reducethe background to an acceptablelevel. Three strongly discriminating
variableshave beenchosenand the cuts on them wereoptimized usingdiverse�gures
of merit. Due to its similarity to the B0

d ! ��K � 0 decay the B0
d ! J= K � 0 decay

was usedas a reference.Monte Carlo simulations were usedto calculate those e�-
ciencieswhich could not be obtained from the data. Analysis performedon the data
yields the following con�dence intervals for the branching ratio of B0

d ! ��K � 0 :

[0:84; 19:57]� 10� 7 CI = 68:75% (4.33)

[0:0; 29:56]� 10� 7 CI = 90% (4.34)

[0:0; 34:44]� 10� 7 CI = 95% (4.35)

That improvesthe

B(B 0
d ! ��K � 0) < 4:0 � 10� 6 (90%C:L:) (4.36)

measuredin Run I [87]. It is consistent with the predictions of the Standard Model
and the measurements of the BaBar andBelleexperiments. As the Tevatron continues
to gather luminosity, CDF should be able to replacethe upper limits given by the
90% and 95% con�dence intervals with measurements and con�rm the observations
madeat the B factories.
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Chapter 5

Detectors for studying rare B
decays I I: The ATLAS exp erimen t
at the LHC

5.1 The Large Hadron Collider

The Large Hadron Collider is the new particle accelerator under construction at
CERN. It shouldbe completedby 2005and will bring protons into head-oncollisions
at higher energiesthan ever achieved. The LHC will provide an energyof 7TeV per
beam,which will give rise to a center-of-massenergyof 14TeV. This center-of-mass
energyis onemagnitude higher than that reached by the Tevatron at Fermilab, and
corresponds to the conditions prevailing in the Universejust 10� 12 secondsafter the
\Big Bang". The LHC designluminosity is 1034cm� 2s� 1. However, in the �rst few
years,while the performanceis still being optimized, the machine luminosity will be
� 1033cm� 2s� 1, so during this period the LHC experiments will be well adapted to
exploit the �eld of B physics. When the designluminosity is reached the focus will
shift towards the Higgssectorof the StandardModel. The Higgsbosonis responsible
for the massesof all known particles and its discovery is the main challengeof the
LHC. There are four important experiments plannedto be installed at the interaction
points of the accelerator:ALICE, ATLAS, CMS and LHCb.

In order to achieve the 1034cm� 2s� 1 luminosity the LHC will take advantageof the
existing acceleratorinfrastructure at CERN (Figure 5.1) [109]. Protons will be pre-
acceleratedand injected from the SPSat an energyof 450GeV. In order to reach the
designluminosity the LHC is �lled with 2808proton buncheseach containing 1:1� 1011

protons. The time separationbetweenthe bunchesis 24:95ns which corresponds to
a 40 M H z collision frequency. After the injection the protons are acceleratedup to
7TeV and remain in the acceleratorfor periodsof � 10 hours,which is calleda store.
Extremely largemagnetic �elds are neededin order to bend the 7TeV proton beams
around the 27km ring of the LHC. Specially designedsuper-conductingdipoleswill
provide an 8:33T magnetic�eld for both beams.Apart from the 1296dipoles,a large
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Figure 5.1: Overall view of the LHC acceleratorcomplex.

Energy at collision 7TeV

Energy at injection 450GeV

Dipole �eld at 7TeV 8:33T

Luminosity 1 � 1034 cm� 2s� 1

DC beam current 0:582A

Number of bunches 2808

Number of particles/bunch 1:15� 1011

Bunch spacing 7:48m

Bunch separation 24:95ns

Luminosity lifetime 10h

Total radiated power per beam 3:8kW

Stored energyprer beam 366M J

Filling time per ring 4:3min

Table 5.1: Design parametersof the LHC
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Figure 5.2: Overall view of the ALICE, LHCb and CMS detectors.

number of steering magnetsand focusing quadrupoles are neededas well. Someof
the designparametersare summarizedin Table 5.1.

Besidesproton-proton collisions,aimedat exploring physicsat the TeV scale,both
proton-nucleusand nucleus-nucleuscollisionsare foreseenaspart of the initial experi-
mental program at the LHC. With heavy ions at a centre-of-massenergy of about
5.5 TeV/nucleon, the LHC is the only machine which will reach, and even extend,
the energyrange probed by cosmicray nucleus-nucleuscollisions. The aim of high-
energyheavy-ion physicsis the study of strongly interacting matter at extremeenergy
densities(QCD thermodynamics). Statistical QCD predicts that, at su�cien tly high
density, there will be a transition from hadronic matter to a plasma of decon�ned
quarksand gluons{ a transition which in the early universetook placein the inverse
direction some10� 5 s after the Big Bang and which might still play a role today
in the core of collapsing neutron stars. In February 2000 the totalit y of intriguing
experimental results obtained at the SPSover several yearswas folded into a public
announcement stating that the formation of a new phaseof matter was their best
explanation [110]. In mid-June 2003the researchersat RHIC announcedresults that
show that this new phaseof matter is highly non-transparent to fast quarks,which is
oncemorealongthe linesof what is expectedfor QGP [111] [112] [113]and [114]. The
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heavy-ion detector ALICE (A Large Ion Collider Experiment) is a general-purpose
heavy-ion experiment (seeFigure 5.2), sensitive to the majorit y of known observables
(including hadrons,electrons,muons and photons) and is the next step in studying
high-energyheavy-ion physics[115].

The secondof the smallerexperiments is LHCb [116] which plansto operatewith an
averageluminosity of 2� 1032cm� 2s� 1, which shouldbe obtained from the beginning
of LHC operation. The LHCb detector is designedto exploit the large number of
b-hadrons produced at the LHC. The LHCb is ideally suited to determine all the
anglesof the two unitarit y triangles (i.e. six of the nine unitarit y conditions of the
CKM matrix) using high-statistics data. The layout of the LHCb detector is shown
in Figure 5.2.

ATLAS and CMS are the two big generalpurposeexperiments of the LHC. The
ATLAS experiment will bedescribed in section5.2. CMS is very similar to ATLAS in
its physicsgoals[117]. It consistsof a pixel detector, silicon tracker, electromagnetic
calorimeter and hadronic calorimeter all placed inside a superconducting solenoid.
On the outer sideof the solenoidare placedthe muon detectorsand the very-forward
calorimetersaround the beampipe on both sidesof the detector (Figure 5.2).

5.2 ATLAS overview

The ATLAS detector is a generalpurposepp detector which is designedto exploit
the full discovery potential of the LHC. One of the main interests of ATLAS is the
origin of massat the electroweak scale. However, there are many other important
goals to reach. These include the searches for heavy W- and Z-like objects, for
supersymmetric particles, detailed studies of the top quark, and last, but not least,
studiesin the B sector, including CP-violation in B-decays.

Already at initial lower luminosities the LHC will be a high-rate beauty and top-
quark factory. A particularly rich �eld will be available in B physics. The main
emphasiswill be on the precisemeasurement of the CP-violation in the B 0

d system
and the determination of the anglesof the Cabibbo-Kobayashi-Maskawa unitarit y
triangle. Other important topics include rare B decays and B �B mixing in the B 0

s
system. In order to study thesesectorsthe detector needsprecisesecondaryvertex
determination, the full reconstruction of �nal stateswith relatively low-pT particles,
and low-pT lepton �rst level trigger thresholdsaswell assecondlevel track triggering.
A typical decay that needsall these features is the one described in the present
document, where B0

d ! � + � � K � 0 is followed by K � 0 ! K� . Sensitivity to a variety
of �nal state signaturesis required, which leadsto the following characteristics:

� e�cien t tracking even at high luminosity for lepton momentum measurements,
b-quark tagging, enhancedelectron and photon identi�cation, high-precisionre-
construction capability of B decay states.

� stand-alone,precise,muon-momentum measurements up to the highest lumi-
nosities,and very low-pT trigger capability at lower luminosity.
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Figure 5.3: Overall view of the ATLAS detector

� good electromagneticcalorimetry for electronand photon identi�cation andmea-
surements, complemented by hermetic jet and missingET calorimetry.

� large acceptancein pseudorapidity (� ) with almost full azimuthal angle(� ) eve-
rywhere. The azimuthal angleis measuredaround the beamaxis, whereaspseu-
dorapidity relatesto the polar angle� which is the anglefrom the z direction.

It is also very important to achieve large acceptancein � coverageand have the
capability of measuringparticles at low-pT thresholds1.

Figure 5.3 shows the overall view of the ATLAS detector. The magnet con�gura-
tion is basedon an inner superconductingsolenoidaround the inner detector cavit y
and largesuperconductingair-coretoroids consistingof independent coilsoutsidethe
calorimetry. This solution placesno constraints on the calorimetry and inner detector
thus allowing the best technological solutions. The 2Tesla solenoidis positioned in
front of the barrel electromagneticcalorimeter. Its thicknessin radiation length and
radial extensionhasbeenminimized to avoid degradingthe calorimeterperformance.

1See[118] Table 1.1 for more details.
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For this reason, the solenoid coil is integrated into the vacuum vesselof the LAr
calorimeter barrel cryostat, thus eliminating the material and spaceof independent
vesselwalls. The superconductingair-core toroid consistsof a 26m long barrel part
and with an inner bore of 9:4m and an outer diameter of 19:5m, and two end-caps
with lengths of 5:6m and inner boresof 1:26m, inserted at each end of the barrel.
The whole magnet systemrepresents a cold massof 700 tons and a total weight of
1400tons.

The inner detector is the central part of the ATLAS detector. It is 6:80m in
length with a radius of 1:15m, �xed by the inner dimensionof the cryostat contain-
ing the liquid argon EM calorimeter. Pattern recognition, momentum and vertex
measurements, and enhancedelectron identi�cation are achieved with a combination
of discretehigh-resolution pixel and strip detectorsin the inner part and continuous
straw-tube tracking detectorswith transition radiation capability in the outer part of
the tracking volume. For more details on the inner detector seeSection5.3.

The pseudorapidity rangeof j� j < 3:2 is coveredby a highly granular Liquid Argon
(LAr) electromagneticsampling calorimeter with excellent performancein terms of
energyand position resolution(Figure 5.4). In the endcapsthe LAr technologyis also
usedfor the hadroniccalorimeter,sharingthe cryostatswith the electromagneticend-
capsas well as with the special LAr forward calorimeterswhich extend the coverage
to 3:2 < j� j < 4:9. The main part of the hadronic calorimetry is provided by a novel
scintillator tile calorimeter which is separatedinto onelargebarrel and two extended
barrel cylinders on each side. The whole calorimetry contributes to a very good jet
and missing transversemomentum performanceof the ATLAS detector. The LAr
calorimetry is contained in a cylinder with an outer radius of 2:25m and extendsto
� 6:65m alongthe beamaxis. The outer radiusof the tile calorimeteris 4:25m and its
length is � 6:10m. The total weight of the calorimetersystem,including the solenoid

ux return iron yoke, which is integrated in the tile calorimeter support structure, is
about 4000tons.

The calorimetry is surroundedby the muon spectrometer (Figure 5.5). The air-
core toroid system generatesa large �eld volume and strong bending power with
a light and open structure. This reducesmultiple scattering e�ects, and allows an
excellent muon momentum resolution using three stations of high-precisiontracking
chambers. The muon instrumentation is completedwith fast trigger chambers. In the
barrel region j� j < 1:1 in the � direction, the layout follows the eight-fold symmetry
of the barrel toroid. The drift wires for the high precisionmeasurement run alongthe
� direction, and have a maximum length of 5:7m in the outermost chambers. Along
the � direction, the chambers are segmented into units not larger than 2:6m. In
the transition region (1:1 < j� j < 1:4) the muon tracks are covered by three vertical
stations located inside or near the end-facesof the barrel toroid. In the end-cap
regionsj� j > 1:4 the �rst and secondstations are located beforeand behind the end-
cap toroids, and the third one closeto the end wall of the cavern. The maximum
wire-length is 6:3m, and full azimuthal coverageis achieved by staggeringof chamber
layers. Each of the muon chambersconsistsof two multila yersof detectorswhich are
mounted to either sideof a support structure. The multila yersconsistof three or four
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individual planesof closelypacked detectors. The basic measurement in each muon
chamber is a track segment, providing a basis for robust pattern recognition and

ATLAS Calorimetry (Geant)

Calorimeters

Calorimeters

Calorimeters

Calorimeters

Hadronic Tile

EM Accordion

Forward LAr

Hadronic LAr End Cap

Figure 5.4: Three-dimensionalview of the ATLAS calorimetry

momentum determination. The muon spectrometerde�nes the overall dimensionsof
the ATLAS detector. The outer chambersof the barrel are at a radius of about 11m.
The length of the barrel toroid coils is � 12:5m, and the third layer of the forward
muon chambers is located at � 23m from the interaction point. The overall weight
of the ATLAS detector is about 7000tons.
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End-cap
toroid

Barrel toroid
coils

Calorimeters

MDT chambers
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Inner detector

Figure 5.5: Transverseview of the muon spectrometer
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Figure 5.6: The Inner Detector

5.3 The Inner Detector

The inner detector, shown in Figure 5.6, tracks charged particles from the LHC
beam-pipe to the electromagneticcalorimeter system. The momentum and vertex
resolution targets imply the needfor high-precisionmeasurements to be made with
�ne-granularit y detectors given the very large track density expected at the LHC.
Highest granularit y around the vertex region is achieved using semiconductorpixel
detectors. However, the total number of precisionlayers must be limited becauseof
the material they introduce,and becauseof their high cost. At least four strip layers
and three pixel layers are therefore crossedby each track in this design. A large
number of tracking points (typically 36 per track) is given by a straw tube tracker
(TRT) which provides the possibility of continuous track-following with much less
material per point. The combination of the two techniquesgivesvery robust pattern
recognition and high precision in both the � and z coordinates. Mechanically, the
Inner Detector consistsof three units: a barrel part extendingover � 80cm, and two
identical end-capscovering the rest of the cylindrical cavit y. The precisiontracking
elements are contained within a radius of 56cm, followed by the continuoustracking,
and �nally the general support and service area at the outermost radius. In the
barrel, the high-precisiondetector layersare arrangedon concentric cylindersaround
the beam axis in the region with � < 1, while the end-capdetectors are mounted
on disks perpendicular to the beam axis. The pixel layers are segmented in R�
and z, while the silicon strips use small angle (40mr ad) stereo to measureboth
coordinates,with oneset of strips in each layer measuring� . The barrel TRT straws
are parallel to the beam direction. All the end-captracking elements are located in
planes perpendicular to the beam axis. The strip detectors have one set of strips
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running in radial directions, and a set of stereostrips at an angle of 40mr ad. The
continuous tracking consistsof radial straws arrangedinto wheels.

The layout providesfull tracking coverageover j� j < 2:5, including impact param-
eter measurements and vertexing for heavy-
a vour and � tagging. The resolutionwill
be typically � R� = 12�m and � z = 66 � 77�m for the pixel layers, � R� = 16�m
and � z = 580�m for the silicon detectors, and � perstr aw = 170�m for the TRT2.
The secondaryvertex measurement performancewill be enhancedwith an innermost
additional layer of pixels, at a radius of about 5:05cm, ascloseas is practical around
the beam pipe. The lifetime of such a detector will be limited by radiation damage,
and would needreplacement after a few years. A large amount of interesting physics
can be donewith this detector during the initial lower luminosity running, especially
in the B sector. The mechanical design allows for the possibility of replacing the
B-layer, which will remain an important tool for the B-tagging.

The pixel detector is designedto provide a very high-granularit y, high-precision
setof measurements ascloseto the interaction point aspossible.The systemprovides
three of the precisionmeasurements over the full acceptance,and determinesthe im-
pact parameter resolution and the abilit y of the Inner Detector to �nd short-lived
particles such as b-quarks and � -leptons. The two-dimensionalsegmentation of the
sensorsgivesspacepoints without any of the ambiguities associated with projective
geometries,but requiresthe useof advancedelectronic techniquesand interconnec-
tions for the readout. In addition, the pixel systemmust be radiation hardenedto
withstand over 300kGy of ionising radiation and over 5:1014=cm2 neutrons in ten
yearsof operation.

The systemo�ers 80million detectorelements, each 50�m in the R� direction and
400�m in z, which are invaluable for the task of pattern recognition in the crowded
environment of the LHC. The system consistsof three barrels at averageradii of
5:05cm, 8:85cm, and 12:25cm, and three diskson each side,betweenradii of 11 and
20cm, which complete the angular coverage. It is designedto be highly modular,
containing 1744barrel and disk modules [120]. The modules are overlapped on the
support structure in order to give a hermetic coverage.

The SCT systemis designedto provide four precisionmeasurements per track in
the intermediateradial range,contributing to the measurement of momentum, impact
parameterand vertex position, as well as providing good pattern recognition by the
useof high granularit y. It is described in more detail in Section5.5.

The TRT is basedon the use of straw detectors, which can operate at the very
high rates neededby virtue of their small diameter and the isolation of the sense
wires within individual gasenvelopes. Electron identi�cation capability is addedby
employing a gasmixture basedon xenonwith the addition of CO2 and O2 to detect
transition-radiation photonscreatedin a radiator betweenthe straws. This technique
is intrinsically radiation hard, and allows a large number of measurements, typically
36, to be made on every track at modest cost. However the detector must cope
with a large occupancyand high counting rates at the LHC designluminosity. Each

2For more details see[119] Table 1-1.
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straw is 4mm in diameter, giving a fast responseand good mechanical properties
for a maximum straw length of 144cm. The barrel contains about 50000straws,
each divided in two at the centre in order to reducethe occupancyand read out at
each end. The end-capscontain 320000radial straws, with the readout at the outer
radius. The total number of electronic channels is 420000. Each channel provides
a drift-time measurement, giving a spatial resolution of 170�m per straw, and two
independent thresholds. Theseallow the detector to discriminate between tracking
hits, which passthe lower threshold, and transition-radiation hits, which pass the
higher. The barrel section is built of individual modules covering the radial range
from 56 to 107cm. The modularit y was chosenas a compromisebetween the ease
of construction and maintenance, and the additional structural elements involved.
The two end-capseach consist of 18 wheels. The 14 wheelsnearestthe interaction
point cover the radial rangefrom 64 to 103cm, while the last four wheelsextend to
an inner radius of 48cm in order to maintain a constant number of crossedstraws
over the full acceptance. At rates of 12M H z, only about 70% of the straws give
correct drift time measurements becauseof shadowing e�ects, but the large number
of strawsper track guaranteesa measurement accuracyof better than 50�m averaged
over all straws at the LHC designluminosity, including errors from alignment. Hence
the TRT contributes to the accuracy of the momentum measurement in the Inner
Detector by providing a set of measurements roughly equivalent to a singlepoint of
50�m precision. It aids the pattern recognition by the addition of around 36 hits
per track, and allows a simple and fast level-2 track trigger to be implemented. In
addition it providesadditional discrimination betweenelectronsand hadrons,with a
pion rejectionvarying with � betweena factor of 15and 200at 90%electrone�ciency .

All tracks with j� j < 2:5 are measuredwith six precisionspace-points and about
36 straws, except for a slight degradation acrossthe barrel to end-cap transition
regionat the largest � . With the B-layer present, seven precisionpoints areobtained.
The momentum resolution of the Inner Detector is limited by several factors: the
radial spaceavailable in the cavit y, which limits the lever arm, the strength of the
magnetic�eld, and the intrinsic precisionof the detectorelements. In addition, above
j� j = 1:85, tracks leave the Inner Detector volume before reaching the maximum
radius of the cavit y, thereby reducing the �eld integral available as comparedto the
lower j� j regions.Thesee�ects limit the momentum resolution achievable in the end-
cap regions,especially for j� j > 2. This achievable resolution is su�cien t to identify
the chargesign of particles up to the highest energiesexpectedat LHC.

Extensive simulations have been performed in order to characterize the phyisics
performanceof the ID [121], [122] and [123]. Since the time of the Physics TDR,
only small changeshave occurred to the positions and dimensionsof the SCT and
TRT. However, major changeshave been made to the Pixel system, in particular
to the innermost layer, the B-layer. The radius of the B-layer has been increased
in order to accommodate a larger beam pipe and the whole Pixel detector has been
given an independent insertion capability so that it can be inserted later or replaced
if damagedby radiation. This latter development has causeda seriousincreasein
the amount of material, with the pixel-barrel radiation-thicknessincreasedby 50%
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Figure 5.7: Transverse impact parameter resolution (d0) and longitudinal impact parameter res-
olution projected transversely to the track direction (z0 � sin � ) as function of j� j for muons of
pT = 1GeV and pT = 200GeV for both layouts.

and a signi�cant support structure shadowing the completeSCT and TRT end-cap
regions.Detailed changeshave beenmadeto the pixel granularit y with regular bands
of larger pixels and non-adjacent bands of gangedchannels. The most up-to-date
results published usetwo layouts of the detector: the DC1 layout for which there is
a lot of existing data from the DC1 data challenge,and the so called Initial layout
wherethe intermediate pixel layer and part of the end-capTRT have beenremoved.

A crucial parameter for the physics performanceof the ID is the resolution on
the impact parametersof tracks from secondaryvertices. The impact parameter
resolution can be parametrised3;4 in R� as

� (d0) = 110�
94
pT

�m (5.1)

with the dedicated B-physics layer of pixels present at 5:05cm radius. A pre-
cisemeasurement of the transverseimpact parameterof a track, d0, is necessaryfor
primary vertex association and the reconstruction of short-lived secondaryvertices.
Theseare essential for heavy 
a vor tagging and life-time measurements. The resolu-
tion of the transverseimpact parameter, expressedas a function of j� j for the DC1
and Initial layouts, at pT = 1 and 200GeV=c, is given for in Figure 5.7 (left). At
high momentum, the resolution is almost constant up to j� j � 1:8, but then degrades
rapidly in the end-capregion. The degradation is due to a reduction in the mea-

3For the DC1 layout.
4The tra jectory of a particle moving in a solenoidal magnetic �eld B with no multiple scattering and negligible

bremsstrahlung radiation, can be described by a set of 5 helix parameters: d0 { the signed transv erseimpact parameter,
� 0 (azimuth) { the � coordinate of the track in the xy plane at the point of closest approach to the origin, z0 { the
longitudinal impact parameter is the value of z of the point on the track that determines d0 , � { the polar angle that
gives the inverse slope of the track in the (r ; z) plane, Q=pT { where Q is the charge of the particle.
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Figure 5.8: Angular resolution in � and cot � of charged tracks as function of pT for j� j < 0:25 for
both layouts.

sured radial length for tracks longitudinally exiting the tracker which producesan
increasein the relative distance to extrapolate back to the beam-line, and thus an
increasedextrapolation error. At low momentum the resolution is much worsedue
to the dominant multiple scattering contribution from material up to and including
the �rst measurement. There is also a continuous rise with j� j, since the material
thicknessof the beam-pipe and B-layer increasewith sin� .

The projection of z0 onto the plane perpendicular to the track direction is also
an important measurement for vertexing and B-tagging (Figure 5.7 (right)). At high
momentum the smaller clusterscausethe resolution as a function of j� j to be worst
at j� j = 0, with an improvement by a factor � 2 achieved by saturation at j� j � 1.
Beyond this value, there is a slow worseningof the resolution for similar reasonsto
the transverseimpact parameter. At low momentum, in the barrel region, oneagain
seesthe improvement of resolutionwith j� j dueto increasingcluster size,but herethe
gain is o�set by the corresponding increasein multiple scattering. Beyond j� j � 1,
the multiple scattering is completelydominant.

The angular resolutions obtained for the DC1 and Initial layouts are shown for
central tracks as a function of pT in Figure 5.8. The e�ect of the reduction in the
B-layer longitudinal granularit y is apparent in the cot � resolution. The pT depen-
denceof the 1=pT resolution integrated over all j� j is shown in Figure 5.9. It can be
parametrizedby � (1=pT ) = 0:55� 22=pT

p
sin� for DC1.

Obviously, these results, basedon single muon tracks, represent an idealization
of what can be expected in normal LHC operation, independent of pattern recogni-
tion problems associated with multi-trac k events. The reconstruction e�ciency for
muons is a measureof the optimum single particle e�ciency . Pions and electrons
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Figure 5.9: Inversetransversemomentum resolution of chargedtracks asa function of pT in j� j < 2:5
for DC1 layout. The resolution plot for the Initial layout is identical.

have their e�ciency reducedby hadronic interactions and bremsstrahlung, respec-
tively. Muons have an overall e�ciency � 99:5% with lossesdue to the simulated
detector ine�ciency and a slight lack of hermeticity in the end-capregion. Pion e�-
cienciesare about 5 to 10% lower than muon e�ciencies due to interactions. Three
interaction categoriescan be distinguished;early, intermediate and late. Late inter-
actions, which occur towards the outside of the inner detector, have full e�ciency
but a lossof resolution from the shorter measuredlength. Early interactions, which
occur in the beam-pipe or Pixel detector, cannot be found becausethere are too few
measurements to de�ne the track. The intermediate category have insu�cien t cor-
rect hits to satisfy the quality criteria, but are neverthelessfound when the pattern
recognition wrongly associatesoneor more downstream hits from leading secondary
particles. The probability of this occurrence,hencethe measurede�ciency , increases
with momentum. Electron e�ciencies are lower than for muons due to catastrophic
bremsstrahlungenergylosses.However, the major e�ect of bremsstrahlungis to dis-
tort the �tted parametersin the bending plane. In particular, the momentum tends
to be underestimated. It was also found that the presenceof pile-up, even at high
luminosity, haslittle e�ect on the track �nding e�ciency . Tracks have alsobeenstud-
ied in jets, for examplefrom H ! b�b with mH = 400GeV. An e�ciency of � 90%
can be obtained for tracks with pT > 1GeV, with cuts which ensurethat the fraction
of fake tracks anywhere in the acceptanceremainsbelow � 0.5%.

Even though sincethe Physics TDR performancemeasurements, the impact pa-
rameter resolution at low momentum has beendegradedby moving the B-layer fur-
ther out and increasingits thickness,and the initial angle determination has been
weakenedby moving the pixel end-capwheelsappreciably closer to the vertex, the
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Figure 5.10: Schematic layout of the Trigger and DAQ system of ATLAS.

inner detector remainsa crucial element for the B physics,as it allows preciserecon-
struction of tracks in the high occupancyenvironment of the LHC. This precisionis
a necessaryrequirement in order to reconstruct the secondaryvertices and measure
preciselysuch quantities as the lifetimes, which will allow to pick out the physically
interesting events from the hugebackground expectedat The LHC.

5.4 Trigger, Data Acquisition and Con trols

The Trigger/Data Acquisition (TDAQ) systemmust be designedand constructedin
such a way as to provide ATLAS with highly reliable and e�cien t data-taking and
event-selection capabilities [124], [125], [126]. The ATLAS trigger, data acquisition
and controls systemconsistsof four major components (Figure 5.10):

� The Data Flow Systemis responsible for receiving the detector data, serving a
subsetof data to the HLT system,and transporting the data for selectedevents
to massstorage.

� The High-Level Trigger (HLT) systemis responsiblefor the post-Level 1 (LVL1)
event selection and �ltering involving a rate reduction of a factor of several
hundred, and for the classi�cation of all acceptedevents.

� The Online systemis responsiblefor all aspectsof experiment and TDAQ oper-
ation and control during data-taking, and during testing and calibration runs.
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� The Detector Control System (DCS) is responsible for the coherent and safe
operation of the ATLAS detector, aswell as the interfacewith external systems
and servicesincluding the LHC itself.

The Online system is implicitly understood to be connectedto all elements in
Figure 5.10,and the DCS to all hardware elements which needto be monitored and
controlled.

The ATLAS trigger system is composedof three levels. The �rst level is imple-
mented in custom hardware. It reducesthe 40M H z input rate to about 75kH z.
The secondand third (Event Filter) levels are referred to collectively as the High-
Level Trigger system. They sharean overall trigger selectionframework, and di�er
mostly in the amount of event data they accessand how they accessit as well as
in the complexity and speed of the algorithms. While the LVL1 usesonly coarse-
grained calorimeter and muon information, the second-level trigger (LVL2) can use
full-resolution, full-granularit y data from all detectorsand combine the information
from di�erent sub-detectorsfor the �rst time. In practice, however, the LVL2 trigger
restricts itself to so-calledRegionsof Interest (RoI), small regionsin pseudo-rapidity{
azimuth (� � � ) spacecentered on objects identi�ed by LVL1. Data from RoIs make
up a small subsetof the full event. Pointers to theseRoIs are provided by the LVL1
trigger. Data are accessedon demand from the bu�ers which store the event until
the LVL2 decisionis made. The LVL2 trigger reducesthe 75kH z rate from LVL1
to about 2kH z. After an event passesLVL2 the full event is built and sent to the
Event Filter (EF). Algorithms in the EF can accessthe full event and will be derived
from o�ine code. The algorithms may be seededby the results of LVL2. A further
reduction to about 200H z is achieved by the EF before events are put into mass
storage.

5.5 The Silicon Tracker (SCT)

The physicsrequirements determining the most important detectorspeci�cations and
layout of the SCT are the following:

� The reconstruction of isolated leptons of pT > 5 GeV with an e�ciency of 95%
in the range j� j < 2:5 and with a fake track rate of < 1%, imposesthe needto
reconstruct helicesin 3D. This imposeson the combined SCT and pixel system
the needfor at least six tracking layers able to provide spacepoint information.

� The (� pT =pT ) < 0.3 requirement at pT = 500GeV with a beam constraint im-
posesan r � � measurement accuracy of � 20�m at the SCT radius. The
requirement to separatemultiple vertices within a bunch crossingimposesan
accuracyof the z-measurement of < 1mm in the SCT. That constraint is made
more stringent by requirements of K 0 reconstructionand massresolution where
a z-measurement of � 0:5mm is required in the SCT.
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Figure 5.11: The four nestedbarrels of the SCT.

� The requirement of 2-track resolution of < 200�m at R = 30cm, in order to
keeptrack lossesin b-jets to < 5% alsoimposesa constraint on the r � � readout
pitch.

The SemiconductorTracker is an orderof magnitudelarger in surfaceareathan any
previousgenerationof silicon microstrip trackers,and in addition must faceradiation
levelswhich will alter the fundamental characteristicsof the silicon wafersthemselves.
The SCT consistsof four nestedbarrels (Figure 5.11), and two end-caps,each with
nine wheels.The barrel modulesare mounted on local supports which allow units of
six modules to be tested together before mounting on carbon-�bre cylinders which
carry the cooling system; the four complete barrels at radii of 300, 373, 447 and
520mm are then linked together. There are 2112identical barrel modules,mounted
in 12 per row, and overlapping each other in a tile structure. Individual cylindersare
fully coveredwith 32, 40, 48 and 56 rows. There are 1976end-capmodules,of three
di�erent types,placedon wheelsin three rings of 40, 40 and 52 modules(somedisks
will have two or onering only).The nine wheelsare interconnectedby a space-frame.
The radial rangeof each disk is adaptedto limit the coverageto j� j � 2:5 by equipping
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Figure 5.12: Distribution for number of radiation lengths for pixels, SCT, TRT and external services
and patch-panels.

each onewith the minimum number of rings, and by using 6cm long moduleswhere
appropriate. The system requiresa very high dimensionalstabilit y, cold operation
of the detectors,and the evacuation of the heat generatedby the electronicsand the
detector leakagecurrent.

Every e�ort has been made to keep the material in the tracking volume to a
minimum, by careful designof the active detectorsand by the useof low-Z materials
(such as aluminium for the power cables,and carbon-�bre reinforcedplastic for the
support structures (Figure 5.12)).

5.6 The mo dules

A module is the basic functional sub-unit of the ATLAS SCT. It consistsof a set of
single sided silicon micro-strip detectorsglued back-to-back, an electronicspackage
called the hybrid and an interface to the cooling and mechanical support structure
of the tracker. There is a single module design for the barrel region of the SCT,
and three designsfor the various radial locations in the SCT forward regions. In
the barrel region each silicon detector is 6:36 � 6:40cm2 with 768 readout strips
each with 80�m pitch. Each module consistsof four detectors. On each side of the
module, two detectorsarewire-bondedtogetherto form 12:8cm longstrips. Two such
detector pairs are then glued together back-to-back at a 40mr ad angle,separatedby
a heat transport plate, and the electronicsis mounted above the detectorson a hybrid
(Figure 5.13). The readout chain consistsof a front-end ampli�er and discriminator,
followed by a binary pipeline which stores the hits above threshold until the �rst
level trigger decision. The forward modulesare very similar in construction but use
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Figure 5.13: 3 SCT barrel modules mounted on a test structure.

Figure 5.14: SCT forward module.
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Figure 5.15: Four Outer Modules on the Forward Sector with the wiggly cooling pipes.

tapered strips, with one set aligned radially (Figure 5.14). Forward modules are
made with both � 12 and 7cm lengths. For the SCT barrel, the required tracking
precision is obtained by modules with an intrinsic point resolution of 23�m in the
r � � coordinate per singlesidemeasurement.This precisionis obtained for the binary
readoutschemeby usingdetectorswith 80�m readoutpitch. A back-to-back detector
pair with a stereorotation angle of 40mr ad givesa precisionof 17�m in the r � �
coordinate and 500�m in the z coordinate from the correlations obtained through
�tting. To maintain these resolutions high quality module construction, metrology
and position monitoring is required. The mechanical tolerancefor positioning wafers
within the back-to-back pair must be around 5�m in lateral strip position, 25�m
in module thicknessand 25�m in z. The forward region measuresthe longitudinal
momentum and the track dip angle. The requirements are very similar to the barrel
after allowing for interchangeof r and z.

The cooling of silicon detector modules is a very important aspect of the design
of the SCT as the heat dissipated within the tracker must be removed in order to
maintain the silicon detectors at around -7oC. The total heat load of the modules
of the SCT and pixels together with the power loss in the cableswithin the tracker
volumeimplies a cooling systemthat shouldbe able to cope with in excessof 100kW
of heat to be removed from a low ambient temperature environment 5. The baseline
designdescribed in [127] planned to useBinary-Ice as coolant. In 1997, the LHCC
suggestedthat evaporative cooling systemsshould be studied as an alternative, and
after thorough measurements the SCT proposeda cooling basedon the two-phase

o w of C3F8 in the review of May 1999. For the forward region in the baselinedesign
the coolant is circulating in Aluminum pipeswhich follow the 'wiggly' pipe layout in
order to reduceforceson the disc from thermal contractions and pipe manufacturing

5See[127] page 497.
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tolerances(seethe pipeson the left side of Figure 5.15). The heat from the hybrids
and the sensorsis conductedto the coolant via two aluminum cooling blocks for outer
and middle modules,and via a singlecooling block for the inner modules[128]. There
are three separatecooling circuits per quadrant, corresponding to the inner, middle
and outer module rings, where the inlets and outlets are manifolded at the patch
panel.

5.6.1 Fron t-end electronics for modules for Si trac kers

In many previous tracking detectors,electronscould be drifted over large distances
in gaseousdetectors,and signalscould be transmitted along silicon strip detectors,
thus placing the electronicsoutside of the active tracking volume. The high rates at
LHC make this impossibleover the acceptanceof the ATLAS system. Instead, the
tracking detectorsmust be designedwith their electronicsin closeproximit y to the
active elements. Therefore the LHC operating conditions present a big challengeto
the front-end electronicsof Si trackers for experiments designedfor high luminosity
physics. Requirements on the front-end electronics of Si strip detectors are very
demanding. The readout has to be close to the Si sensorand therefore needsto
be radiation hard up to dosesof 10M rad and up to 
uences of 3 � 1014 charged
particles/cm2 and 2 � 1014 neutrons/cm2.

Due to the high occupancyexpectedat full luminosity operation the pulseshaping
time has to be short. To avoid pileup of events in single channels double pulse
resolution has to be of the order of 50ns. It is convenient to have a peaking time of
the output pulseequivalent to the bunch crossingfrequencyof 40M H z.

The noiseperformanceis dictated by the most probable signal from a minimum
ionising particle (MIP) crossinga 300�m thick Si sensor,which is 22500charges.To
obtain a good e�ciency for track reconstruction and maintain at the sametime a
low noise occupancya signal over noise ratio better than 15:1 is required. This is
equivalent to a noisesmaller than 1500e� Equivalent NoiseCharge(ENC).

The sizeof irreducible noisecontributions, shot noisefrom leakagecurrent in the
irradiated Si sensorand basecurrent in an irradiated bipolar junction transistor and
preampli�er seriesnoise, are determined by the chosen sensorelement size. The
sensorelement size cannot be too small in order to limit the number of channels,
and also cannot exceeda certain size to keep the detector capacitancelow. As a
compromisefor theserequirements ATLAS has chosento have detector geometries
with strip length from 6cm to 12:8cm. The strip pitch is givenby the requiredspatial
resolution in the rangeof � = 5 � 25�m .

Several architectureshave beendeveloped for LHC experiments. The two di�erent
conceptspresented hereare the following:

� Full analogueread-out with transmissionof all data via analogueoptical links
to the external read-out processorsfor digitalisation with 
ash ADCs. This is
the conceptusedso far in most collider experiments for Si trackers and vertex
detectors. It allows individual treatment of data in each channelwith optimized
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and adaptable software and thereby the most detailed control and monitoring
of the whole system. Analoguereadout is to a large extent immune to external
electromagneticpickup sincecommonmode noisecan be fully eliminated with
software. The price to pay is the heavier load on data transmissionfrom the de-
tector asoneneedsboth higher bit rate and better quality for the links. Modules
equipped with SCTA128 chips were usedto study this architecture.

� Another possibility is the binary schemefor the readoutof silicon strip detectors.
The binary architecture allows a more compactdesignand hasthe advantage of
a much reduceddata transfer rate with more chips using a single optical link.
This architecture is, however, not immune at all to commonmode noiseand so
is very sensitive to external electromagneticinterference. This is the choice of
the ATLAS baselineusing ABCD chips.

5.6.2 The digital solution (ABCD)

In the beginningtwo technologicaloptionswereconsideredfor the binary architecture:

� The ABCD designis a singlechip implementation of the binary readout archi-
tecture for silicon strip detectorsin the ATLAS SCT. It is fabricated using the
DMILL technology, which being BiCMOS one,o�ers a possibility to implement
the completearchitecture in onechip.

� A designemploying two separatechips: CAFE-M a front-end chip realized in
the MAXIM bipolar processand ABC, a binary pipeline chip realized in the
Honeywell bulk CMOS process.

After thorough testing of both the ABCD and the CAFE-M ABC combination
[129] [130] the former was choosenas the option to develop.

The ABCD chip hasall the blocks of the binary readoutarchitecture; the front-end
circuitry employing a bipolar transistor in the input stage,discriminators, a binary
pipeline,a derandomizingbu�er, data compressionlogicand the readoutcontrol logic.
There were di�erent measurements carried out in order to evaluate the performance
of the chip. Electrical prototype moduleswere built wherethe chips were placedon
a ceramichybrid and connectedto detector strips of various length. A more detailed
description of the ABCD designand thesemeasurements is the theme of Section6.2.

5.6.3 The analogue solution (SCT A)

The analoguesolution is represented by the SCTA chip which comprisesthe follow-
ing building blocks: 128channelswith front-end ampli�ers, analoguememory(ADB)
with the capacity to store 128analoguesamples,control logic providing a derandom-
izing function (up to 8 events), a commanddecoder and a fast analoguemultiplexer to
output serialdata. In addition to the basicfunctional blocks, internal calibration cir-
cuitry containing an 8-bit DAC to control the calibration level hasbeenimplemented
to improve the testability of the chip. Four 5-bit DACs for the bias of the analogue



5.7. PHYSICS POTENTIAL OF THE ATLAS DETECTOR 119

part of the chip have been implemented in order to compensatefor the drifts after
irradiation and optimize chip performancefor various parameters.

An extensive set of measurements was performedin order to evaluate the perfor-
manceof the chip. The characterization of the front-end part wasnot only important
for the SCTA, but alsofor the ABCD aswell. The two chips sharebasically the same
front-end, but in the caseof the ABCD the binary architecture prevents a study of
the subtler e�ects. First, the basic parametersof the chip have beenevaluated in a
single chip setup using internal calibration circuitry. Next, the chips were mounted
on hybrids and connectedto silicon detectors. The resulting moduleswere tested in
the laboratory using internal calibration circuitry and radioactive sources. As the
�nal step, the modulesweretransferredto the SPSX5 West areafor beamtests. The
analoguemoduleswerealsousedasa meanof testing a linear optical link for analogue
data transmission for LHC experiments. How thesemeasurements were performed
and what results did they give rise to is described in great detail in Section6.3.

5.7 Ph ysics Poten tial of the ATLAS Detector

The rate of B-hadron production at the LHC is enormousthanks to the largehadronic
cross-sectionfor b-quark production and the high luminosity of the machine (even at
so-calledlow luminosity L =1033 cm� 2s� 1). About one collision in every hundred
will produce a b-quark pair, which results in a considerably better signal-to-noise
ratio than at lower-energyhadron machines such as the Tevatron. In ATLAS, an
inclusive-muon trigger with a pT threshold of 6GeV will make an initial selectionof
B-events. Using this inclusive selection,about 25% of the muon-trigger events will
contain b-quarks. In the �rst year of operation, some2:3 � 1010 b-quark pair events
will be selectedfor more detailed analysis in the LVL2 trigger and event �lter, that
are focusedon the selectionof speci�c classesof �nal states. This event rate will be
higher than in any acceleratorpresently operating.

Although the main focus of the ATLAS physicsprogrammeis the search for and
study of physics beyond the Standard Model, through the production and decay of
newtypesof particles, an important rangeof B-physicsstudiesis planned. In fact, an
important aim of the B-physicswork is to test the Standard Model through precision
measurements of B-hadron decays that together will over-constrainthe CKM matrix,
possiblygiving indirect evidencefor newphysics. This programmeof work will include
the following: precisemeasurements of CP violation in B-mesondecays, which in the
Standard Model is due to a singlephasein the CKM matrix; precisemeasurements
of the periods of 
a vour oscillationsin B 0

s aswell asB 0
d mesons,and of relative decay

rates such measurements constrain the elements of the CKM matrix; searches for
and measurements of very rare decays which are strongly suppressedin the Standard
Model and where signi�cant enhancements could provide indirect evidencefor new
physics. Many of the ATLAS measurements will be more precisethan those from
experiments at lower-energymachines, thanks to the greater available statistics.

At the LHC, the general-purpose experiments ATLAS and CMS will face sti�



120 CHAPTER 5. THE ATLAS EXPERIMENT AT THE LHC

competition from LHCb, which is a dedicatedB-physicsexperiment. However, even
though a dedicatedexperiment can be better optimised for certain event types,AT-
LAS will be competitiv e in several channels. ATLAS will thus play an important
role in maximizing the combined precisionof B-physicsmeasurements from the LHC.
It is worth noting that the B-production cross-sectionis not well understood at the
phenomenologicallevel, and that predictionsare uncertain to a factor of two or more.

5.7.1 B ! �� (X )

Certain rare decays, for which the decay products themselves provide a distinctive
signature that can be used in the LVL1 trigger, can be studied very e�ectively in
ATLAS making use of the high rate of B-hadron production. Theseso-calledself-
triggering modesincludedecays of the typeBd;s ! �� (X ) . As described in Chapter 2
such decays involve 
a vour-changing neutral currents (FCNC) and are strongly sup-
pressedin the StandardModel, with predictedbranching ratios typically in the range
10� 5 � 10� 10. New physicsmight result in signi�cant enhancements comparedto the
Standard Model predictions.

For the purely muonic decays, ATLAS will be sensitive to branching ratios of
order 10� 9 and shouldbe able to measurethe branching ratio for Bs ! �� assuming
the Standard Model prediction. Large-statisticssampleswill be collectedfor decays
of the type b ! (s;d)l l that give �nal states such as B0

d ! K � 0�� , B0
d ! � 0�� and

B0
s ! � 0�� . This will allow precisemeasurements to be madeof the decay dynamics,

as well asof the branching ratios, giving signi�cant constraints on new physics.
These rare decay modes are forbidden at the tree level in the Standard Model,

so the decays involve loop diagrams. In non-standard models of electroweak inter-
actions, FCNC processescan be allowed at the tree level and thus, the branching
ratios of theserare decays would not be so suppressed.In addition, in the presence
of new physics,additional particles may be present in the loopsagain enhancingthe
decay probability. Due to the very low Standard Model predictions for the branching
fractions for purely muonic decays, a signi�cant enhancement in measuredbranching
fractions would clearly demonstratethe e�ects of new physics. The measurement of
the lepton forward backward asymmetryin semimuonic B decays is anotherpromising
tool to probe the newphysicsbeyond the StandardModel. In the context of Standard
Model, the principal interest lies in the measurement of the branching fractions of
the B ! �� (X ) channels. The measurement of the branching fractions of the decays
B0

d ! K � 0�� and B0
d ! � 0�� allows the CKM matrix-element ratio jVtd j=jVts j to be

determined. The squareof this ratio is useful also for the estimation of the ratio of
the massdi�erences � ms=� md in the B 0

d � �B 0
d and B 0

s � �B 0
s systems,complementary

to direct measurements of the oscillation periods.

B0
d ! K � 0�� , B0

d ! � 0�� and B0
s ! � 0�� decays

The ATLAS collaboration hasperformedstudiesfor the rare-decay channelsdescribed
above with the following branching ratios assumedB(B0

d ! K � 0�� ) = 1 � 10� 6,
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Figure 5.16: Reconstructed signal (cross-hatched) and background for B0
d ! K � 0�� (left) and

B0
s ! � 0�� (right) decays with 30 f b� 1.

B(B0
d ! � 0�� )=1 :5 � 10� 6, and B(B0

s ! � 0�� ) = 1 � 10� 7. Events were simulated
fully and then reconstructed in the Inner Detector. For each channel 1500 signal
events wereanalyzedwith the following experimental cuts: both muonswererequired
to have pT (� ) > 6GeV and j� (� )j < 2:5, and both hadrons were required to have
pT (h) > 1GeV and j� (h)j < 2:5. The muon reconstructione�ciency wasassumedto
be 85%for the LVL1 trigger muon, and 95%for the other muon. The reconstruction
e�ciency for hadrons was found to be 90% averagedover the full pseudorapidity
regionfor pT > 1 GeV. It wasfound that the individual-muon pT distributions remain
essentially una�ected by the choice of form factors. An important conclusionfrom
this study wasthat, although the q2-dependenceof form factorsa�ects q2-dependence
of the events, it doesnot in
uence the e�ciency of triggering and reconstructing the
signal events, or the rejection of the background [131].

The massresolutions obtained by the Gaussian�t with the full reconstruction
were: � (K � 0) = 30M eV, � (B0

d ! K � 0�� ) = 50M eV, � (B0
d ! � 0�� ) = 55M eV,

� (� ) = 3M eV, and � (B0
s ! � 0�� ) = 52M eV. In the caseof the resonance,requiring

the massto be in the interval [0:60; 0:94]M eV corresponded to 82% e�ciency . In
order to excludethe re
ection of K � 0 to � 0, hadron pairs forming an invariant mass
within two standard deviations around the nominal K � 0 massusing the K/ � mass
assignments wereexcluded.For the remainingpairs, both hadronswereassumedto be
pionsand the e�ective massof the pair wasrequiredto bewithin the � 0 masswindow.
The possiblere
ections from B0

s ! � 0�� to B0
d ! � 0�� and B0

d ! K � 0�� werefound
to be negligible.

For background studies, the following reactionswere simulated by PYTHIA: B 0
d-

mesondecays B0
d ! J= K 0

S , B0
d ! � 0�� and B0

d ! ! 0�� , B 0
s -mesondecays B 0

s !
K � 0�� and B0

s ! � 0�� , semimuonic decays of one of the b-quarks, and semimuonic
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decays of both b-quarks. It was found that the last reaction gave the main contribu-
tion to the background. Therefore,13000events of this type weresimulated and ana-
lyzed similarly to the signal events. The massdistributions for the B0

d ! K � 0�� and
B0

s ! � 0�� signalsareshown, togetherwith thosefor the backgrounds,in Figure 5.16.
The application of all cuts leavesabout 9% of the simulated signal events. The ex-
pectednumbersof signaland background events after three yearsof LHC running at
low luminosity are presented in the following table:

Channel Branching ratio Signal Background

B0
d ! K � 0�� 1:5 � 10� 6 2000 290

B0
d ! � 0�� 10� 7 220 950

B0
s ! � 0�� 10� 6 410 140

From the ratio of the branching fractionsfor the two decay modesB0
d ! K � 0�� and

B0
d ! � 0�� , the ratio jVtd j=jVts j can be determined,sincethe decay rates are propor-

tional to the respective CKM matrix elements:

N (B 0
d ! � 0�� )

N (B 0
d ! K � 0�� )

= � d
jVtd j2

jVts j2
(5.2)

where � d is the ratio of form factors squared. The ratio jVtd j=jVts j can be mea-
sured with a statistical accuracy of 14% for 30 f b� 1 of low-luminosity data; the
theoretical systematic uncertainty is about 7% [132]. Note that the re
ection from
B0

d ! K � 0�� to B0
d ! � 0�� is sizeabledue to the large di�erence in the branching

ratios assumedfor the two channels. After assigningthe wrong mass hypotheses
to the K � 0 decay products, the decay B0

d ! K � 0�� , reconstructed as B0
d ! � 0�� ,

gives a mass peak below, but close to, the B 0
d mass. In contrast, the combina-

torial background is approximately 
at. Taking into account that the branching
ratio for B0

d ! K � 0�� can be measuredwith high accuracy, it is assumedthat the
B0

d ! � 0�� signal can be extracted from an overall �t.
The generaltrend of the behaviour of forward backward (FB) chargeasymmetry

AF B for Standard Model, shown on Figure 5.17, is that the asymmetry is positive at
low q2, hasa zeroat ŝ = q2=M 2

B � 0:14,and then becomesnegative, irrespectiveof the
details of the form-factor behaviour (except for the resonant region). The maximum
of AF B (ŝ) occurs at ŝ = 0:05. For the MSSM, the shape of AF B is sensitive to the
value of C7, or equivalently to the value of R7 = C7=CSM

7 . For R7 > 0 the shape is
similar to that in the Standard Model, but for R7 < 0 the asymmetry is negative at
low q2.

In the simulation, the resonant region0:33 < ŝ < 0:55wasexcludedfrom the analy-
sis. To estimate the experimental resolution of AF B measurements in B0

d ! K � 0��
decays, the total numbers of signal and background events after three yearsof low-
luminosity running wereused. If negative valuesof AF B are experimentally observed
in the �rst ŝ-region,this will demonstratea clearsignalof non-standardphysics. The
measurements in the secondand third ŝ-regions,which practically do not depend on
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Figure 5.17: Sensitivity of AF B to the Wilson coe�cien t C7. The three points are the simulation
results. The solid line shows the Standard Model prediction, the dotted lines show the range pre-
dicted by the MSSM for R7 = C7=CSM

7 > 0 and the dashedlines show the range predicted by the
MSSM for R7 < 0.

the models,will show possiblesystematicuncertainties in the experimental data. The
expectedmeasurement accuracyis su�cien t to separatethe Standard Model and the
MSSM in the caseR7 < 0 using measurements in the �rst ŝ-region.

B0
d ! �� and Bs ! �� decays

Purely muonic B-decays arepredicted to have very low branching fractions within the
Standard Model (10� 9 � 10� 10), whereasthey may have signi�cantly higher onesin
non-standard models. Simulationswere made with PYTHIA event generator. After
applying all the cuts, the numbers of events expected for 30f b� 1 at low luminosity
is su�cien t to observe the Bs ! �� channel, assumingthe branching fraction pre-
dicted by the Standard Model. The signi�cance of the signal, however, is only 2:8� .
The feasibility to reconstruct the purely muonic Bd;s ! �� decays at high luminosity
was also estimated. This estimation was basedon the assumptionthat the pixel B
layer will be operational at high luminosity, and that no degradationof the impact-
parameter and pT resolutionswill occur. For each channel, 1000signal events with
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corresponding pile-up were fully simulated and reconstructedin the Inner Detector.
The background was studied at the particle level using the parametrisation for pT

and impact parameter resolutionsfrom ATLFAST. A sampleof 10 000 background
events with pile-up wasusedfor this study. The numbersof events for both channels
and the corresponding backgroundsexpected for 100 f b� 1 are given in the following
table:

Channel Signal Background

B0
d ! �� 14 660

Bs ! �� 92 660

Combining the low- and high-luminosity samples,a 4:3� signi�cance can be ob-
tained for the Bs ! �� channel. The 95%CL upper limit for the branching fraction
for B0

d ! �� obtained with the combined samplewould be 3 � 10� 10. It should be
noted, however, that the B massresolution of 69M eV is not good enoughto sepa-
rate Bs and Bd on an event-by-event basis, but their relative fractions would have
to be �tted from the joint massdistribution. The study of rare muonic B decays at
high luminosity will signi�cantly improve the results which can be obtained at low
luminosity, especially if data collection is continued for several years.

In conclusion,ATLAS will beableto study raresemi-muonicand muonicB-decays.
It will be possibleto measurebranching ratios of the decay channelsB0

d ! K � 0�� ,
B0

s ! � 0�� and B0
d ! � 0�� . From the ratio of branching fractions for the two latter

channels, it will be possibleto determine the ratio jVtd j=jVts j with a 14% statisti-
cal accuracy within the Standard Model. Measurements of the forward backward
chargeasymmetry in the decay B0

d ! K � 0�� will alsobe feasibleand may reveal new
physics e�ects, for example in someparameter-spaceregions of the MSSM. Com-
bining three yearsof low-luminosity and oneyear of high-luminosity data taking, the
Bs ! �� decay would be observed and a stringent upper limit for the B0

d ! �� decay
would be set, assumingStandard Model branching ratios. Given that thesedecays
are highly suppressedin the Standard Model, there are hopesthat any non-standard
physics e�ects would signi�cantly enhancethe branching ratios, in which casethe
signalswould be easierto detect.



Chapter 6

Construction and evaluation of
ATLAS mo dules equipp ed with the
SCTA128 chip

6.1 In tro duction

The present chapter �rst introducesthe baselinebinary chip usedfor ATLAS modules.
Several measurements aiming at checking the relevant design parametersand the
radiation-hardnessof the modulesequippedwith ABCD chips will bedescribed. Next,
the back-up solution basedon an analoguereadoutchip (SCTA128) will bepresented.
Measurements of the parametersat chip, hybrid and module level will bedescribed,as
well as tests performedin the SPSX5 west beamtest area. Oneof the disadvantages
of the ABCD residesin the di�cult y of the evaluation of a digital design,asmost of
the e�ects, like commonmode noise,are masked by the digital output. The ABCD
and SCTA128 sharebasically the samefront-end designwhich makesof the SCTA128
an excellent solution to study the behaviour of the front-end of both chips.

6.2 The digital solution (ABCD)

6.2.1 Evolution of the design of the ABCD chip

The �rst modules equipped with the ABCD chips from the �rst batch were built
in 1998-1999.Thesemodules were showing much higher noise than expected: 900
electronson the hybrid, and 1600electronswhen the chips were connectedto 6 cm
detector strips. In the modules using chips from the secondbatch there was also
observed a large noise increase,observed only when all chips were mounted to the
biaseddetectors. The excessnoisewasunavoidableon moduleswith more than a few
tenths of channelsconnectedto 12cm strips at nominal operating conditions. Di�er-
ent combinations in hybrid ground plane geometryand di�erent grounding schemes
used to connect the detector bias to the analogueground of the chip were tested
but without gaining any substantial improvement. Another unexpectedproblem was
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that of the large spreadof discriminator thresholds. For the binary architecture one
of the most critical issuesis the uniformit y of parametersof the front-end circuit and
matching of the discriminator threshold.

In order to correct theseproblemsa new design(ABCD2T/NT) with protection
against noisepick-up and the selectionof new components from the technology has
beendone. Both new technology choiceand designchangewere madeto reducethe
threshold spreadobserved on ABCD2 chips. The new ABCD2NT version keepsa
high gain (140mV=f C) in signal ampli�cation, but large sizeanaloguecomponents
are used to improve the matching properties. Also new high value resistors were
used(extrinsic baseresistor), insteadof low implant resistors.The ABCD2T version
is using a more drastic option to reduce o�set mismatch: there is a 4 bit linear
DAC (trim DAC) included in each channel to correct for individual mismatch of
the threshold in the range of 150mV. The 128 trim DACs are loaded with a new
instruction set developed for this version of the chip. The ABCD2T designo�ers,
however, better robustnesswith respect to radiation e�ects and thereforewaschosen
as the preferredoption for the SCT.

The ABCD2T version has met all basic requirements of the ATLAS SCT, how-
ever, detailed evaluation of the ABCD2T chips, including extensive radiation testing,
pointed to somepossibleimprovements. Theseimprovements, which concernmainly
improvement of the radiation resistanceand reduction of the design sensitivity to
variation of the processparameters,have beenimplemented in the ABCD3T version
[134]. One of the problems was that the internal calibration circuitry showed non-
linearity for low input charges. It was not a critical issue,however, a good absolute
precision is required for setting the working threshold in the discriminators which
impact the e�ciency and noiseoccupancy. The threshold setting will be basedon
calibration usinginternal calibration circuit, sothe precisionof this circuit around the
nominal thresholdsetting, i.e. 1f C, is a key issue.The sourceof the non-linearity has
beenidenti�ed and correctedfor. Another problem was that the trim DAC response
curvesappearedto be non-linearand exhibited largespreadfrom channel-to-channel.
A non-linear responseof the trim DAC is not a seriousproblem as the trimming
procedureis basedon measurement of the trim DAC characteristicsand using these
results in a look-up table. However, trim DACs in somechannelsbecomeso non-
linear that thosechannelsfell outside the trimming range. Sincefor good chips it is
requiredfor all the channelsto bewithin the speci�cation, that e�ect, if not corrected,
would impact signi�cantly the yield in the production. The sourceof the problem has
beenidenti�ed in the designand an easycorrection hasbeenfound. Radiation tests
also showed that the spreadof the discriminator o�set increasedsigni�cantly after
irradiation and exceededthe range of the trim DACs. In order to not compromise
the precision of threshold correction for non-irradiated chips and to guarantee that
for fully irradiated chips all the channelscan be corrected,a set of rangeshas been
implemented in the ABCD3T design. In the ABCD2T chips excessive leakagecurrent
was observed after irradiation. The sourceof the leakagehas beentraced down and
correctedaswell for ABCD3T.
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Figure 6.1: ABCD block diagram.

6.2.2 The ABCD chip

The main advantage of the binary readout systemis a signi�cant reduction of data
to be read out as only addressesof channels which have recorded hits above the
threshold are transmitted o� the detector. A particularly important aspect for the
binary readout architecture is the immunity of the overall system, and so of each
component of the system,to the external and internal interferenceusually referredto
as commonmode noise,which unlike the analogueversion,can not be correctedfor.
If onetakesinto account the irreducible noisesourcespresent in the front-end system,
i.e. the parallel and seriesnoiseof the preampli�er and the shot noiseof the detector
leakage current, an achievable signal-to-noiseratio is about 15 at the beginning of
the experiment and about 10 after irradiation of silicon strip detectors and front-
end electronics up to the dosesexpected after 10 years of LHC operation. With
thesesignal-to-noiseratios there is a very little room for setting the discrimination
threshold in such a way that the detector is fully e�cien t and the noiseoccupancyis
well below the real data rate. Thus, any degradationof the signal-to-noiseratio will
lead to either a drastic reduction of e�ciency or an increaseof noiseoccupancy.

The ABCD chip contains in a singlechip all blocks of the binary readout architec-
ture; the front-end circuit, discriminator, binary pipeline,derandomizingbu�er, data
compressionlogic, and the readout control logic, as required for the ATLAS SCT.

The preampli�er-shaper circuit providessignalswith a peakingtime of 25ns. This
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peaking time is su�cien tly short to keepthe discriminator time walk in the rangeof
15ns and the double pulse resolution below 50ns. The preampli�er-shaper circuit
is followed by a discriminator with a common threshold for all l28 channelswhich
is controlled by an internal 8-bit DAC. In the ABCD2T design, in addition to the
thresholdcontrol commonfor all channels,individual thresholdcorrectionper channel
using a 4-bit DAC (trim DAC) has been implemented. The trim DACs are used
only for correction of the threshold o�sets and after the correction they are kept at
�xed settings. The threshold scanswhich are usedfor extracting the basicanalogue
parameters of the front-end circuit are performed employing only the main 8-bit
DAC that is common for all the channels on the chip. The binary data from the
discriminator output are latched in the input registereither in the edgesensingmode
or in the level sensingmode with a time resolution of 25ns, and clocked into a 132-
cell pipeline. The true edgesensingmode puts a more rigorous constraint on the
timing performancecomparedto the level sensing,but it minimizes the rate of data
to be transmitted from the detector. Upon receiving a trigger signal the data are
transferred from the pipeline to the secondlevel bu�er, which is a dual-port static
RAM array 128-bit wide and 24-word deep. For each Level 1 trigger signal three
columnsfrom the pipeline are stored in the derandomizingbu�er, so that the bu�er
is e�ectively eight events deep. The data is then compressedin the data compression
logic accordingto oneof four possiblecriteria and read out via a token ring allowing
the read-out of six chips on one optical �bre. In addition to the basic functional
blocks mentioned above, the ABCD2T chip has a calibration circuit for the internal
generationof calibration pulses.The internal calibration circuit is foreseento be used
at variousstepsof chip testing and module testing aswell asfor threshold calibration
in the experiment. A �rst purposeof this circuit is providing testability of the chip. It
allowsto takemeasurements of analogueparameters;gain, noise,o�set, time walk and
trim DAC characteristicsfor every channelduring wafer screeningwithout supplying
a preciseanaloguesignal to the chips. In order to extract basicanalogueparameters
of the front-end the discriminator threshold scan is performed for di�erent levels of
calibration pulses,corresponding to 1, 2, 3, 4f C etc of the input charge. From this
data one can extract the gain and noiseof the front-end circuit and e�ective o�set
of the discriminator for each channel accordingto proceduresdescribed in [135]. All
thesemeasurements are then repeatedfor completemodulesequipped with 12ABCD
chips each.

6.2.3 Electrical module protot yp es

The performanceof the digital circuitry of the ABCD2T chips was evaluated using
a general purpose IC tester. The logic functionality was veri�ed against Verilog
simulations andspeedmarginswereevaluatedfor variousblocks in the chip. The DAC
characteristics were measuredseparately by probing DC voltages at the dedicated
pads,which normally are not connectedto the external circuitry on the hybrid.

Basic performanceof the ABCD2T chips has beenevaluated using the prototype
SCT modulesbuilt of six chips and two daisy chainedsilicon strip detectorsdesigned
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Figure 6.2: Noise in mV versuschannel number distribution along a module (6 ABCDNT chips).
Channels 256-288are bonded to 6cm detector strips. Channels 341-383are not bonded to the
detector. All other channelsare bonded to 12cm detector strips.

accordingto the SCT speci�cations [136] [137][138] [139]. The chips wereassembled
on a ceramic hybrid and connectedto the detectors in so-calledcentre-tap con�gu-
ration, i.e. in the centre wherethe strips from the two detectorsare joined together
to form e�ectively 12:8cm long strips. All basicparametersof the front-end circuit,
gain, noiseand o�set were extracted from threshold scansfor given input signalsde-
liveredform the internal calibration circuitry. The timing performancewasevaluated
from the delay scanof the calibration strobe signal. In all thesemeasurements the
data wastransferredthrough the pipelineand readoutbu�er and readout at nominal
clock frequencyof 40M H z.

Tests were done with the secondbatch of the ABCD chip (ABCD2), connected
to 6cm or 12cm long strip detectors. The performanceof modulesdependedon the
signal gain in ABCD2 chips and on the grounding scheme. The designof the chip
hasbeenimproved accordingto theseobservations.

Electrical module prototypes with ABCD2T (low gain, trim DAC version) and
ABCD2NT (high gain, no trim DAC) with 12cm strip detectorswerefound operating
without excessnoise in the full range of possiblebiasing of ampli�ers. Figure 6.2
shows the noisemeasuredon a module with 6 chips and strip detector. Chip number
3 (channel range256to 383) is mounted with 1/3 channelsconnectedto 12cm strips,
1/3 to 6cm strips, and 1/3 are not connectedto the detector. All other chips are
connectedto 12cm strips. The noise amounts to 1400 (resp. 770, 430) electrons
with 12cm strips (resp. 6cm and no detector bonded). The gain is as expected in
the rangeof 140mV=f C. The spreadof thresholdswas measuredto be 7:8mV rms,
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Figure 6.3: Noise distribution in mV along one module (6 ABCD2T chips).

which translates to 5.5%rms spreadat 1f C threshold.
Figure 6.3 shows the noisedistribution measuredon a module with 6 chips and

strip detector(Figure 6.4). All chips areconnectedto 12cm strips. The noiseamounts
to 1375electronswith the 12cm strips. The gain is in the rangeof 65mV=f C. The
spreadof the thresholdsis 3:3mV rms, which translates to 5.1%rms spreadat 1f C
threshold. This value is obtained after the individual trimming of thresholdsfor each
channel. Beforetrimming the spreadis 11:6mV rms (18.3%at 1f C threshold).

6.2.4 E�ects of radiation on the ABCD

The DMILL technologyis quali�ed asa radiation resistant one,however, the radiation
levels expected for the SCT detector in the ATLAS experiment exceedthe upper
limits of thosespeci�ed for the DMILL process,i.e. 10M rad of the ionising doseand
1 � 1014 n=cm2 1M eV eq. neutron 
uence. In addition, if one takes into account
very advancedrequirements regardingthe noise,speedand power consumptionof the
ABCD chip, it becomesobvious that radiation e�ects in the basicdevices,although
limited, can not be ignored [140].

The performanceof the front-end circuit is a�ected by the major radiation e�ect
in bipolar transistors, i.e. degradationof the current gain factor � . As a result the
parallel noisein the front-end increases.Fortunately, the increaseof the parallel noise
has a small e�ect on the total noisewhen the chips are connectedto long strips and
the noise is dominated by the seriesnoise. Another e�ect, which was not expected
from the beginning but has been observed systematically in all radiation tests for
all versions,is an increaseof the o�set spread in the discriminator. The sourceof
this e�ect has been identi�ed as worseningof resistor matching. The o�set spread
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Figure 6.4: Picture of one module protot ype with 6 ABCD2T chips for the SCT detector barrel.

increasesby a factor 3-4after proton irradiation and by a factor about 2 after neutron
irradiation. After irradiation the trim DACs work correctly and for the majorit y of
channelsthe o�set can be corrected,

Sincethe ABCD chips will be exposedin the experiment mainly to high energy
charged particles and neutrons, single event e�ects (SEE) are equally important as
the total dosee�ects. Crosssectionsof SEE for two types of memory cells used in
the ABCD designhave beenmeasured.For the pipeline in which dynamic memory
cellsare usedthe SEE rate hasbeenmeasuredas5� 10� 7=bit=s [141]. For the static
registersthe SEE rate hasbeenmeasuredas 1 � 10� 7=bit=s. Noneof thesenumbers
seemsto createproblem for operation of the SCT in the particle 
uxes as presently
estimated.

6.3 The analogue solution (SCT A128)

SCTA128, a 128-channel analoguefront-end chip was developed as a backup for the
readout of silicon strip detectorsemployed in the inner tracking detectorsof the LHC
experiment. The chip is produced in the radiation hard DMILL technology. The
architecture of the chip and its performanceon the test bench will be discussed.The
chip is usedto readout prototype analoguemodulescompatible in size,functionality
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and performancewith the ATLAS SCT baselinemodules. Several full sizedetector
modulesequipped with SCTA128 chips hasbeenbuilt and tested successfullyin the
lab with radiactive sourcesas well as in the test beam. The chip has beenusedfor
other purposesaswell:

� Readout of silicon strip detectorsin the NA60 experiment

� Fast readout chip for diamond detectors

� Production quality assurancetesting of silicon strip detectors for the ATLAS
SCT

� Readout of silicon pad detectorsfor HPD applications

� Readout of silicon detectorsin LHCb

6.3.1 The SCTA128 chip

The chips usedfor the readout of analoguemoduleshave gonethrough iterations the
basic structure being the same. These iterations were mainly aimed at improving
radiation hardnessand fault tolerance. Initially the readout chip has beendesigned
in two versions: SCTA128LC optimized for low detector capacitancefrom 2pF to
5pF and SCTA128HC optimized for a higher detector capacitancefrom 15pF to
20pF [142]. The only di�erence betweenthe two versionswas in the front-end blocks
the gain of the LC versionbeing 100mV=f C, and that of the HC version50mV=f C.
Only SCTA128HC chips were used for analoguemodule construction. In the next
submissionchangeswere incorporated to adapt a single chip for a wider range of
detector capacitance. Although the SCTA128HC chip has been used successfully
over two years to build detector modules, it had its limitations. The development
of the DMILL technology and the experiencegained in testing both analogueand
binary modules led to a better understanding and in April 2000 a new version of
the analoguechip SCTA128VG [143] was submitted to the TEMIC foundry. In the
new design special emphasiswas placed on the reduction of possiblevariations of
the circuit parameterswith the operating conditions(temperature and power supply)
and the variation of processparameters from run to run. Several changesin the
structure of the biasing and grounding of the front-end stageboth on schematic and
at the layout level have been applied to improve the stabilit y of the chip working
in a detector systemwith millions of channels. In the following, whenever SCTA is
written the characteristic will apply to both SCTA128HC and SCTA128VG chips.

Figure 6.5 shows the block diagram of the SCTA128VG designedfor readout of
silicon and diamonddetectorswith capacitancefrom 2pF to 20pF. The chip consists
of �v e basic blocks: front-end ampli�ers, analoguepipeline, control logic including
the derandomizingFIFO, commanddecoder and output multiplexer. It contains four
5-bit DACs for the bias of the analoguepart of the chip and one 8-bit DAC for the
calibration circuit. The front-end circuit is designedin such a way that it can be
usedwith either polarity of the input signal. However, the full readout chain (NMOS
switchesin the analoguepipeline, output multiplexer) is optimized for p-sidestrips.
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Figure 6.5: Block diagram of the SCTA128VG chips

The front-end circuit is a fast transimpedanceampli�er followed by an integrator,
providing a semi-gaussianshaping with a peaking time of 20 � 25ns, and an out-
put bu�er. The peak valuesare sampledat 40M H z rate and stored in the 128-cell
deepanaloguepipeline. Upon arrival of the trigger the analoguedata from the corre-
sponding time slot in the ADB are sampledin the S&H bu�er and sent out through
the analoguemultiplexer. The gain of the FE ampli�er is of about 50mV=f C. The
designedpeakingtime for nominal parameters(resistors,capacitors)is roughly 20ns.

There are four 5-bit DACs implemented in the chip. The current in the input
transistor can be set using the preamp DAC. The actual bias current providing a
maximal signal-to-noiseratio for a given detector capacitancedependson the value
of the current gain factor � aswell ason the detector leakagecurrent and the detector
bias resistance.Thereforefor each detector the optimum bias of the input transistor
should be found experimentally. The follower DAC (which is not present in the HC
LC version) providesa referencecurrent which is usedto control bias currents in the
two gain stagesof the front-end ampli�er. The setting of the follower current is not
very critical, however, a setting di�erent from the nominal onemay beusedin order to
compensatechangesin the circuit dueto possiblevariation of the processparameters.
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Figure 6.6: Simulation results of 2 chips sendingdata sequentially (only 5 analoguechannelssimu-
lated instead of 128).

The shaper DAC provides a referencecurrent which is used to control bias current
in the output bu�er of the front-end ampli�er (in front of the ADB). The reference
voltage VREF is usedin the front-end circuit as well as in the readout ampli�ers so
that it provides good tracking of the DC levels in output bu�er of the front-end and
in the readout ampli�er. The bias current in the ADB readout ampli�er is controlled
by another 5-bit DAC (ADB readout DAC).

Two SCTA128 chips can be read out via one �bre line. The readout sequenceis
initiated by an L1 trigger transmitted through the commandlines. Oncethe trigger
signal arrives, the pointed physical addressof the 128-channel memory column with
the sampledanaloguevaluesis storedin a derandomizingFIFO. The segment written
in the pipeline corresponding to the trigger is protected and will not be overwritten
beforethe event hasbeenread-out or the pipeline hasbeenreset. Up to 8 events can
be stored in the derandomizingFIFO. In caseof over
ow the control logic issuesthe
over
ow bit, which is bundled with the physical data, and the chip needsto be reset.
Sincepart of the ADB is spent on the derandomizerbu�er the overall delay of the
ADB is 118 clock cycles. For the next event to be read out the pipeline sendsthe
data to the multiplexer which producesa serial data stream. The secondfront-end
chip on the same�bre waits for the �rst chip to �nish data transmissionby pausing
the appropriate number of clock cyclesbeforesendingthe data.

An analoguesignalpackagefrom onechip consistsof a seven bit header(1011010)
followed by 128 analoguesampleswith physical data from the detector, a one bit
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Figure 6.7: The setup usedfor the SCTA-DAQ

bu�er over
ow 
ag, a four bit BCO counter and a four bit T1 counter (Figure 6.6).
The above format of the data is independent of mode of readout (single or two chip
readout). The total time for readout on one�bre for two chips is thus 2� (7 + 128+
1 + 4 + 4) � 25ns = 7:2�s .

The four-bit BCO counter and L1 counter returned by the chip can be usedfor
unique association of each trigger with the physical data from the detector. The
maximum clock rate of the multiplexer and the readout circuit is the sameas the
sampling rate of the data, i.e. 40M H z. The chips can be read out with a lower
rate (40M H z divided by 2, 4, or 8) which is programmable.All the communication
with the chip (i.e. sendingthe level 1 triggers, sendingthe software reset, loading the
DACs, issuing the internal calibration pulses) is executedvia a fast 40M H z serial
interfaceby sendinga bit pattern synchronousto the main clock.

6.3.2 Lab oratory setup

The laboratory setup used in order to measurethe characteristics is shown on Fig-
ure 6.7. The acquisition program was �rst written under Windows. Later, when
National Instruments provided Linux driversfor its apparatusthe DAQ program was
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ported under Linux [144]. The analysishasalways beenperformedunder Linux. The
DAQ program can drive the chip either in calibration mode, that is generatinginter-
nal calibration pulsesor in real DAQ mode, wherethe acquisition is triggered by an
extrenal device,in our casea photomultiplier.

The setup consistsof the following VME modules:

� SEQSI, which is usedto generatethe clock and control signalsfor the chip. It
also generatesthe clock and the start signal for the ADC, and the stop signal
for the TDC

� SIROCO is a 
ash ADC usedto integrate the signal from the chip

� TDC is usedto measurethe correlation betweenthe time of arrival of the trigger
and the clock phaseof the chip

� CORBO is a VME interrupt generatorthat will generatea VME interrupt when-
ever it receivesa trigger

� Prescaler:it is optional and is usedto divide the SEQSIclock in order to adjust
to an SCTA multiplexer frequencysmaller than 40M H z

The system works as follows: the data acquisition program can issue software
triggers and serviceexternal triggers. The software triggers are generatedsending
a pulse through one of the SEQSI output lines, and injecting that pulse into the
TRIGGER input of the SEQSI.A handshake signal is usedto avoid multiple triggers
while the readout sequenceis executed.

For the external triggers the SEQSI cooperates with the CORBO. The trigger
producedby the photomultiplier is logically ANDed with the CORBO BUSY line. If
the CORBO is not BUSY and the trigger is present, the output is sent back to the
IN input of the CORBO to generatethe interrupt.

The external trigger will also produce the START pulse for the TDC and, on
reception of the trigger, the SEQSI will send the STOP to the TDC. It will also
generate the clock and the START signal for the ADC. The delays between the
di�erent signalscan be set in the SCTA DAQ.

The SCTA multiplexer can be run at frequencieswhich are smaller than 40M H z.
In that casethe SIROCO will need a clock with the same frequency in order to
correctly make the sampling. This is accomplishedby the useof a prescaler.In order
to synchronize the clock with the multiplexer clock a resetsignal is sent to the scaler
every time that the chips are reset.

6.3.3 Single chip tests

The basicparametersof the chip have beenevaluated using internal calibration cir-
cuitry. The internal calibration circuitry provides a well-de�ned voltage step at the
input of the calibration capacitors connectedto every channel. Since the charac-
teristic of the calibration DAC can be measured,the inaccuracy of the electronic
calibration is related only to the deviation of calibration capacitorsfrom the nominal
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Figure 6.8: Single chip tests (the chip is in a protected spaceunderneath the PCB).

valueand the mismatch of the resistorsusedfor the scalingof the calibration voltage.
For comparisonwith the resultsobtainedwith the electroniccalibration, the absolute
calibration of the chip in the set-up with a silicon pad detector and � sourceis also
presented. All the data taken either in the laboratory or in beam tests is corrected
for commonmode 
uctuations and pedestal-subtracted.The calibration factors are
extracted from a �t to the header. Instabilities arising during data taking result in
the update of the pedestalsand noise.

For tracking applicationsthere is no particularly demandingrequirement with res-
pect to the linearity. Nevertheless,the SCTA chip has been designedto provide
a linear response up to 12f C of the input charge. Figure 6.9 shows the lineari-
ty measuredfor one channel. The averagegain is 25mV=f C for SCTA128HC and
40mV=f C for SCTA128VG while a typical spreadof gain in 128channelsof onechip
is 0:9mV=f C rms, i.e. 3% (Figure 6.10). Although the uniformit y of the gain is not
a very critical issuefor the analoguearchitecture the obtained �gure allows useof the
chip without o�-line correction.

The noiseperformanceof the SCTA chip can be optimized accordingto the detec-
tor capacitanceby choosinga proper value of the current in the input transistor. An
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Figure 6.9: Gain linearit y for a single channel

Figure 6.10: Gain acrossthe 128 channelsof a single chip



6.3. THE ANALOGUE SOLUTION (SCTA128) 139

Figure 6.11: Noise acrossthe 128 channelsof a single chip

exampleof the noisedistribution is shown on Figure 6.11. The 500� 550e� noiseis
typical of a singlechip not connectedto sensorstrips.

Sincethe SCTA chip performsvery simple voltage sampling whereonly analogue
value is stored/retrieved from the pipeline, the pedestalspreadbetween ADB cells
contributes asadditional noisesource.By varying the delay betweenthe resetof the
read/write pointer in the ADB and the trigger sent to the chip one can obtain the
pedestalmap in the ADB. Figure 6.12shows the ADB pedestalmap for onechip (128
cells� 128channels). From the presented plot onecanextract the cell-to-cellpedestal
variation as well as the variation of the DC o�set spreadbetweenthe channels.

The distribution of the ADB pedestalspreadsfor all the channelsin oneparticular
chip is shown in Figure 6.13. The 1:1mV meanvalueof the distribution is equivalent
to 150e� ENC of extra, non-correlatedcontribution to the noise generatedby the
front-end. For a low value of the input current and a low detector capacitancethe
additional contribution is about 4%. For higherdetectorcapacitancesandrespectively
higher currents in the input transistor, as required for optimization of noise, this
contribution becomesnegligible.

The measurment hasbeendoneusing40M H z readout clock for the output multi-
plexer, which is synchronouswith the ADB samplingclock. Using slower multiplexer
clock increasesthe activit y of the digital signal asynchronous to the sampling clock
which couplethrough the chip substrate to the inputs of the front-end and increases
the pedestalspread. The typical value of RMS pedestalspreadin analoguememory
for lower readout frequencyis in the rangeof 1:2mV.
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Figure 6.12: ADB pedestalmap in one SCTA chip

Figure 6.13: ADB pedestalspreaddistribution for all channelsin a chip
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Figure 6.14: Pulse shapes at the output of the multiplexer obtained from the delay scan for two
consecutive trigger delays.

The pulseshape at the output of the front-end ampli�er hasalsobeenstudied by
scanningthe delay of the calibration signalwith respect to the 40M H z-samplingclock
for the analoguepipeline. In order to normalizethe results to the absolutetime scale
the measurement has beenrepeated for two consecutive valuesof the trigger delay.
Figure 6.14 shows the exampleof the measurement done for one typical channel of
the SCTA128VG chip. The injected chargewas 3:5f C. The obtained 18ns peaking
time is in the expected range given by the technology processvariation. The RMS
spreadof the peakingtimes for all the channelsin an SCTA128VG chip wasmeasured
to be in the rangeof 0.6%.

The gain of the output bu�er of the analogue multiplexer is in the range of
0.8[V/V]. The gain of the front-end ampli�er is about 50mV=f C. Thereforethe �nal
gain of the whole read-out chain is roughly 40mV=f C. All �gures in this section
showing the gain and linearity refer to the full processingchain (front-end ampli�er,
ADB and output multiplexer).

Given the extreme radiation levels expected in the trackers of experiments at
the LHC radiation hardnessis a very important issueof any front-end chip. The
SCTA128HC version of the chip was produced when the DMILL processwas not
yet completely stabilized. In particular, someresistorsin the chip exhibited a high
sensitivity to radiation, resulting in increasesof up to 50%after the total dose.This
e�ect created problems for the DC bias conditions of the circuit so that the noise
performancecould not be testedup to the ultimate radiation levels. Although in the
SCTA128VG theseproblemswere correctedradiation e�ects in the devicescan not
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Figure 6.15: A hybrid equipped with 6 SCTA128HC chips

be ignored. The critical issueis the noisein the front-end ampli�er. A secondorder
e�ect is the possibledegradationof matching which can a�ect the uniformit y of the
channelsin terms of gain, speedand ADB performance.X-ray irradiations have been
performedat CERN with di�erent doserates to study thesee�ects. The increaseof
parallel noisedueto the BJT � degradationis asexpectedand canbeneglectedin the
caseof a chip working in a module connectedto a detector when the serial noisedue
to the capacitive load is dominant. As expected there was a small decreaseof gain
(7%) and analoguepower consumption (8%). The peaking time and the uniformit y
of the ADB pedestalswereuna�ected by X-ray irradiation. For more information on
irradiation tests of the SCTA chip see[145]and[146].

6.3.4 Mo dule construction

The microstrip silicon sensorsfor the ATLAS experiment are single sided 285 �m
thick detectorswith highly p-doped implant strips in a high resistivity n-type sub-
strate. The implanted strips are AC-coupledto the Al -readout strips via a silicon-
dioxide/silicon-nitride layer. The coupling capacitanceis of the order of 20pF=cm.
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Figure 6.16: Module equipped with SCTA128HC chips and AC-coupled ATLAS barrel detectors.

The strips are biased from a common bias line through polysilicon resistors. The
pitch of the detector is 80�m .

A module consitingof 6 SCTA128HC chips and two 6� 6cm silicon strip detectors
wasbuilt (Figure 6.16). The 6 chips wereplacedon a ceramichybrid with integrated
fan-in neededto match the strip pitch of 80�m and the pitch of the input padson the
chip, which is 60�m . The hybrid wasgluedonto a ceramicboard (Al 2O3) usingnon-
conductingglue. Then spacerswereplacedon the ceramicin order to compensatefor
the 720�m thicknessof the hybrid in order to connectthe guard ring of the detector
directly to the ground line at the edgeof the hybrid. The two CSEM ATLAS barrel
detectorswere placedin end tapped con�guration in order to avoid pick up between
the hybrid and the detectors. Their backplaneswere connectedtogether.

The ceramic"ladder" provided a good 
at surfaceto be supported for the bonding
jig. The strips of the detector closestto the hybrid wereall bondedto the integrated
pitch adaptor. As thereare6 chips on a hybrid which areto bereadout in pairs it was
decidedto bond onechip per pair to onesensor,and the other to both sensors.That
meansonechip's channelsare connectedto 6cm strips and the other chip's channels
are connectedto 12cm strips. This con�guration enablesus to study the e�ect of
strip capacitanceon the front-end of the chips. Bondingsbetweenthe two detectors
were doneaccordingly: 128bondedchannelswere followed by 128unbondedones.

The ceramicpiecewith the hybrid and the sensorswasthen mounted in a specially
designedmetal box. This box wasmeant to hold the module in the beamtelescope as
well as to provide mechanical protection and light-tigh tness. The grounding scheme
of the box was extensively studied in order to avoid any pick-up problems. The box
accomodated the ceramicwith the hybrid and the sensorsaswell asthe support card
that was servicingthe hybrid.

It was also interesting to comparethe performanceof the AC-coupleddetectors
with the DC-coupledones.The ATLAS baselinehaschosenthe AC-coupleddetectors
for the barrel and forward modulesof the SCT. However, if the performanceof DC-
coupleddetectorscould be proven to be corresponding to the requirements, it could
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Figure 6.17: Module equipped with SCTA128HC chips and DC-coupled ATLAS forward detectors.

result in important cost savings for the collaboration. The DC-coupledmodulesused
werewedge32 type forward p-on-n sensors.The �rst three chips werebondedto 6cm
strips, while the last three were bondedto 12cm strips. Concerningthe mechanical
assembly, few changeswere needed. The samehybrid and sameceramic "ladder"
were reusedas for the \barrel" module. In order to seethe e�ects of di�erent strip
capacitance,two such forward detectorswereconnectedtogether on their outer side,
the inner side of one of them being connectedto the hybrid (Figure 6.17). The �rst
three chips of the hybrid were bonded to only one of the detectors,while the other
three were bonded to both of them. Other, than this geometrical di�erence, the
\barrel" and \forw ard" modulesare identical.

Finally, as the new SCTA128VG chips were produced, a module equipped with
barrel AC-coupleddetectorswasproducedin order to evaluate their performance.It
was assembled in exactly the sameway as the �rst \barrel" AC-coupledmodule.

6.3.5 Si strip detector module at the test bench

The modulesweretestedat di�erent stagesof the construction in order to notice any
irregular behaviour. Hence,tests were performedafter placing each pair of chips on
the hybrid. After all 6 chips have been placed on the hybrid, extensive tests were
carried out in order to characterizethe chips. For example,Figure 6.18 shows The
main characteristics of the leftmost two chips after they were glued to the hybrid.
Neither the gain nor the noise performancehas been degraded. It shows that the
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Figure 6.18: Characteristics of the two leftmost chips on the hybrid

mechanical operations (glueing, bonding) have not damagedthe chip. It also shows
that there is no additional pickup betweenthe chips, henceproving the robustnessof
the hybrid designconcerningthe grounding scheme.

The next step in testing was performed when the detector was connectedto the
chips. Checks were performed in order to seewhether the gain stayed the sameand
whether the noiseincreasedas expected from the strip length. Figure 6.19shows an
example gain distribution of the leftmost two chips which are now connectedto a
detector. It can be quickly deducedfrom the plots which chip is connectedto 6cm
silicon strips and which one to 12cm. For the �rst 128 channelsthe noiseincreased
to 1700e� as expected from a capacitancegeneratedby 12cm strips. The noise is
only 1100e� for the channelswhich are connectedto half that capacitance(i.e. 6cm
strips). One can also observe that the processof bonding resulted in somechannels
being shorted (no gain) and somechannelspicking up noise. When constructing the
�rst prototypesthesetypesof problemsarenormal. However, in production, solutions
must be found to reducethe number of de�cient channelsto oneper chip.

The noiseperformanceof the SCTA chip wasoptimized accordingto the detector
capacitanceby adjustment of the current in the input transistor. Figure 6.20 shows
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Figure 6.19: Characteristics of the leftmost two chips of the module

the results of noisemeasurements of one module with SCTA128VG chips connected
to 6.4 and 12:8cm long silicon strip detectors. The measurement has been done
for various bias conditions of the input transistor. The noise performanceof the
chips connectedto 12:8cm strips could be improved by increasingthe bias current
of the output transistor. However, the reduction of ENC is relatively smaller for
high current sincethe noiseof the basespreadresistanceand the noiseof the strip
resistancebecomelimiting factors.

Another important test was to seethe chip behaviour not only with internal cali-
bration circuitry, but with real particles as well. It was also important to prove the
linearity of the electronics, i.e. that on the absolute scalethe system's responseis
linear. In order to do that 
 -ray sourceswereplacedon top of the sensor.The chips
were read out continuously in the 8-samplemode. The data acquisition program
was searching for pipeline cellswith signalsexceedingthe noiseby 5� . Theseevents
were recordedfor further analysis. A �t was made to the samplesusing the known
waveform of the shaper output. The peak valuesfrom these�ts were histogrammed
for various radioactive sourcessuch asAmericium, Terbium and Cobalt. Thesetests
demonstratedthe linearity of the chip (Figure 6.21).
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Figure 6.20: ENC for SCTA128VG chips connectedto various length silicon strip detectors
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Figure 6.21: Linearit y of the chip basedon radioactive sourcetests.
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6.3.6 Beam test setup

Then the module was moved to the SPS X5 west area for a beam test, where its
performancein 'real' conditions wasstudied. The box containing the module had an
axis for mounting in the beamtelescopearoundwhich it waspossibleto turn it aswell
as dowel pins to ensureprecisepositioning. There was also a metal plate which was
�xed in the beamtelescope and had holesfor the dowel pins at positions which were
placing the module at 0, 15, 30, 45, 50 degreescomparedto the plane perpendicular
to the beam. The box had also two additional axesin order to be able to shift the
whole box to the left or to the right comparedto the z axis and illuminate the two
other pairs of chips.

The beam telescope of RD42 was used [147]. The beam telescope had 8 silicon
detector planes, each with a size of (length � width � thickness) = (12:8mm �
12:8mm � 300�m ). The strips of a plane were oriented either vertically (V) or
horizontally (H). The 8 planeswere grouped in two moduleswhere2 vertical planes
weresandwiched betweentwo horizontal planes(HVVH). The SCTA128 module was
placed in between to have good quality tracking. The silicon detectors were single
sidedp-on-n strip detectorswith a pitch of 50� m. The beamtelescope provided the
track position with a resolution of 2�m in both coordinates perpendicular to the
tracks.

The system was triggered using a fast plastic scintillator placed in the beam in
front of the telescope. A total of 256 strips per plane were read out using low noise
VA2 (CMOS) electronics. The data acquisition system, basedon VME bus with
ELTEC E-16 processorrunning OS/9 had a typical acquisition rate of 100 to 300
trigger events per spill. The data wasrecordedon EXABYTE magnetictapesduring
spill breaks.

6.3.7 Beam test results

For the analysisof beamtest data �rst a set of events is processedin order to obtain
the pedestals,the electronic noiseand the calibration factors for the readout 
ash
ADC card. Then a search for clusters is performed, selectingstrips having signals
higher than 4 times their noise. Any neighbouring strips with a signalover noise�gure
exceedingthe value of 3 are added into the cluster de�nition. The signal over noise
distributions for the cluster signalsfor 12:8cm strips areshown in Fig 6.22. The most
probable value of the signal-to-noiseratio is 19. Thesevaluesare largely su�cien t
to provide a high particle detection e�ciency while keepingthe noiseoccupancywell
below ATLAS requirements.

For the given strip pitch of 80�m and perpendicular tracks most of the events
result in single strip hits. For those events the spatial resolution is expected to be
that of a binary system, i.e. pitch/

p
12. For double strip hits one gets a signi�cant

improvement of the spatial resolution by weighting the reconstructedposition with
signalamplitudesfor the neighbouring strips. In our test wehad around85%of single
strip hit events and 15%of doublestrip hits. The spatial resolutionsare 21:4�m and
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Figure 6.22: Signal over noisefor 12:8cm strips

Figure 6.23: Resolution of double-hit and single-hit clusters.
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Figure 6.24: Charge sharing among adjacent strips

3:0�m respectively (Figure 6.23) [148] [149]. Given the relatively small fraction of
double strip hits in our test the overall spatial resolution is dominated by the single
strip hits. In the experiment, however, the fraction of doublestrip hits is expectedto
be much higher due to inclined tracks and e�ects of the magnetic �eld which results
in additional smearingof the chargecollectedin the detector.

Figure 6.24 shows the responseof the module to inclined tracks, as we rotate it
around the axis parallelto the vertically running strips. Chargesharing is increasing
with increasingangleasexpected.

Another important parameter describing the overall performanceof the detector
module is the noiseoccupancyfor a given tracking e�ciency . The plot showing the
noise occupancy versus tracking e�ciency for tested modules is presented in Fig-
ure 6.25. For the e�ciency calculation only events with onewell-reconstructedtrack
were considered.

The \barrel" module equipped with the SCTA128VG chips wastestedin the beam
aswell. Figure 6.26shows a signalover noisedistribution of data taken with 100GeV
pion beam. The chips wereoperatedunder normal conditions with the input transis-
tor current set to 200�A .

6.3.8 Test of a linear optical link

A four-channel linear optical link hasbeendeveloped to enableanaloguedata trans-
mission in LHC experiments for the analoguefront-end chip SCTA128 [150] [151]
[152]. Signalsfrom a prototype module have beentransmitted at 40M H z using the
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Figure 6.25: Noise occupancy versuse�ciency for 12:8cm silicon strip detector module equipped
with SCTA128HC chips.

Figure 6.26: Signal over noise from data taken with 100GeV pion beam for a chip connected to
12:8cm detector strips.
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Figure 6.27: VCSEL light output versuscurrent

Mitel 4D469VCSEL and matching PIN diode at a wavelength of 850nm.
The useof Vertical Cavit y SurfaceEmitting Lasers(VCSELs) for low-cost radi-

ation hard links for the transmissionof digital information in the LHC experiments
is now well established.The transmissionof analogueinformation, however, presents
greaterproblems. VCSELsare characterisedby low-threshold currents, typically less
than 6mA, high optical power output, 1mW of optical coupled power being easily
available, high slope e�ciencies, typically 250mW=A and high bandwidth, typically
2GH z, limited by the packaging. Studieshave shown VCSELsto be radiation hard.
Unfortunately, VCSELs display discontinuous non-linearity in their current versus
light output characteristic, due to mode shifts of the light output produced by the
Fabry-Perot resonancede�ned by its distributed Bragg re
ector mirrors. Previous
studieshave shown that acceptablelinear performancecan be achieved by selecting
the modulated range of the VCSEL. Recently developed devicesby MITEL show a
wide linear rangewithout the needof careful selection.

The linear transfer characteristic was measuredby varying the direct current in
the VCSEL and measuring the light output. This is shown for three VCSELs in
Figure 6.27. The "knee" is observed to be between 3 and 6mA. Slope e�ciencies
were better than 250mW=A. The non-linearity has beenmeasuredto never exceed
1% over the linear range(Figure 6.28).

If the dynamic range is assumedto be 10 MIPs, corresponding to a 1 V output
from the receiver, then the additional noiseof the optical link is equivalent to 170
RMS electrons to be added in quadrature to the total system noise. The output
signal of the optical link, consistingof a headerfollowed by the baseline,is shown at
40M H z on Figure 6.29.
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Figure 6.28: Residualsof least-squares�t

Figure 6.29: Headerof an SCTA chip with optical readout.
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Figure 6.30: Noise for copper and optical readout.

Figure 6.31: Calibration linearit y for copper and optical readout.
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Figure 6.32: 241Am spectra for both copper and optical readout

Figure 6.30 shows the noisefor 128 channelsfor copper and optical readout per-
formed on the \barrel" module equipped with SCTA128HC chips. The important
conclusionis that the optical readout adds a negligible amount of noise to that of
the front-end and the 6cm detector strips. Figure 6.31shows the gain linearity for a
singlechannel both for copper and for optical readout.

The samemodule was bench tested with an 241Am sourceas well. The resulting
spectra are shown in Figure 6.32 for both copper and optical readout. The optical
readout causesno observable shift or distortion in the spectrum.

It was also important to prove the linearity with radioactive sources,i.e. that on
the absolutescalethe system'sresponseis still linear for optical readout. Tests like
those described in section6.3.5were carried out again with Americium, Cobalt and
Terbium sources,and showed that there wasno degradationin linearity (Figure 6.33).
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Figure 6.33: Chip responselinearit y with radioactive sourcesand optical readout

6.3.9 Conclusions

The ABCD3T chip is the �nal versionof the binary readout for the ATLAS Semicon-
ductor Tracker. It incorporates�xes of minor imperfectionsidenti�ed in the previous
prototypes. The ABCD2T and ABCD3T chips have beenusedextensively for build-
ing completeSCT modulesusedthen in the beamtests and the multi-module system
test. Resultsobtained with the ABCD2T versionof the ABCD readout chips show a
gain uniformit y of lessthan 3%, noiselevels of 1400(respectively 770,430) electrons
with 12cm length (respectively 6cm and no detector bonded)silicon strip detectors.
The channel-to-channel uniformit y of threshold was 18.3%at 1f C before trimming
and 5.1%at 1f C after, proving that the trimming functionality works as expected.
About 100 ABCD2T and ABCD3T chips have been irradiated in various tests up
to the total dosesas expected in the ATLAS SCT. All thesetests showed consistent
resultsand the singleevent e�ect ratesof 1� 5� 10� 5=bit=smeasuredfor the di�erent
registersare adequatefor correct operation of the SCT.

The SCTA chip is an implementation of a full analoguearchitecture satisfying the
requirements of LHC experiments. The analogueperformanceof the SCTA chip is
adequatefor the readout of LHC type silicon strip detector modules. Excellent uni-
formity of the analogueparameterson chip level hasbeenshown. The gain linearity
wasmeasuredto be excellent up to 12f C of the input chargeand the spreadof gain
in 128 channelsof a singlechip was around 3%. The variation betweenthe peaking
times of the pulseshapeat the output of the front-end ampli�er for the di�erent chan-
nelsof a singlechip were found to be below 1%. The results of the X-ray irradiation
have shown radiation hardnessof the SCTA chip up to the ionizing dosesrequiredby
the LHC experiments.
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ATLAS-t ypemoduleshavebeenconstructedwith both AC-coupledand DC-coupl-
ed sensorsto test the performanceof the SCTA chips. The noisewhich increaseddue
to the capacitanceof the silicon detector strips was found to be 1700e� and 1100e�

for 12:8cm and 6:4cm detector strips, respectively. Tests with radioactive sources
con�rmed the linearity seenusing internal calibration.

The modules were also evaluated in beam tests at the SPSacceleratorcomplex.
The spatial resolution for singlehit clusterswas found to be 21�m asexpectedfrom
the digital resolution of silicon detectors with an 80�m pitch. The resolution of
doublehit clusterswas found to be 3�m . The noiseoccupancyremainedbelow 10� 4

even for tracking e�ciencies reaching 99%.
Due to their analoguearchitecture, the modules equipped with the SCTA chips

werealsousedto study the performanceof a linear optical link developed for analogue
data transmission of LHC experiments. It was shown that the link does not add
noticeablenoiseand does not a�ect the linearity of the system, thus satisfying the
criteria of transmitting the signalswithout distortions.

The studiesperformedon the SCTA chip have alsocontributed signi�cantly to the
understandingof the ABCD front-end. Thesestudiesresultedin modi�cations which
helped to achieve acceptableyields for the digital design. Furthermore, the SCTA
chips have beenusedextensively for the irradiation studiesof the silicon detectorsfor
the SCT.

The presented results show that SCT modules meet the performancerequired
for providing precisetracking in the ATLAS experiment. The low occupancycoupled
with the high tracking e�ciency ensuresthat the SCT togetherwith the Pixel detector
provides enoughprecision points for excellent secondaryvertex reconstruction and
impact parameterresolution. The singlehit cluster resolutionwasfound to be 21�m ,
and it is even an order of magnitude better for double hit clusters,which should be
numerousgiven the magnetic �eld present in the tracking volume. Thesequalities
make the SCT a formidable link in the study of B physics, including the search for
decays such as B0

d ! ��K � 0 , studied within the framework of CDF in Chapter 4.
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App endix A

Num ber of signal events for the
B0

d ! J= K � 0decay

This Appendix shows the number of signal events for the B0
d ! J= K � 0 decay as a

function of the L xy , �� and I solation cuts. Each plot shows a scanof L xy and ��
cuts corresponding to a given I solation cut. Figures A.1 through A.7 correspond
to di�erent I solation cuts from 0.5 to 0.8 in stepsof 0.05. On these�gures the �rst
columnrepresents the number of signalevents for the B0

d ! J= K � 0 decay whenthere
is no L xy cut applied, while the other nine columnsrepresent cuts from 0:015cm up
to 0:135cm in stepsof 0:015cm; the uppermost row represents the number of signal
events for the B0

d ! J= K � 0 decay when there is no �� cut applied, while the other
nine rows represent upper cuts on �� from 0:072rad down to 0:008rad in stepsof
0:008rad.
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Figure A.1: Number of B0
d ! J= K � 0 events for I so > 0:5.
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Figure A.2: Number of B0
d ! J= K � 0 events for I so > 0:55.
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Figure A.3: Number of B0
d ! J= K � 0 events for I so > 0:6.
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Figure A.4: Number of B0
d ! J= K � 0 events for I so > 0:65.
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Figure A.5: Number of B0
d ! J= K � 0 events for I so > 0:7.
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Figure A.6: Number of B0
d ! J= K � 0 events for I so > 0:75.



163

50

100

150

200

250

300

 [cm]xyL
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

 [r
ad

]
F

D

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

 events in the signal window (iso>0.8)*0 KyNumber of J/

78.2852 81.003 79.1494 78.3231 72.714 68.9739 67.0386 62.2014 57.336 48.7313

123.525 128.68 125.69 121.514 112.517 103.19 99.1171 91.6614 84.8726 75.6707

148.762 155.813 152.149 145.444 135.525 122.957 117.161 106.613 96.4988 86.8464

168.158 174.698 170.782 162.14 150.664 134.103 126.268 113.473 103.193 92.4693

183.177 191.205 187.319 176.631 161.679 144.369 133.776 116.983 105.69 93.8595

209.609 215.383 209.602 193.12 178.955 157.607 145.204 123.663 109.092 96.4402

226.626 230.069 223.893 206.348 189.996 165.837 152.556 128.522 110.088 96.959

235.344 238.282 231.261 213.602 195.01 167.287 154.26 130.208 110.777 97.6705

243.315 242.635 234.171 216.99 196.761 169.321 155.231 130.628 110.476 97.6705

324.359 315.941 283.469 247.295 206.582 174 157.491 130.7 109.853 97.4242

Figure A.7: Number of B0
d ! J= K � 0 events for I so > 0:8.
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App endix B

Signal optimization plots for
S2=(S + B)

This Appendix shows �gures of merit

f om2 =
S2

(S + B)
(B.1)

for the B0
d ! ��K � 0 decay as a function of the L xy , �� and I solation cuts. Each

plot shows a scanof L xy and �� cuts corresponding to a given I solation cut. Fig-
ures B.1 through B.7 correspond to di�erent I solation cuts from 0.5 to 0.8 in steps
of 0.05. On these�gures the �rst column represents the �gure of merit when there is
no L xy cut applied, while the other nine columnsrepresent cuts from 0:015cm up to
0:135cm in stepsof 0:015cm; the uppermost row represents the �gure of merit when
there is no �� cut applied, while the other nine rows represent upper cuts on ��
from 0:072rad down to 0:008rad in stepsof 0:008rad.
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Figure B.1: Figure of merit S2=(S + B ) for I so > 0:5.
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Figure B.2: Figure of merit S2=(S + B ) for I so > 0:55.
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Figure B.3: Figure of merit S2=(S + B ) for I so > 0:6.
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Figure B.4: Figure of merit S2=(S + B ) for I so > 0:65.
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Figure B.5: Figure of merit S2=(S + B ) for I so > 0:7.
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Figure B.6: Figure of merit S2=(S + B ) for I so > 0:75.
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Figure B.7: Figure of merit S2=(S + B ) for I so > 0:8.
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App endix C

Signal optimization plots for
S2=(a=2+

p
B)2

This Appendix shows �gures of merit

f om3 =
S2

( a
2 +

p
B)2

(C.1)

for the B0
d ! ��K � 0 decay as a function of the L xy , �� and I solation cuts. The

value of a has beenchosento search for a one � discovery. Each plot shows a scan
of L xy and �� cuts corresponding to a given I solation cut. Figures C.1 through
C.7 correspond to di�erent I solation cuts from 0.5 to 0.8 in stepsof 0.05. On these
�gures the �rst columnrepresents the �gure of merit whenthere is no L xy cut applied,
while the other nine columns represent cuts from 0:015cm up to 0:135cm in steps
of 0:015cm; the uppermost row represents the �gure of merit when there is no ��
cut applied, while the other nine rows represent upper cuts on �� from 0:072rad
down to 0:008rad in stepsof 0:008rad. For the present data a = 1 was chosen(see
Section4.5.4).
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0.00527543 0.0657706 0.145129 0.241611 0.28596 0.315414 0.382922 0.368255 0.343049 0.327773

Figure C.1: Figure of merit S2=(a=2 + B )2 for I so > 0:5.
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Figure C.2: Figure of merit S2=(a=2 + B )2 for I so > 0:55.
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Figure C.3: Figure of merit S2=(a=2 + B )2 for I so > 0:6.
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Figure C.4: Figure of merit S2=(a=2 + B )2 for I so > 0:65.
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Figure C.5: Figure of merit S2=(a=2 + B )2 for I so > 0:7.
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Figure C.6: Figure of merit S2=(a=2 + B )2 for I so > 0:75.
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Figure C.7: Figure of merit S2=(a=2 + B )2 for I so > 0:8.
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App endix D

Estimated background for the
B0

d ! ��K � 0decay

This Appendix shows the number estimatedbackground events for the B0
d ! ��K � 0

decay as a function of the L xy , �� and I solation cuts. Each plot shows a scanof
L xy and �� cuts corresponding to a given I solation cut. Figures D.1 through D.7
correspond to di�erent I solation cuts from 0.5 to 0.8 in steps of 0.05. On these
�gures the �rst column represents the number of estimatedbackground events for the
B0

d ! ��K � 0 decay when there is no L xy cut applied, while the other nine columns
represent cuts from 0:015cm up to 0:135cm in stepsof 0:015cm; the uppermost row
represents the number of estimated background events for the B0

d ! ��K � 0 decay
when there is no �� cut applied, while the other nine rows represent upper cuts on
�� from 0:072rad down to 0:008rad in stepsof 0:008rad.
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28.9196 11.3422 4.22159 2.01627 1.05348 0.728277 0.520507 0.330918 0.278874 0.242599

60.1192 22.9866 9.12213 4.61161 2.95897 1.93755 1.44836 1.10175 0.87912 0.738236

89.363 33.4503 13.6333 6.97866 4.09301 2.67837 2.02624 1.52345 1.27694 0.980295

119.873 43.9726 17.7999 9.52002 5.75644 3.53455 2.85174 1.96026 1.62071 1.32724

149.6 55.8878 22.2705 11.7188 7.34424 4.74501 3.9473 3.02387 2.31839 1.94894

183.046 68.697 27.3586 14.4303 8.92605 6.01427 4.7859 3.6167 2.79272 2.39627

212.867 80.8311 32.0035 16.8941 10.6393 7.05837 5.48683 4.06951 3.19946 2.65501

241.848 91.4669 36.0127 18.7302 11.5545 7.60668 5.90099 4.37748 3.50062 2.93062

269.634 100.691 39.4532 20.3654 12.115 7.88361 6.04857 4.51941 3.64431 2.9717

5325.16 480.654 153.895 69.6565 40.0232 25.0805 16.1303 10.9182 7.99643 6.41404

Figure D.1: Estimated background for the B0
d ! ��K � 0 decay for I so > 0:5.
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50.1758 19.1847 7.61338 3.84888 2.46957 1.61709 1.20881 0.919526 0.733718 0.616136

74.5828 27.9178 11.3785 5.82443 3.41605 2.23538 1.69111 1.27148 1.06574 0.818159

100.046 36.6998 14.8559 7.94546 4.80436 2.94995 2.38008 1.63604 1.35265 1.10772

124.857 46.6442 18.5871 9.78055 6.12954 3.96021 3.29444 2.52373 1.93494 1.6266

152.771 57.3349 22.8336 12.0436 7.44973 5.01955 3.99434 3.01852 2.33082 1.99994

177.66 67.4621 26.7103 14.0999 8.87966 5.89096 4.57934 3.39644 2.67028 2.21589

201.848 76.3388 30.0564 15.6323 9.64343 6.34858 4.925 3.65347 2.92163 2.44591

225.038 84.0371 32.9279 16.997 10.1113 6.57971 5.04817 3.77192 3.04156 2.48019

4444.41 401.156 128.442 58.1357 33.4036 20.9323 13.4624 9.11238 6.67387 5.3532

Figure D.2: Estimated background for the B0
d ! ��K � 0 decay for I so > 0:55.
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98.4403 36.7755 14.6545 7.71123 4.83268 3.12233 2.59741 1.98977 1.52556 1.28245

120.448 45.2042 18.0026 9.49551 5.87355 3.95753 3.14923 2.37987 1.83767 1.5768

140.071 53.1888 21.0591 11.1167 7.00094 4.64458 3.61046 2.67783 2.10532 1.74706

159.142 60.1874 23.6972 12.3249 7.60312 5.00537 3.88299 2.88048 2.30349 1.92842

177.426 66.2569 25.9611 13.4009 7.97197 5.1876 3.9801 2.97388 2.39804 1.95545

3504.08 316.281 101.267 45.8356 26.3362 16.5036 10.6141 7.18443 5.26184 4.22059

Figure D.3: Estimated background for the B0
d ! ��K � 0 decay for I so > 0:6.
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29.7086 11.3591 4.5078 2.27888 1.46221 0.95746 0.715724 0.544442 0.434427 0.364808

44.1597 16.5299 6.73706 3.44859 2.0226 1.32355 1.00129 0.752829 0.631016 0.484424

59.2364 21.7296 8.79603 4.70442 2.84461 1.74664 1.40922 0.968685 0.80089 0.655872

73.9265 27.6176 11.0052 5.79096 3.62924 2.3448 1.9506 1.49428 1.14566 0.96309

90.4541 33.9474 13.5196 7.13092 4.41091 2.97202 2.36501 1.78723 1.38005 1.18414

105.19 39.9436 15.8149 8.34842 5.25755 3.48797 2.71138 2.011 1.58105 1.312

119.512 45.1994 17.7961 9.25573 5.70977 3.75893 2.91604 2.16318 1.72987 1.4482

133.243 49.7575 19.4962 10.0638 5.98677 3.89578 2.98897 2.23332 1.80087 1.4685

2631.49 237.52 76.049 34.4216 19.7779 12.3938 7.97097 5.39535 3.95153 3.16957

Figure D.4: Estimated background for the B0
d ! ��K � 0 decay for I so > 0:65.
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10.4404 4.09469 1.52405 0.727902 0.38032 0.262918 0.18791 0.119466 0.100677 0.0875816
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32.2613 12.076 4.92182 2.5194 1.47763 0.96693 0.7315 0.549986 0.460994 0.3539
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66.0821 24.8006 9.87684 5.20956 3.22243 2.17124 1.72778 1.30568 1.00821 0.865087

76.8478 29.1812 11.5537 6.09902 3.84095 2.54817 1.98082 1.46915 1.15505 0.958497

87.3105 33.0208 13.0011 6.76186 4.17133 2.74612 2.13034 1.58033 1.26377 1.058

97.3417 36.3508 14.2432 7.35218 4.37369 2.8461 2.18362 1.63157 1.31565 1.07282

1922.46 173.523 55.5583 25.147 14.449 9.05441 5.82327 3.94162 2.88682 2.31556

Figure D.5: Estimated background for the B0
d ! ��K � 0 decay for I so > 0:7.
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7.17358 2.81346 1.04718 0.500141 0.261318 0.180651 0.129113 0.0820851 0.0691755 0.0601773

14.9127 5.70189 2.26277 1.14392 0.73398 0.480613 0.35927 0.273292 0.218068 0.183122

22.1667 8.29744 3.38179 1.73108 1.01528 0.664378 0.502614 0.377895 0.316749 0.243165

29.7347 10.9075 4.41532 2.36147 1.4279 0.876754 0.707382 0.486248 0.40202 0.329226

37.1087 13.8631 5.52427 2.90687 1.82176 1.17701 0.979138 0.750078 0.575084 0.48344

45.405 17.0405 6.78638 3.57949 2.21413 1.49186 1.18716 0.897132 0.692742 0.594401

52.8021 20.0504 7.93855 4.19064 2.63912 1.75085 1.36102 1.00945 0.793634 0.658583

59.991 22.6886 8.93306 4.64607 2.86612 1.88686 1.46376 1.08585 0.868337 0.726948

66.8835 24.9766 9.78647 5.05168 3.00516 1.95555 1.50036 1.12105 0.90398 0.737137

1320.92 119.227 38.1741 17.2785 9.92787 6.22129 4.00117 2.70829 1.98354 1.59102

Figure D.6: Estimated background for the B0
d ! ��K � 0 decay for I so > 0:75.
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Figure D.7: Estimated background for the B0
d ! ��K � 0 decay for I so > 0:8.
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App endix E

Num ber of estimated signal events
for the B0

d ! ��K � 0 decay

This Appendix shows the number estimatedsignal events for the B0
d ! ��K � 0 decay

as a function of the L xy , �� and I solation cuts. Each plot shows a scanof L xy and
�� cuts corresponding to a given I solation cut. FiguresE.1 through E.7 correspond
to di�erent I solation cuts from 0.5 to 0.8 in stepsof 0.05. On these�gures the �rst
column represents the number of estimated signal events for the B0

d ! ��K � 0 decay
when there is no L xy cut applied, while the other nine columnsrepresent cuts from
0:015cm up to 0:135cm in stepsof 0:015cm; the uppermost row represents the num-
ber of estimated signal events for the B0

d ! ��K � 0 decay when there is no �� cut
applied, while the other nine rows represent upper cuts on �� from 0:072rad down
to 0:008rad in stepsof 0:008rad.
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Figure E.1: Number of estimated B0
d ! ��K � 0 events for I so > 0:5.
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Figure E.2: Number of estimated B0
d ! ��K � 0 events for I so > 0:55.
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Figure E.3: Number of estimated B0
d ! ��K � 0 events for I so > 0:6.

1

1.5

2

2.5

3

3.5

4

4.5

5

 [cm]xyL
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

 [r
ad

]
F

D

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

Number of estimated signal events (iso>0.65)

1.24156 1.28409 1.25593 1.25022 1.12746 1.0335 1.00535 0.932085 0.839303 0.746776

2.08233 2.19153 2.11305 2.0594 1.88614 1.70714 1.63306 1.47352 1.35469 1.23205

2.54132 2.62469 2.54812 2.46001 2.25829 2.05223 1.93779 1.74337 1.56761 1.42861

2.82015 2.89473 2.82436 2.72078 2.48823 2.24493 2.11151 1.88478 1.7017 1.55111

2.99589 3.10164 3.0194 2.91128 2.63747 2.37667 2.22158 1.93766 1.74688 1.58469

3.44699 3.49004 3.34388 3.17227 2.85254 2.53836 2.36977 2.03044 1.78318 1.61171

3.69413 3.69112 3.55049 3.36693 3.00638 2.66776 2.46785 2.09967 1.80127 1.61688

3.8279 3.81388 3.64551 3.46173 3.06736 2.68101 2.48387 2.11552 1.80597 1.62178

3.97469 3.93283 3.73894 3.54681 3.13681 2.73193 2.51527 2.11988 1.80255 1.62178

5.11513 5.11486 4.47608 4.03094 3.32442 2.85677 2.59703 2.14634 1.81385 1.63775

Figure E.4: Number of estimated B0
d ! ��K � 0 events for I so > 0:65.
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Figure E.5: Number of estimated B0
d ! ��K � 0 events for I so > 0:7.
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Figure E.6: Number of estimated B0
d ! ��K � 0 events for I so > 0:75.
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Figure E.7: Number of estimated B0
d ! ��K � 0 events for I so > 0:8.
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