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Chapter 1

Resume

Cememoiredetheseestcompose de trois parties. La premierepartie donneunebreve
introduction theoriqueau modele physique desinteractions etudieesdans le presem
memoire. La deuxiemepartie decrit la recherche desdesirtegrationsBy! K  © ef-
fectuee dans le cadre de I'experience CDF (Collider Detector at Fermilab). Elle
introduit d'abord en detail le detecteur CDF et sescomposarts, ensuiteelle explique
la strategie d'analyse utilisee pour obtenir les rapports de branchemen, et le cas
edeant, leslimites superieuresdesrapports de branchemern optimales. La troisieme
partie commencepar la description du collisionneurLHC (Large Hadron Collider) et
de I'experienceATLAS (A Toroidal LHC Apparatus). Finalemen, la construction et
ewvaluation de modules ATLAS equipesde pucesSCTA serapresemeeen detail. Ces
modules sort essetiels pour la detection desdesirtegrationsdesmesonsB, comme
BY! K 9, qui peuert explorer la validite desdi erertes theoriesdecrivant la
physique desparticules.

1.1 Intro duction th eorique

Le Modele Standard (SM) desinteractions electro-faibleset fortes decrit les interac-
tions ertre les particules elemenaires en utilisant la theorie quartique deschamps.
Jusqua presem, le Modele Standard a eu un sucesremarquablepar cespredictions
qui ont ete veri eesexperimertalemert.

A presem, un desobjectifs de la physique desparticules est de veri er lesvaleurs
deselemerts de la matrice de melangedesquarks, la matrice de Cabibbo-Kobayashi-
Maskawa. Le domainele plus adapte a cesrecherches est celui des desirtegrations
desmesonsB. Un type tresinteressah de cesdesirtegrations est celui qui est in-
duit par les courarts neutres avec changemen de saveur. Dans le Modele Standard
cescourarts sort interdits au premier ordre, et ne peuvernt procederqu'a traversdes
diagrammesd'ordre plus elew, ce qui implique des rapports de branchemern tres
faibles. De ce fait, la mesuredes processusde ce type, commeBj! K 0, est
experimertalment un de important. Dansplusieursextensionsdu Modele Standard,
notammert dans plusieurs des modelessupersynetriques, cesdesirtegrations pour-
raient proceder via des processusadditionnels, augmenant le rapport de branche-

XiX
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mert. La mesured'un rapport de branchemern di erert de celui predit par le Modele
Standard pourrait @tre l'indication de nouveaux phenomenesphysiquesau-deh de
celui-ci.

1.2 L'exp erience CDF au Tevatron

Le Tewatron est un collisionneurde type proton-antiproton situe au Fermi National

Laboreﬁory (FERMILAB) a Chicago (Etats-Unis). Son energiede cerire de masse
estde’ s= 1:96TeV, cequi enfait le collisionneuratteignant la plus haute energie
jusqu'a la miseen servicedu Large Hadron Collider (LHC).

CDF est une desdeux experiencesmultifonctionnelles construitesa n de permet-
tre I'etude de collisions pp au Tevatron. C'est un detecteur cylindrique avec une
symetrie avant-arri ere, concu pour couvrir le plus d'angle solide possibleautour du
point d'interaction. On utilise un systemede coordonneespolairesou r estla distance
mesuee a partir du point d'interaction, estl'angle azimutal setrouvant dansle
plan perpendiculaire a la direction du faisceau,et estl'angle polaire qui de nit la
pseudorapidie = Intan ;.

En partant du point d'interaction lesparticules produites rencorirent trois parties
principalesdu detecteur:

Lesdetecteursde tracesde particules chargees:Layer 00 (L00O), le Silicon Vertex
Detector (SVX 11), I'Intermediate Silicon Layer (ISL) et le Certral Outer Tracker
(COT).

Les calorimetres electromagretiqueset hadroniques.

Les chambresa muon: le Certral Muon Detector (CMU), le Certral Muon Up-
grade (CMP) et le Certral Muon Extension (CMX).

Le detecteur de vertex au silicium est la premiere coude cylindrique autour du
tube a vide du Tewatron. Il estcompose de L0O, SVX et ISL. Il s'agit de detecteursa
bandesou \microstrips” ausilicium. LOO, etant a 1:35cm, estla coude la plus proche
du point d'interaction. Le SVX est compose de trois cylindres de 29cm de longueur,
qui { montes ensenble { mesuren au total 96cm. Chaque cylindre est divise en
douze sectionsazimutales de 3(°, chacunecortenant cing coudes de detecteursau
silicium, qui mesuren la position destraces dans le plan r . Le SVX permet
la reconstruction precisedes points d'interaction secondairesdes particules avec un
court temps de vie, commeles mesonsB. Il mesurele parametre d'impact avec une
precisionallant jusqu'a 50 m . Le ISL qui setrouve ertre le SVX et le COT prolonge
la couverture desdetecteursau silicium a desvaleursde pseudorapidie allant jusqu'a
2.0.

Le COT est une chambre a derive de 310cm de long avec un rayon interieur de
44cm et un rayon exterieur de 132cm. Elle est composee de 96 coudes alternant
des Is de mesureaxiaux et stereo. Le COT est capablede reconstruire les traces
desparticules dansla regionde j < 1.0 avec une impulsion transversesuperieurea
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400M eV=c Lesdetecteursde tracessetrouvert a l'interieur du champ magnretique
de 1:4T produit par un aimant sokenadal place autour d'eux.

Les calorimetres electromagretiques et hadroniquesbases sur la technologie des
scirtillateurs mesuren le passagedes particules avecj j < 3:64. Les chambres a
muons sort situeesa l'exterieur descalorimetres electromagretiqueset hadroniques.
Dans la region certrale (j ] < 0:6) le CMU est constitue de quatre coudes de
chambres a derive. Elles identient les muons par le biais de leur fort pouwoir de
peretration, en reconstruisam dessegmets de traces et les assaiant aux tracesre-
construitespar le SVX et le COT. Derriere 60cm d'acier additionnels setrouven les
guatre plans de chambresa derive du CMP, qui permettert un taux de rejet de bruit
de fond encoreplus important quele CMU. La couwerture deschambresa muonsest
completee par le CMX qui couvrela region0:6 < j j < 1:0. Leschambresa muons
incluent aussides scirtillateurs qui permettert de mesureravec precisionle temps
exact de passagele la particule.

Le systeme de declentiemernt est compose de trois niveaux congecutifs, chacun
diminuant le nombre d'evenemeits d'un ou deux ordres de grandeur. Une partie
specialemenh interessate du deuxiemeniveaudu systemede declentiemen estle Sili-
conVertex Tracdker, qui, pour la premierefois pour un collisionneur,permetd‘avoir des
coupuressur les quartit escommele parametre d'impact, et celaavec une resolution
de 50 m . Ceci permet de selectionner des desirtegrations B! K © avec une
e cacit e accruetout en rejetant la majeure partie du bruit de fond.

1.3 La recherche de la desintegration B! K © a CDF

Pour la presete recherche, un edartillon de donneescollecteespendart la periode
de Mars 2002-Adxt 2003 corresmpndart a une luminosite integree de 215pb !, est
utilise. Le rapport de branchemen de la desirtegrationB! K ©° estmesue par
rapport a celui de la desirtegrationBY ! J= K °. Ainsi, plusieursfacteursdi ciles
a determiner{ commela luminosite, la sectione cace de production du mesonB] et
certainese cacit esde reconstruction et de selection { et leurs incertitudes peuvert
etre elimines. Le K © estreconstruit a partir d'un kaonet d'un pion, alorsquele J=
estreconstruit a partir de deux muonspour avoir desetats naux identiques pour les
deux desirtegrations.

Pour reconstruirelesdeuxdesirtegrationsBy ! K © etBJ! J= K %, oncom-
mencepar choisir desevenemets qui ont ete selectionrespar un desdeclentiemerts
a dimuons'. Cela signi e que l'impulsion transverse des muons detectes par CMU
doit etre superieurea 1:5GeV, ceuxdetectespar CMX superieurea 2:0GeV et ceux
detectespar CMP superieurea 3:0GeV. Pour chacundesmuons,la di erenceertre
le point de detection dans une des chambres a muons et I'extrapolation de la trace
depuisle systemede trajectographie,doit &tre inferieurea 30cm, 50cm et 25cm pour
CMU, CMX et CMP, respectivemen. Une masseinvariante desdeux muonsertre 0

1Ce sont dailleurs les declenchements du niveau 1 qui sont optimis es pour l'acquisition des J= , ce qui est tres
precieux pour le canal B! J= K ©
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et 6GeV estrequise.

La prochaine etape, consistea reconstruire le kaon K © a partir d'un kaon et
d'un pion. Puisque CDF n'est pas tres performart pour l'identi cation deskaons
et des pions pour la plage d'impulsions transversespertinentes, pour chaque trace
on envisageles deux hypotheses.L'impulsion transversede chacunedestraces doit
etre superieurea 0:5GeV, la masseinvariante de la paire kaon-pion doit &tre dans
une fourchette de  100M eV autour de la massede K ° publieepar le Particle Data
Group, et l'impulsion transversedu candidat K © doit &tre superieurea 2GeV. Ces
coupuresdiminuernt sensiblemen le bruit de fond conbinatoire d( a l'identi cation
erroneekaon-pion.

La derniere etape est la reconstruction du mesonBJ. Un t cinematique de
moindres-caresdesquatre traceseste ectue ou lestracessort cortraintesde provenir
d'un mémevertex, et la variable decrivant la qualite du t dewant etre inferieurea
15. Ainsi lescandidatsdont lestracessort prochesdansl'espacemais ne proviennen
pasd'un mémevertex, seror elimines. L'impulsion transversedu candidat B? doit
@tre superieurea 6 GeV.

Pour lescandidatsB)! J= K °, la masseinvariante desdeux muonsdoit &tre a
moins de 200M eV de la massedu J= , et la masseinvariante du candidat doit &tre
a moins de 50M eV de la massedu BJ. Pour lescandidatsBj! K ©,la masse
invariante du candidat doit aussi®tre a moins de 50M eV de la massedu B§. Par
cortre, on exclut lesregionsde 200M eV autour delaresonancel= , et 100M eV
autour de la resonance (2S).

Apres les coupuresde base, qui viennert d'€tre decrites, une optimisation est
e ectueesur trois variableschoisiespour diminuer le bruit de fond dansla mesuredu
possible,tout en gardart une e cacit e maximale pour le signal recherche. Lestrois
variables choisiespour l'optimisation sort l'isolation, la longueur de desirtegration
transverseet I'angle d'ouverture.

Au cours de la fragmertation d'un quark b, le mesonB resultart a tendancea
emporter la majeure partie de l'impulsion du quark initial. 1l enresultequ'une grande
fraction de lI'impulsion mesuee dansun cone autour de mesonB est portee par les
particules issuesde la desirtegration du mesonB. Cette fraction, de nie comme

P estappeleeisolation. La sommeest une sommescalaireincluant toutes
B
lestraces (sauf cellesdesparticules is&uesde la desirtegration du B) qui setrouven

alinterieurdu conedeni par R= ( )2+ ( )2 autour du vecteurd'impulsion
du candidat.

La deuxiemevariable d'optimisation estlieeau fait quelesmesonsB ont un temps
de vie relativemen long compare au celui de la majeure partie du bruit de fond.
Ainsi, la longueurde desirtegration propre permet d'eliminer une grande portion de
ce bruit de fond. Pour la determination de cette quartit e il est tresimportant de
reconstruire la position de la desirtegration du meson, appelee vertex secondaire,
avecune grandeprecision. Pour obtenir cette precisionon requiert que le passageales
particules soit enregistie dansau moins 20 (16) couhesaxiaux (stereo) du COT, et 3
coudesdu SVX. Pour lespions et kaonsde bassempulsion transversecette exigence
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est encoreplus stricte, car on demandeque le passageale la particule soit enregistie
dansau moins 4 descoudesdu detecteurau silicium. La longueurde desirtegration
transverseest de nie commel,, = T, p2 =P, ou I3, estle vecteur qui pointe du
vertex primaire? au vertex secondairep? estle vecteur de I'impulsion transversedu
B reconstruit et p? est sa valeur absolue. Pour s'assurerqu'on choisit des traces
reconstruitesavec une bonneprecision,l'incertitude sur la longueurde desirtegration
transversedoit tre inferieurea 150 m . Pour eliminer desevenemets represemant
despathologies,L,, doit etre inferieura 1cm, et la longueurde desirtegration propre
doit etre inferieurea 0:5cm.

Une autre quartit e, qui constitue un fort criterederejet debruit defond, estl'angle
d'ouverture () ertre le vecteur d'impulsion du B reconstruit (p%) et la direction
de satrace (I3y). Il estclair que les deux muons, le kaon et le pion provenart du
meémemesonB, les deux vecteursdoivert &tre paralleles.

La procedure d'optimisation est executee en evaluant trois di erertes \Figure of
Merit" (FOM) pour lesdi erertes valeurs de coupure pour cestrois variables. Les
FOM determinent le choix optimal descoupurespour rejeter le plus de bruit de fond
possibletout en gardart la plus grande partie du signal. Pour evaluer cesFOM on
doit estimerle bruit de fond et le nombre de desirtegrationsB3! K 9.

Le bruit de fond attendu est estime en extrapolant le nombre d'evenemets ob-
senesdanslesregionslaterales,de masseanvariante du candidat B ertre 4:379GeV=¢
et 5:179GeV=2 et ertre 5:379GeV=c et 6:279GeV=c. Commeapreslescoupuresde
baseet les coupuresd'optimisation le nombre de candidatscommencea dewenir rela-
tivemern bas,pour augmerter la statistigue une etude a ete faite pour comprendreles
dependence®rtre lesvariablesd'optimisation. Il ena ete deduit, quel'isolation a ete
independarte de I'angle d'ouverture et de la longueur de desirtegration transverse.
Ainsi, le pouvoir de rejet de bruit de fond des coupuressur l'isolation a ete etudie
independammen de celui desdeux autres, ce qui a permis d'utiliser desedartillons
plus grandespour les deux etudes.

Pour estimer le nombre de desirtegrationsBJ! K 0 attendues, on utilise le
fait que ce nombre est lie au nombre de desirtegrationsBJ! J= K °. Il sut de
multiplier ce dernier par le rapport de leurs e cacit es de coupuresde baserespec-
tifs { qu'on extrait en utilisant dessimulations Monte Carlo {, par des corrections
theoriqueset par le rapport desdeux rapports de branchemer pour obtenir le nom-
bre attendu de desirtegrationsBS! K ©. Pour calculer le nombre de candidats
BY! J= K %oneectueun t deladistribution dela massednvariante descandidats
B avec une fonction Gaussienneconbinee avec une fonction lineaire (Figure 1.1).
La fonction lineaire tient compte du bruit de fond, alors que la fonction Gaussienne
decrit le signal qu'on obtient en l'integrart ertre 5:229GeV=¢ et 5:329GeV=C.

Une fois que toutes les quartit es necessairepour l'optimisation sort de nies, on
calcule les FOM pour la combinaison de 10 di erertes coupuressur la longueur de
desirtegration transverse,de 10 di erertes coupuressur I'angle d'ouverture et de 10
di erertes coupuressur l'isolation. L'optimisation a determine que les coupuresles

2Le vertex d'in teraction pp.
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‘ JIY K candidates after the final cuts, is0>0.65, delphi<0.024,L , >0.9 |
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Figure 1.1: Distribution des candidats B pour la desirtegration B! J= K ° (gauche) et
B! K 0 (droite), Ly, > 0:09cm, < 0:024rad et | solation > 0:65. Les deux evenemeits
B! K 0 quisort dansla fenttre de masseautour de la massenominale du B sort ac hesen
gris.

plus e caces sort 900 m pour la valeur minimale de la longueur de desirtegration
transverse,0:024r ad pour la valeur maximale de I'angle d'ouverture et 0:65 pour la
valeur minimale de l'isolation. Lesdistributions desmassesnvariantes descandidats
BY! J= K et B}! K Osatisfaisan a toutes cescoupuressort montreessur
la Figure 1.1. 179 18 candidatsBS! J= K ° sort obsenesdans la regiondu
signal. Il y a deux candidats obsenesdansla regiondu signal pour la desirtegration
B! K ©,alorsque1.00levenemen de bruit de fond est attendu. La methode
de Feldmanet Cousins,basesur desdistributions de Poissonet sur I'approche de la
statistique frequettiste, donnelesintervallesde con ance suivantes sur le rapport de
branchemert de la desirtegrationB3! K ©:

o4 1Y = . 0 .

[0:84;,1957] 10 ' CI = 6875% (1.1)
[0:0;2956] 10 ' CIl = 90% (1.2)
[0:0;34:44] 10 " CI = 95% (1.3)

Cela implique une obsenation pour un intervalle de con ance a 68.75%, et des
limites superieurespour des intervalles de con ance a 90% et 95%. L'incertitude
sur les limites des intervalles a ete estimee en changean I'estimation du bruit de
fond par une deviation standard, ce qui donne les erreurs suivantes pour les limites
desintervalles: 0:84'%73, 1957 2:52, 2956 3:67 et 3444 4:24. L'experience
CDF continueraa acquerir desdonneesjusqu'en 2009, et devrait avoir au total 40-80
evenemets BS! K O pour cette date, ce qui permettrait I'obsenation de cette
desirtegration pour lesintervalles de 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 Certre
Europeen de Rederdhe Nucleaire (CERN). Il represere la prochaine etape dans
I'e\glution desaccelerateursa hautesenergiesayant une energiedu certre de masse
de s= 14TeV.

Quatre experiencesseron installeesautour desquatre points d'interaction du LHC,
l'une d'entre ellesetant ATLAS (A Toroidal LHC Apparatus). ATLAS, qui estun
detecteur plurifonctionnel, a beaucoupde similitudes danssaconstruction avec CDF.
En partant de l'interieur versl'exterieur on trouve les composars suivants:

Les detecteursde traces de particules chargees(Inner Tracker): les detecteurs
au silicium a pixels (Pixels), le SemiconductorTracker (SCT) et le Transition
Radiation Tracker (TRT).

Les calorimetres electromagretiqueset hadroniques.

Les chambres a muons.

Le choix destechnologiespour lestrois parties du traceur desparticules chargees
est motive par le compromisentre la precisionde la mesureet le nombre de canaux
de lecture. Presdu point d'interaction on trouve desdetecteursqui fournissen re-
lativemen peu de points, mais avec une grande precision(Pixels et SCT). Plus loin,
on trouve un detecteurqui fournit beaucoupde points de mesure,mais avec moinsde
precision(TRT). La partie interieure du Inner Tracker est constituee de detecteurs
au silicium a pixels, arrangesen trois cylindres a desrayons de 5:05cm, 8:85cm et
12.25cm, et detrois disquesde chaquecotte du detecteurcertral. Cesdetecteursfour-
nissen une precisionde 50 m dansle plan r et de400 m le long dela direction
du faisceau. De 30cm a 52cm du tube a vide cortenart le faisceausetrouvert les
guatre coudesdu SCT, ainsi que neuf disquesde chaque céte du detecteur certral.
La partie cylindrique (\avant-arriere") du SCT est constitue de 2112(1976) modules
au silicium qui cortiennent aussil' electroniquenecessairgour la lecture de bandes
de silicium. Lesmodulesde la partie cylindrique mesuren le passagel'une particule
avecuneprecisionde1l7 m dansleplanr et 500 m le longdela direction du fais-
ceau. L'elemen exterieur du systemede traceursd’ATLAS estle TRT, une chambre
a Is. La partie certrale cortient 50000 Is, et les 36 disquesdes regions\avant-
arriere" en cortiennent 320000.Par rapport aux detecteursau silicium la resolution
est moindre (170 m ), mais celaest equilibre par le nombre important de points de
mesure,typiquemen 36 par trace. Le TRT permet la reconnaissanceles electrons
gracea leur radiation de transition caracteristique (d'ou le nom du detecteur). Entre
les traceurs de particules et les calorimetres setrouve le solenede supraconducteur
qui creeun champ magretigue de 2T dansle volume destraceurs.

Les calorimetres, qui couvrert la regiondej j < 3:2, sort basessur la technologie
d'argonliquide et destuiles descirtillateurs plastiques. Lescalorimetressort enoures
par les chambresa muons qui occupent l'espacejusqu'a un rayon de 11m et jusqu'a

23m dansla direction du faisceau. Di erertes technologiessort utiliseespour les
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chambresa muonsremplissan di erertestades. Des\Monitored Drift Tubes"et des
\Catho de Strip Chambers" sort utilisespour lesmesuresde precision,alors que pour
les declenbiemerts des\Resistive Plate Chambers" et des\Thin Gap Chambers"
sort prevus. ATLAS prewit un systtmede declenbiemen a trois niveaux, similaire
a celui de CDF.

1.5 Construction et evaluation de modules ATLAS equipes
de puces SCTA128

Un descomposarts cruciaux pour la physiquedu mesonB estle SCT, car il cortribue
de maniere tr es signi cativ e a la reconstruction precisedespoints d'interaction sec-
ondaires. Il estessetiel d'e ectuer desanalysesetenduesdesmodulesdu SCT an
de s'assurerque leurs performancessoient conformesaux attentes.

Dansla presete thesedeux typesde modulessort etudies:

Des modules equipes de pucesABCD pour une lecture digitale du detecteur.
La conception digitale permet une solution plus compacteet reduit la quan-
tit e de donneesa transmettre. Par cortre, elle est sensibleaux interferences
electromagretiques.

Desmodules equipesde pucesSCTA pour une lecture analogiquedu detecteur.
C'estla solution qui a ete utilis eejusqu'a maintenant dansla plupart desdetecte-
urs au silicium. Elle permet le traitement individuel descanaux et permet de
corntrdler et d'eliminer facilemert le bruit cause par desinterferenceslectromag-
netiquesprovenart dessourcesexterieures.Le prix a payer, c'estle large volume
de donneesa transmettre vers le systemed'acquisition de donnees.

Di ererts modulesequipesavecdespucesde lecture ABCD ont ete evaluestant au
niveaudesperformanceslectriques,qu'au niveaude la resistancdaceaux radiations.
Les mémestests pour des modules equipes avec des pucesde lecture SCTA seror
aussipresenes. De plus, lesresultats de tests e ectuesen faisceauet avec deslignes
de transmissionoptiques seror aussidecrits.

Plusieurs modules avec despucesABCD satisfaisan les criteresde ATLAS SCT
ont ete construits. Leurs performanceselectriquesont ete mesueesen utilisant des
equipemerns dedies, installes au laboratoire. Le gain despucesa ete conforme aux
valeursprevuesavecunedispersionde 5%, le bruit a etede430e pour lescanauxqui
n'etaiernt pasconnecesa desbandesde silicium, 770e pour les canauxqui etaiert
conneces a des bandesde silicium de 6¢cm et 1400e pour les canaux qui etaiert
conneces a desbandesde silicium de 12cm. Ce chire estinferieur a la valeur de
1500e , necessairgoour avoir un rapport signal/bruit superieur a 15, qui assureune
bonnee cacit e de reconstructionde tracestout en gardart un taux d'occupationen
bruit susamment bas.

La puceSCTA a ete developpeecommesolution supplemeraire pour la lecture des
detecteursau silicium du Inner Tracker. La pucecortient 128canauxavecdesampli -
cateurs, suivis d'une memoire analogiquepour 128 evenemets et d'un multiplexeur
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Figure 1.2: Resolution quand deux bandesde silicium sort touchees(en haut) et quand une seule
bande de silicium est touchee (en bas).

analogiquepour transmettre lesdonneesversle systemed'acquisition de donnees.La
caracterisation des proprietes analogiquesde la puce SCTA est non seulemeh im-
portante pour le projet SCTA, mais aussipour la versiondigitale, ABCD. En e et,
le traitement initial des signaux est identique pour SCTA et ABCD, mais dans la
secondetous les e ets presems avant le discriminateur sort masqtes par le fait que
le signal est binaire.

La premiere etape de la caracterisation des pucess'est e ectuee immediatemen
apresleur fabrication. Ensuite, les caracteristiques{ commele gain et lesdi erens
composarts du bruit { ont ete recortrdleesau laboratoire immediatemen apres le
decoupage.Les pucesont aussiete irradieespour corirdler leur conformite avec les
exigencesposespar I'environnemern du LHC. Les pucesjugeesadequatesont ete
ensuite monteessur desmodules correspndarts aux normesd'ATLAS.

Apresleur construction les modules analogiquesont ete evalues en utilisant une
installation dedieeau laboratoire. Le gain despucesetait conformeaux speci cations,
et le bruit a ete de 1700e pour les bandesde detecteur de 12cm, et 1100e pour
les bandesde detecteur de 6¢cm, ce qui montre I'in uence de la capacite represenee
par lesbandesde silicium. La linearite despucesSCTA a ete veri eeen utilisant des
sourcesradioactivesde Terbium, Americium et Cobalt.

Une etape tr esimportante pour I'evaluation desmodulesanalogiquesestde veri er
leur comportement dansdesconditionslesplus prochespossiblesde cellesrencorir ees
dans LHC, i.e dansun faisceautest. Lesresultats de cesexperiencesmorntrent que
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Figure 1.3: Spectre de 2**Am pour les lignes de transmission en cuivre et pour les lignes de trans-
mission optiques.

la resolution desmodules en cas de trajectoires perpendiculairesaux modules pour
les cas quand une seule bande de silicium enregistrele passagede la particule est
de 21 m , alors qu'elle est de 3 m quand deux bandesadjaceries enregistren le
passageale la particule (Figure 1.2). Le comportemert desmodulesanalogiquespour
des trajectoires inclineesa ete satisfaisan. Cela a ete aussile cas pour le taux
d'occupation en bruit qui estde I'ordre de 10 4 pour dese cacit esprochesde 99%.

Lesmodulesanalogiquesont aussiete utilisespour caracteriserla ligne detransmis-
sion optique deweloppe pour la transmissiondessignauxanalogiques.Les experiences
ont montr e quela ligne cortribue de maniere negligeableaux bruits deja existarts de
la lecture electroniquedesmodules. Desmesurese ectueesavec dessourcesradioac-
tivesont aussimorntr e quelesspectresdesrayons de cessourcessort transmis sans
modi cation apparene (Figure 1.3), ce qui prouve le bon fonctionnemen de la ligne
de transmissionoptique.
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Chapter 2

The Standard Mo del and beyond

2.1 The Standard Mo del

The experimenrtal and theoretical developmerts of the last 50 yearshave led to the
dewelopmen of the Standard Model (SM) of strong and electronveak interactions.
Sinceit is descriked in great detail in many textb ooks (for example[1] and [2]), the
discussiongiven herewill be brief.

The most important conceptof the modern fundamertal physicsis that of sym-
metry. Noether's theorem states that to every symmetry correspnds a consened
guartity. For example,invariance under translations, time displacemets, rotations
and Lorentz transformationsleadto the conseration of momertum, angular momen-
tum, and energy Other symmetriesinclude the parity, that is, the mirror image
of any physical processalso represets a perfectly possiblephysical process;charge
conjugation which changesa particle to its antiparticle!. Apart from the discrete
symmetries,like the onesjust mertioned, there are alsolocal gaugesymmetries: the
phasevariation permitted by a local symmetry consenres the invariance of the la-
grangian if there is a compensating eld which is consideredto be the mediator of
interactions betweenparticles. The Standard Model describesthe fundamertal par-
ticles and their interactions via the electroveak and the strong force. The force of
gravity is negligibly small at the particle level and is not yet described by the SM.

The SM hasthree typesof particles:

fermionswhich are the elemetmary particles and have spin %
bosonswhich are the interaction elds betweenfermionsand have spin 1

the Higgs-bosonwhich is a consequencef the spontaneoussymmetry breaking
of the electroveak sector,and hasspin 0. The Higgsbosonis yet to be discovered
experimertally

The main properties of the fermionsare summarizedin Table 2.1.

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=c?) | 0.008 | 0.004| 0.15 | 1.4 | 45 | 174
Charge -1/3 | +2/3 | -1/3 | +2/3 | -1/3 | +2/3
Leptons e e

Mass (GeV=c?) | 0.0005| O 0.105| O 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 consened 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 decy

oty (2.1)

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

I 4 (2.2)

with a left-handed muon, whereasin fact the muon is always producedwith a right-
handed helicity. Howewer, conmbining the two operations gives a true picture: CP
turns the left-handed anti-muon into a right-handed muon, which is exactly what is
obsenedin nature. Contrary to parity transformationsthe CP transformationswere
believed to be consened. Howeer, in somecasesCP is not strictly consened. The
cortradiction camefrom the neutral K mesons. CP violation can be parametrized
(though not explained) by meansof a phasein the Cabbibo-Kobayashi-Maslawa
(CKM) matrix [3] [4].

The matrix that connectsthe weak eigenstates(d® s% i) and the corresmnding
masseigenstatedd;s;bis

0 1 0 10 1
do Vud Vus Vub d
bo th Vts th b
After introducing the notation ¢; = cos j ands; = sin j with i andj being
generationlabels(i; j = 1;2; 3), the standard parametrization is then given asfollows
[3]: 0 1
C12C13 S12C13 S1ze !
V= % S12C23  C12S23S13€ Ci2C3  S12523S13€ S23C13 § ; (2.4)
S12S23  C12C23S13€ S23C12  S12C23S13€ C23C13
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where is the phasenecessaryfor CP violation. ¢; ands; canall be chosento be
positive and may vary in the rangeO 2 . Howewr, the measuremets of CP
violation in K decas force to bein therange0< <

Extensive phenomenologyof the last years has shavn that s;3 and s,3 are small
numbers: O(10 %) and O(10 ?), respectively. Consequetly to an excelleth accuracy
Ci13 = C;3 = 1 and the four independen parametersare given as

S12 = [Vus);  S13= JVubl;  S23 = [Vl (2.5)
with the phase extracted from CP violating transitions or loop processesensitive
to jVj. The latter fact is basedon the obsenation that for O , asrequired by

the analysisof CP violation in the K system,there is a one{to{one correspndence
between and jVj.

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

The original Wolfenstein parametrization is an approximate parametrization of
the CKM matrix in which ead elemen is expandedas a power seriesin the small
parameter = jV,sj = 0:22,

0 , 1
1 - A 3% i)
v=% 1 5 A 2 §+0( 4 (2.6)
A3(1 % i) A ? 1
and the set (2.5) is replacedby
; A; %; : (2.7)
Looking badk at (2.4) and imposingthe following relations
S12= S;3= A sie' = A 3% i) (2.8)
to all ordersin . It follows then that
%= icos; = 22 sin : (2.9)
S12523 S12523

(2.8) and (2.9) represen simply the changeof variablesfrom (2.5) to (2.7). Making
this changeof variablesin the standard parametrization (2.4) it followsthat the CKM
matrix asafunction of (; A; %; ) satis es unitarit y exactly. Another property is that
inviewofciz=1 O( °) the relations betweens; and jVjj in (2.5) are satis ed to
high accuracy

In order to improve the accuracy of the unitarity triangle discussedbelov the
O( °®) correctionto Vyq is alsoincluded. In summary then Vis, Ve Vi, Vig and Vis
are givento an excellet approximation as follows:

Vs = 5 Vb= A 2 (2.10)
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Vo= A 3(% i); Vg=A 31 % i) (2.11)
Vie= A 2%+ %A(l 2% 4 i Al (2.12)
with
2 2
o= %1 2), (1 2). (2.13)

The advantage of this generalizationof the Wolfenstein parametrization over other
generalizationsfound in the literature is the absenceof relevant correctionsto Vs,
Ve and V,, and an elegan changein Vg which allows a simple generalizationof the
unitarit y triangle.

The Wolfensteinparameterizationhas se\eral nice features. In particular, it o ers
in conjunction with the unitarity triangle a very transparernt geometricalrepreseta-
tion of the structure of the CKM matrix and allows the derivation of se\eral analytic
results. This turns out to be very usefulin the phenomenologyof rare decgs and of
CP violation.

2.1.2 The unitarit y triangle

The unitarity VV* = 1 of the CKM-matrix implies orthogonality of the di erent
rows and columns. The orthogonality relations can be represeted as six \unitarit y"
triangles in the complex plane. Analyzing the shape of the six unitarity 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 suppressedelative to the remaining ones
by O( 4) and O( ?). For the two triangles with comparablesidesthe sidesagree
at the O( 3) level and dier only through O( °) corrections. Neglectingthe latter
subleadingcortributions they descrike the unitarit y triangle that appearsusually in
the literature:

Vud Vo + VeaVep + VigVip = O (2.14)

Phenomenologicallythis triangle is very interesting asit involves simultaneously the
elemens Vyp, Vep and Vig.

In mostanalysesof the unitarit y triangle preset in the literature only terms O( 2)
arekeptin (2.14). It is, howewer, straightforward to include the next-to-leadingO( °)
terms.

Vo Vey= A 2+ 0(): (2.15)

Thus to an excellen accuracy V. V,, is real with jV_V,j = A 3. Keeping O( °)
correctionsand rescalingall termsin (2.14) by A 2

1 . 1 :
Fvudvub = 0ot | ; F\/td\/tb =1 (0/0+ | ) (216)
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with %and de ned in (2.13). Thus(2.14)canberepreseted asthe unitarit y triangle
in the complex (%; ) plane. This is shovn in Figure 2.1. The length of the side CB
which lies on the real axis equalsunity wheneq. (2.14) is rescaledby V.4V, Beyond
the leadingorderin the point A doesnot correspndto (%; ) but to (%; ). Clearly
within 3% accuracy %= %and = . Yet in the distant future the accuracy of
experimertal results and theoretical calculations may improve considerably so that
the more accurateformulation will be appropriate.

A=(r,h)

C=(0,0) B=(1,0)
Figure 2.1: Unitarit y Triangle.

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

Usethe standard parametrization in phenomenologicabpplicationsto nd s;,,
S13, Spz and .

Translateto 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
(%; ) asfollows:
: _ 2(%+% 9%
sin(2 ) = %+ (@ %2+ 9 (2.17)
. 21 ¢
S|n(2 ) = (]_(()/)T/)Z (218)
. 2% 2%
sin(2 ) = % + 5 = B 2 (2.19)

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

jVuqubj — g B+ 2= 2 1 Vub
o = =1 =)- — 2.20
Vo Vo =) Ver (2.20)
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!'ththJ'_ — qm: 1 Va ;

JVchcbl Veb
The expressionsfor R, and R; given herein terms of (% ) are excellet appraxi-
mations. Clearly R, and R; can also be determined by measuringtwo of the angles

(2.21)

_sin( ) _sin( + ) sin( )

*Tsin() "~ sin()  sin( + ) (2.22)
_sin() _sinC + ) sin( )
““sin( ) sin()  sin( + ) (2.23)

The angles and of the unitarity triangle are related directly to the complex
phasesof the CKM-elemens V4 and V,, respectively, through

Vig = jViie ' 5 Vip = jVije (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 jV,sj and jV. givesa full des-
cription of the CKM matrix. Looking at the expressiongor R, and R;, it is clearthat
within the Standard Model the measuremets of four CP conservingdecas sensitive
to jVusj, JVunl» jVen) @nd jVigj cantell whether CP violation ( 6 0) is predictedin the
Standard Model. This is a very remarkable property of the Kobayashi-Maskawa pic-
ture of CP violation: quark mixing and CP violation are closelyrelatedto ead other.
In the cortext of the SM, the potential interestin rare B-decygs is that they would
provide a quartitativ e determination of the quark- avor rotation matrix, in particu-
lar the matrix elemens Vi, Vi and Vi, the rst one being extremely important, as
together with V,, it carriesthe CP-violating phasel[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 deca/s of hadrons. In order to answer these important
guestionsit is essetial to calculate as many branching ratios as possible, measure
them experimertally and chedk whether they all can be descrited by the sameset of
the parameters( ; A; %; ). In the languageof the unitarity triangle this meansthat
the variouscurvesin the (% ) planeextracted from di erent decgs shouldcrosseat
other at a single point. Moreover the angles( ; ; ) in the resulting triangle should
agreewith thoseextracted in the future from CP-asymmetriesin B-decas.

2.1.3 Recent results on the CKM Unitarit y Triangle

With the successfuturn-on of the BaBar and Belle experimerts in the last few years,
marny experimertal measuremets in the b sectorhave achieved impressiwe precision.
The Fermilab Tewatron, with the upgradedCDF and DO detectorshasalsostarted to
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producemeasuremets which are complimertary to thoseof BaBar and Belle, asthey

o er the opportunity to measurethe heavier B hadronswhich are not accessibleat

the (4 S) resonance.The primary missionof the B-factory experimerts is to seart

for the breaking of the CP-symmetry in B mesondecgs and examinethe consistency
of the measuremets with the expectedvalueswithin the CKM medanism.

The measuremenof sin2 , the CP-violating asymmetryin B° decgs to charmo-
nium nal states(b! ccs), by the CDF, BaBar and Belle collaborations established
the breaking of CP-symmetry in B decas [7] [8] [9]. The way to measurethe large
CP-asymmetriesin the decass of neutral B mesongo CP eigenstatess to study the
(4 S)! BPBO! fcpfiag decy chain, whereone of the B mesonsdecys at time
tcp to @ nal state fcp and the other decgs at time t,y to a nal state fq that
distinguishesbetweenB° and B°. The decy rate has a time dependencegiven by
[10][11]

it

0
© ® f1+q [Ssin( mg 1)+ Acos( mg D]g (2.26)
BO
where go is the B? lifetime, my is the massdi erence betweenthe two B° mass
eigenstates, t = tcp twg, 9= +1( 1) is the b avor charge when the tagging
B mesonis a B° (B?), and S and A are the CP-violation parameters. To a good
approximation the SM predicts

S= ¢sin2 (2.27)

where ; = +1( 1) correspndsto CP-ewen (CP-odd) nal states. Direct CP-
violation, A= 0 is expected for both b! ccsandb! sss transitions. BaBar and
Belle reconstruct B® decas to the following b! ccs eigenstates:J= Ks, (2S)Ksg,

aKs for ¢+ = l1landJ= K, for { = +1. The two classesshould have CP-
asymmetriesof opposite sign. Both experimerts alsouseB®! J= K ° decas with
K %1 Kg © wherethe nal stateis 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 shav a clear shift betweenB° and B° tags. For low-
guality 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
presen. The nal results are extracted from an unbinned maximum likelihood t to
the t distributions that takesinto accoun resolution, mistagging and badkground
dilution. The new Belle result with 140f b ! 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 shavs the t distributions for B® and B° 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 unitarity triangle [12]
[13][14]. This comparisonis shavn in Figure 2.3and is consistem with the hypothesis
that the CKM phaseis the sourceof CP -violation. The valuesobtainedfromb! ccd
andb! sqggprocessesre alsoconsisten with the Standard Model expectation, with
the exception of the value for the B! K 2 from Belle [15]. Figure 2.4 shaws 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 knowledge of sin leadsto four possiblesolutionsin 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
recen direct measuremets of (blue). The theoretical uncertainties in the indirect constraints are
estimated consenatively by the CKM tter group.

merts. The t alsoyields the allowed ranges77” < < 122, 3” < < 87 at
95% CL, which givesa starting point for comparisonwith direct measuremets [16].
Both BaBar and Belle have performed measuremets of the time dependert CP ob-
senablesin the channelB ! * . They have not yet establishedCP -violation in
this channel, but are consistem with the expectedvaluesfrom the Standard Model.
Signi cant progresshas beenmadein idertifying and measuringthe componerts of
the 2-body charmlessB decys, suhrasB ! © 0 B! and B ! , Which
together with theoretical models and symmetry relations will evertually lead to the
determination of the angles and . The BaBar collaboration has presetted limits
onsin2 + usingtime-dependent CP-violation analysisoftheB! D * decy.
A limit of jsin2 + | > 0:76 at 90% CL has beenset. Figure 2.5 shows the result
of this limit in the (; ) plane,indicating that it is consisteh with the SM. At the
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Figure 2.4: Raw asymmetry for the B! K ¢ 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 maximume-likelihood
t to the t distribution, while the dashedline is the expectation from the Standard Model (Belle).
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Figure 2.5: The CKM t with the constraints from sin2 + included (BaBar).
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Figure 2.6: Diagrams contributing to the b! slI*l decas

currert level of experimertal and theoretical accuraciesall of the measuremets of
and canbe accomalated within the SM and the CKM picture.

2.2 The FCNC Decays of B Mesons

2.2.1 Intro duction

In the Standard Model the Flavor ChangingNeutral Current processesre forbidden
at tree level, and canonly proceedthrough higherorder diagrams,sud asthe penguin
diagramsand box diagramsshown in Figure 2.6. Sud loop diagrams are expected
to be sensitive to new physics. Heavy particles beyond the Standard Model, suc as
Higgsor SUSY particles (neutralino, chargino, etc) could cortribute to additional loop
diagrams, and modify the branching ratios, CP -violation parametersand kinematic
variables expected by the Standard Model. B mesondecygs is an excellen placeto
study avor changing neutral currerts as long distance e ects which hide the weak
e ects aresmall dueto its heary quark mass. Also the relevant CKM matrix elemerts
are comparableto those of a tree decg, while in the K or D mesonsystemsthey are
O( 4 or O( ®) smallerthan those of the comparabletree decays (Table 2.2).

Meson tree decayy penguin decay
K VusVig = O( ) | VisVig = O( ®)
D VcsVud = O(l) Vcqub = O( 5)
B VeoVug = O( %) | VinVis = O( %)

Table 2.2: The CKM matrix elemerts in the tree and penguin decas of the K, D and B mesons.

The e ective Hamiltonian generatingthe b! s andb! slI*l transitions can
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be written as follows?:

4G R0
Hert = 5V Ci()OI( ) (2.31)

i=1

where O;( ) are dimension-sixoperators at the scale , Ci( ) are the correspnd-
ing Wilson coe cien ts which represem the e ectiv e strength of short distanceinter-
actions, Gg is the Fermi coupling constart, and the Cabibbo-Kobayashi-Maslawa
dependencehasbeenmadeexplicit. The operators can be chosenasfollows [17][18]:

0i=(s. Too)(c T°h) (2.32)

0= (s. a)a h) (2.33)

0s= (s, qu @ o (2.34)

0= (s Taqu @ T (2.35)
Os= (s . . qu (@ * a9 (2.36)
Os= (s . . Jan)xq (@ @ * T (2.37)
o7=g—e§mb(sL bR )F (2.38)
ogzémb(sL Tapy) G (2.39)
ogzgg(sL n)xl ) (2.40)

O = gsz(SL b_)xl (I 5l) (2.41)

where the subscriptsL and R refer to left- and right-handed componerts of the
fermion elds, F and G? denotethe QED and QCD eld strength tensorsrespec-
tively. The Cj( ) are evaluated perturbatively at the high energyscaleO(my). In
order to obtain the low energytheory, the C;i( ) are ewlved down to the scaleO(my)
using renormalization group equations which guarartee that the dependenceof
Ci( ) is cancelledby the dependenceof O;( ), thus the obsenables should not
depend on the renormalization scale . The advantage of this approad is that if

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

X0
AB! F)= FiHiBi = FSVaVo GO0 ()BT (242)

i=1
As the Wilson coe cien ts represen the short distance interactions, the matrix
elemens HFjO;( )jBi will take into accournt the long distance strong interactions.
Hence,the operator elemeits can not be obtained preturbatively becauseof the con-
ning nature of stronginteractionsat largedistances.If h-j isaninclusive nal state,
the leading order term can be represeted using the matrix elemen for free quark
transition which can be easily calculated. Howewer, when hFj is an exclusiv nal
state the operator elemen is more di cult to obtain. Fortunately, if part of hFj is
a non-hadronic state, like KK |71 j it is possibleto compute the operator elemett.
Sinceleptonsand photonsare not involved in long distanceinteractions, the operator

elemen can be factorizedinto hadronic and non-hadroniccurrens:

HEjOi( )jBi = MLjOi( )jBi = hhjJ1jBihLjJ,j0i (2.43)

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

222 The b! sI*l decays

While the measuremen of the B! X is being consolidated, seartes are being
made for se\eral other radiative and semileptonicrare B decgs. In the SM the
b! slI"l decy rate is expectedto be nearly two orders of magnitude lower than
that of b! s . Howewr, it dependson the magnitude and sign of three Wilson
coe cien ts C;, Cg and Cyg in the e ective Hamiltonian, whileb! s dependsonly on
the magnitude of C;. Thesethree Wilson coe cien ts are likely placesfor new physics
to appear, asthey comefrom loop and box diagrams. Upper limits on the branching
fraction forb! slI*| thusplaceconstrairts on newphysics;an obsenation 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 deca distributions.

C;, Cy and C,9 can be completely determined by measuringthe dilepton invari-
ant massdistributions and the forward-badkward charge asymmetry of the dilepton
togetherwith the b! s deca rate.

While for the momert B! X4 remainsmore restrictive over most of the super-
symmetric space,this is expectedto changewith improved precisionon the semilep-
tonic rare B decays.

The b! sI*l decas receiwe short-distance cortributions from the electromag-
netic penguin, the Z penguin, and the W box diagrams. They also receiwe long
distance cortributions from the b! s(cc) ! sI*l with both resonan (J= and

9 and cortinuum intermediate states. For the dimuon invariant massesaround the
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Authors B! KI*I B! K * B! K e'e
10 © 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 15

Geng and Kao (1996) [2]] 0.5 1.4

Colangeloet al. (1996) [22] 0.3 1.0

Table 2.3: Theoretical predictions basedon the Standard Model for the exclusivedecaysB ! KI*|

resonamn regionsthe decg is dominated by the long-distance cortributions, while
away from theseresonanceshort-distanceprocesseslominate. Table 2.3 shovs some
predicted branching ratios for b! sI*| decys. It is important to note that the
theoretical uncertairties in the deca rates are estimatedto be typically 35%][19].

Mode Belle [31] [32] BaBar [33]
B stat syst model[ 10 /]| B stat syst[ 10 7]

B! K*e'e 6:3"2 03 01 105'%35 07
B! K* * 457 03 01 0.7 02
B! Kl'e 0:07%:9*%2 00 2122 08
B! KO+ 5:6'2:3 04 03 16382 1:4
B! K %'e 1290 11 01 11:1%58 11
B! KO~ 13342 1.0 05 863 11
B! K *e'e 2022123 07 2:0"34 28
B! K* * 6:5'%3 " 04 307258 42
B! Ke'e 483 03 01 748 05
B! K * 4543 03 01 4523 04
B! K*° 4819 03 01 6:5 3 04
B! K e'e 149%5,:2+1:2 02 9:85:9 11
B! K * 11735 09 05 12775 16
B! K *° 11:5%5% 08 02 8833 1.0

Table 2.4: Latest obsenations and limits of rare B decays by the Belle and BaBar experimerts.

Until the advert of B factoriesthe most stringert limits onthe B! KO[*| de-
cays have beenplaced by the CLEO [24] and CDF [23 collaborations. Now the B
factories are starting to obsene thesedecas instead of measuringupper limits [25]
[26] [27] [28] [29] [30]. As of January 2004, using a data sampleof 152 10°BB
pairs, correspnding to 140f b ! taken at the (4 S) resonance,the Belle experi-
mert hasreported obsenation (i.e. morethan 3 signi cance) for half of the modes
(B! K*e'e,B! K%* B! K°* andB! K* * ) andall the
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combined modes[31] [32]. Someof the remaining modes are also likely to be dis-
covered: B! K %" e 's signicanceis 28 , andthat of B! K *e'e is 19 .
The BaBar experimert, using a data sampleof 123 1° (4 S)! BB decys, has
also obsened seeral of the modes[33]. The latest results of the two experimerts
are surgmarizedin Table 2.4%. Figure 2.7 shavs the beam-energyconstrained mass

Mpe = (Epeam=®)?2 jpg=@?2 distributions for K ()*** samplesfrom the Belle ex-
perimert, where pg is the measuredmomertum of the B candidate, and E, ., is
the beamenergyin the (4 S) rest frame. Figure 2.8 shaws that the Belle experi-
mert is not only observingthe di erent decgy modes,but hasalsostarted to measure
the invariant masssquare® = M2¢? distributions as well. Figure 2.9 shows the
beam-energyconstrainedmassdistribution for the four K™ *° modesfor the BaBar
experimert. The signicanceofthe B! K *" signal from the simultaneous t is
8 .

2.3 Beyond the Standard Mo del

The assumptionis that the dominart e ects of an underlying supersymmetrictheory
can be implemerted by using the SM operator basisfor the e ective Hamiltonian.
Thus, supersymmetric e ects erter in the theoretical analysis through the modi -
cations of the Wilson coe cien ts. Restricting the operator basisto the onein the
SM obviously doesnot cover the most generalsupersymmetric case,but it coversan
important part of the underlying parameter space,and hencecan be employed to
undertake seartiesfor supersymmetrice ects in rare B decas.

Se\eral papers have discussedhe possiblee ects of di erent non-SM theorieson
FCNC decas [18][19] [34] [35] [36] [37] [38] [39 [40] [41]. It is important to note,
that dueto the largetheoretical uncertairties, any e ect beyond the Standard Model
will only be noticed if it is a drastic e ect. For examplein the B! KI*I and
B! K I*l sectorthe mostimportant quartities whereto look for non-SM e ects
are the dilepton invariant massdistribution and the normalized forward-badkward
asymmetry Figure 2.10 shows the dilepton invariant masssquareddistribution of
theB! K * decyg for sewral di erent models. One canclearly notice the poles
correspnding to the resonan modesJ= and (2S). The solid line represets the
Standard Model prediction and the shadedarearepresets the form-factor related
uncertairties. The dotted line correspndsto a SUGRA model with C; = 1.2 C3M,
Co = 1:03 C5M and C;o= 1:0 C3M. It correspndsto tan = 30* in which caseC;
becomegositive, resulting in a constructive interferenceof the terms dependingon C-,
and Cy in the dilepton invariant massspectra. In the low-of regionit resultsin a 100%
enhancemenof the branching ratio for B! K *  which is clearly distinguishable
from the SM-related theoretical uncertairties. The e ect of the positive C; 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 dominant resonant contributions arising from the
B decays where the dilepton is coming from aJ= or ©

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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dB(B —> K" u* u-)/ds * 107 [Gev-2]

0
0 5 10
s [GeV?]
Figure 2.10: The dilepton invariant masssquareddistribution for B! K * . The solid lines

represen the SM and the shadedareasignalsthe form-factor related uncertainties. The dotted lines
correspond to the SUGRA model with C; = 1:2 C$M, Cg = 1:03 C$M and Cyo = 1:0 C3M. The
long-short dashed lines correspond to an allowed point in the parameter spaceof the MIA-SUSY
model givenby C; = 0:83 C3?M, Co = 0:92 C3M and Cyp = 1:61 CM. The black lines shav
the sum of the short-distance and long-distance cortributions, while the magerta lines show the
corresponding pure short-distance spectra.

more striking in the FB asymmetry shovn in Figure 2.11. The dotted linesrepresen
two SUGRA modelswhich are identical exceptfor the signof C;. The solution which
does not have a zero crossingbelowv the J= -resonan region is the one with the
positive C; coe cien t.

Another possibleapproad is the minimal insertion approad (MIA) which aimsat
including all possiblesquark mixing e ects in a model independert way. The avor
changesare incorporated by a non-diagonalmassinsertion in the squark propagator.
The long-short dashedline of the dilepton invariant massplot shows the result for
a MIA-SUSY calculation with C; = 0:83 C3M, Cg = 0:92 C3M and Cyp = 1:61
CSM. As in the caseof the SUGRA model there is an important enhancemen of
the branching ratio. Concerning the forward-badkward asymmetry the long-short
dashedlines correspnd to the MIA-SUSY model usingparametersC; = 0:.83 C3M,
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Figure 2.11: The normalized forward-backward asymmetry in B! K * decay asa function of
s. The solid line denotesthe SM prediction. The dotted lines correspond to the SUGRA model with

C;= 12C5M,Cg= 103 C§M andCyp = 1:0 C3M with the upper and lower curvesrepresering
the C; < 0 and C; > O case,respectively. The long-short dashed (blue) lines correspond to the
MIA-SUSY model, using the parametersC; = 0:83 C5M, Cg = 0:.92 C§M and Cyp = 1:61 C3V

with the upper and lower curvesrepresening the C; < 0 and C; > 0 case,respectively. The dashed
curvesindicating a positive asymmetry for large s correspond to the MIA-SUSY models using the
parametersC; = 0:83 C?M, Cg= 0:79 C3M and Cyo = 0:38 CJM.

Co= 0:92 CSM and Cip = 1:61 C3M with the upper and lower curvesrepreseting
the C; < 0 and C; > 0 caserespectively. An important possibility in the MIA
approad is that the Cyo coe cient could changesign. This has no e ect in the
dilepton invariant massdistributions, as they depend quadratically on C,o, but it
would changethe sign of the forward-badkward asymmetry This scenariois shovn
by the dashedcurvesindicating a positive asymmetry for large s correspnd to the
MIA-SUSY modelsC; = 0:83 C3?M, Co= 0:79 CSM andCyo= 0:38 CJM.

Even though all currert data are consisten with the Standard Model, presert
experimertal measuremets allow considerableroom for beyond-the-SM e ects.
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Chapter 3

Detectors for studying rare B
decays |I: The CDF experiment at
the Tevatron

The Collider Detector at Fermilab (CDF) is one of the two generalpurposedetectors
built to study high-energypp collisions at the Tewatron, located at the Fermi Na-
tional Accelerator Laboratory. After introducing the acceleratorchain, the di erent
componerts of the detector and the trigger systemwill be descriked in detail.

3.1 The Tevatron

The Tewatron is a proton-antiproton collider locatedat the Fermi National Accelerator
Laboratory (FNAL) in Chicago. It producedthe rst pp collisionsin 1983, and
since then has had seeral phasesof running. Between 1992 and 1996 the certer
of mass collision energy achieved by the acceleratorwas 1:8TeV. This phaseis
calledRun | and 120pb ! of data' have beencollectedwhich enabled,amongstother
measuremets, the discovery of the top quark [47]. In 1996 the acceleratorwas
temporarily shut down in order to implemert a seriesof improvemerns to increase
substarntially the luminosity [48]. This secondohase,calledRun |1, wasinitially aimed
at achieving 15f b ! integrated luminosity. Due to some experimertal di culties

descriked later in this sectionthe integrated luminosity goalshave beenadjusted rst

to 6:;5 11fb 1[49],thento 44 8:6fb ! [51]. Run Il itself wasplannedto consistof
two parts, Run Ila and Run I1b. Betweenthe two runs a shutdown of seeral months
was foreseenin order to replacethe silicon detectorsof the experimerts designedto
survive 2f b ! of integrated luminosity. Becauseof lack of funding and the lower
than expectedluminosity CDF will not replacethe silicon detectorsas planned, and
cortinue to take data without major upgradesof the detector. For Run 11 the certer
of masscollision energy has also beenraisedto ~ s = 1:.96 TeV, sountil the Large
Hadron Collider is completedat CERN, it will remain the highestenergycollider in

lintegrated luminosities are usually givenin units of barn 1, corresponding to 10%*cm 2,i.e. 1pb 1 = 10 cm 2.
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Figure 3.1: The acceleratorcomplex at Fermilab.

the world (p s is oneof the mostimportant parametersin collider experimerts, asthe
cross-section®f the di erent processesand the masseof the particles which can be
created, depend on its value). Another very important parameteris the luminosity
which determinesthe size of the data samplethat can be collected during a given
period of time. The number of ewverts collected(N) can be written as:
Z
N = Ldt = L (3.1)
t

where is the cross-sectiorof the process, t isthe length of the data taking period,
L is the instantenuous luminosity and L is the integrated luminosity. In order to
achieve the luminosity goalssetfor Run Il the acceleratorchain was deeply modi ed
with the construction of two additional rings, the Main Injector and the Recycler[53].

3.1.1 Proton pro duction

The rst elemen of the acceleratorchain (Figure 3.1) is the Cockroft-Walton pre-
acceleratorin which hydrogen gasis ionized to create negative ions H , which are
subsequetty acceleratedand read an energyof 0:75M eV [54]. Next, the negative
hydrogen ions are acceleratedin the Linac, a 130m long linear accelerator, where
they readh an energyof 400M eV. At the end of this phaseof acceleration,the ions
passthrough a carbon foil, which removesthe electrons,leaving only the positively
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chargedprotons. The third stageof the acceleratorchain is the Booster, a syndirotron
with a diameter of 475m, whereelectric elds accelerateprotons until they reat an
energyof 8GeV. The fourth stageis the Main Injector. It is a new syndrotron with
a diameter of 1km which was completedin 1999. The Main Injector accelerateghe
protons from 8 GeV to 150GeV and groupsthem in bunchesof 2.7 10" particles.

3.1.2 Antiproton pro duction

The antiproton production rate is oneof the main limiting factorsin adieving higher
luminosity, sofor Run Il particular emphasiswas put onto the improvemert of the
antiproton beam. Besidesproducing proton bunchesfor the collisionsin the Tewatron,
asmertioned earlier, the Main Injector is alsoproducing 120GeV protonsin bunches
of 2 10% particles which then erter in collision with a nickel target. The resulting
particles are collected with magnetic lenses,then the antiprotons are Itered with
a dipole magnet. On the average,50000protons are neededfor the production of
ewvery single antiproton. The artiprotons are then sent to the Debunder which is a
triangular ring of 505m in length. The Debunder reduceghe dispersionof the energy
of the antiprotons using stochastic cooling. Finally, the antiprotons are transferredto
the Accumulator wherethey are further cooled and staded in bunchesbefore being
transferredto the Main Injector. The complexdescrited above needs8 hoursin order
to accunulate 1:3 10'2 arntiprotons. The antiprotons are then acceleratedin the
Main Injector to 150GeV and form bunchesof 3 10 particles.

One of the main improvemers of Run |1 is the construction of the Recycler,which
is installed in the sametunnel asthe Main Injector. Originally its aim wasto recycle
the antiprotons remaining after the end of a store (which correspndsto 75% of the
initial number). This would have enabledto double the number of antiprotons for
the next store. As of early 2004,work on recycling antiprotons hasbeenstopped and
the Recycleris expectedto sene 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 integratedin the rest of the complexin early 2005[51]
[52].

3.1.3 The Tevatron

The last elemen in the chain of the acceleratorsis the Tevatron, a superconducting
syndirotron. The Tevatron accelerategprotonsand antiprotons, which it receivesfrom
the Main Injector, from 150GeV to 980GeV. BetweenRun | and Run Il the energy
of the beam has beenincreasedfrom 900 to 980GeV and a new cryogenic system
has beeninstalled. There are 36 bunches of protons and 36 bundhes of antiprotons
circulating in the opposite direction. The two beamsare focusedusing quadrupole
magnetsin two regionsaround the ring where they collide every 396 ns. The two
generalpurposecollider experimerts installed in thesetwo regionsare CDF and DO.
In the region of CDF the beam has a longitudinal dispersionof , ' 30cm, and a
transversedispersionof ;' 30m .
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Run Ib Run Il presert | Run Ila nominal | Run IIb nominal
p bunches p bunches 6 6 36 36 36 36 140 121
p=bunch 2:3 10t 21 10" 2:7 10 2:7 10"
p=bunch 55 10t 2.5 10 3:0 10 3.0 10%
Lcm 2s 1] 0:16 10% 4:1 10% 8:6 10° 16 10%
L [pb =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 | and Run 11 [49] [53]. Recert developmerts suggest,
that Run IIb will useessetially the sameparametersasRun Ila [51].

The acceleratorhas been running since March 2001. Many improvemens have
beenimplemerted to correct the problemsthat were identied during the start-up
period:

Modi cation of the injection helix
Proton beamloading compensationin Main Injector
Accumulator stochastic cooling upgrade

C-0 Lambertson magnetsremoval

Howe\er, there are still seweral problemsto which satisfactory solutions have not
beenfound yet:

Emittance presenation throughout the complex
Beam-beaminteraction in the Tevatron

Proton and antiproton acceleratione ciencies (Tevatron)
Beam lifetimes

Transferlosses

At presem? the instantenuousinitial luminosity is topping outat5 10°*cm ?s !
(seeFigure 3.2), which is signi cantly lower than expected(Table 3.1). The samecan
be said about the weekly integrated luminosity which is 2-3times lower than planned
(Figure 3.3). The modi ed aimisto reach 3 10°2cm 2s ! instantenuousluminosity
and 4:4 8:6f b ! integrated luminosity by 200¢ [49]. For the Run |1b a structure of
140 proton bunchesand 121 antiproton buncheswas foreseen.Howeer, this would
have implied the reduction of time betweencollisionsto 132ns, signi cantly increasing

2j.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 storesthrough the end of 2003[56].
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Figure 3.4: The coordinate system of the CDF experimernt.

beam-beam e ects, and the introduction of an angle between the two beams. As
the primary motivation for increasingthe number of bundhes, the expected high
luminosity, was not achieved, plans for operating the Tewvatron with 132ns bunch
spacinghave beenabandoned,sothe same36 36 con guration will be usedfor Run
lIb asfor Run lla.

3.2 The CDF experiment

3.2.1 Overview of the CDF experiment

CDF is a generalpurposedetector designedto detect secondaryparticles produced
in pp collisionsat the Tewatron. It is a cylindrical detector with forward-badkward
symmetry designedto cover as much solid angleas possible.

For the descriptionthat followsto be clear, it is usefulto de ne the quartities that
will be used. CDF usesa cartesiancoordinate system(Figure 3.4), wherethe z axisis
oriented along the nominal direction of the beam pointing along the direction of the
incoming protons, the protons circling clockwise. The certer of the coordinate system
is the nominal interaction point, which coincideswith the certer of the detector. The
y axis points upwards, while the x axis is directed radially outwards in the horizortal
plane of the Tevatron. There is also a spherical coordinate systemde ned, wherer
is the radial distance measuredfrom the certer of the detector, is the azimuthal
angle measuredanti-clo ckwise from the positive x axis in the transverseplane, and
is the polar angle measuredwith respect to the proton direction. So

Z=r COoS (3.2)
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and the transversemomertum (the projection of the momertum onto the x y plane)
is de ned as

pr=p sin :qp§+p)2/ (3.3)

The natural unit of measuremenin collider physicsis the rapidity, de ned as

E+ p;
E P
becausethe shape of the particle density distribution in rapidity is invariant under

Lorentz transformations along the beam direction. The rapidity is approximately
equalto the pseudorapidiy

y = %m (3.4)

= Intan= 3.5
nan2 (3.5)

for highly relativistic particles (p  mc). Pseudorapidiy is much more cornveniert
to use,becausst is independen of the particle type and dependsonly on the polar
angle.

The CDF Il which is a generalpurposesolenoidaldetectoris shovn on Figure 3.5
and 3.6. The innermosttracking layer of the CDF |1 detectorsystemconsistsof silicon
detectors(Layer00,SVX Il and ISL) surroundedby a drift chamber (COT), and the
whole cortained in a superconducting solenoid,1:5m in radius and 4.8 m in length,
which generatesa 1:4 T magnetic eld parallel to the beamaxis. Progressingowards
the outside are placed the electromagneticand hadronic calorimeters, followed by
the muon chambers. The luminosity is measuredby Cherenlov courters which are
locatedin the forward regionsvery closeto the beampipe. All thesesubsystemswill
be descrited in greater detail in the following sections.

3.2.2 The CDF Tracking System

The elemens of the CDF tracking system and their electronics must be capable
of handling the high luminosity and high repetition rate provided by the Tewatron.

The andor of the Run Il tracking systemis a large open cell drift chamber for
charged particle reconstruction in the certral region (j j < 1:0). At small radii a
new silicon detector consisting of three subsystemsprovides precisiontracking and
secondaryvertexing, enabling stand-alonesilicon tracking over the full regionofj j <

2:0 (Figure 3.7).

The Silicon Detectors

Silicontracking providesprecisetrack coordinate measuremets in ther planeand
precisesecondaryvertex reconstruction for the long-lived b and ¢ hadrons. In Run
Il the silicon inner tracker consistsof three concenric subsystemgFigure 3.8). The
one closestto the interaction point is Layer 00 (L0O0O), which is located at the radius
of 1:35cm, and consistsof single-sidedradiation resistart 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 shawing the position of the detector sub-
systems.

resolution and b-tagging. LOO 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 siliconuptoj j < 2:0. The information
provided by the SVX and ISL is su cient to reconstruct three dimensional tracks
independerly of the COT“. It also helpsto link COT tracks to SVX tracks more
e ciently. The total sensorareaaddsup to approximately 6m?. As LOO, ISL and
the correspnding reconstruction software were still maturing during the data-taking
period of the presen analysis, the data from these subsystemswere not used. The
properties of the Run Il silicon detectorsare summarizedin Table 3.2.

The Silicon Vertex Detector (SVX) consistsof three barrels (Figure 3.10), eah
29cm long, which mounted together add up to a 96cm total length. There are 12
wedgesn , ead cortaining Vv e layersof silicon. Of the v e layers,three (LayersO, 1
and 3) conbineanr measuremenon one sidewith a 90° stereomeasuremenon
the other. The remainingtwo (Layers2 and 4) conmbine 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 erent subsystems.

at 1:2°. This is designedto permit good resolution in locating the z-position of the
secondaryverticesand improve pattern recognition and 3-D vertex reconstruction.
The sensorsusedin the detector modules have a bulk silicon thicknessof 300
15 m for the 9(° stereolayers and 275 15 m for the small angle layers. The
HV biasing usespolysilicon resistorsand the readout is AC-coupled. The 90° stereo
sensordhave strips running lengthwise on the sensor'sp  n junction sideto measure
ther position of the particle, and strips running laterally onthe ohmic contact side
(n-side) to measurethe r  z position. Both setsof strips are read out at the end of
the sensors.A substartial R&D program, similar to that of the ATLAS SCT hasbeen
carried out in order to achieve the full potertial of the tracker®. The detector modules
are assemled in \ladders”, 12 ladders correspnding to the 12 wedgesin  and
making a layer. In ead barrel, the siliconladdersare mounted betweentwo precision-
madined beryllium bulkheadswhich also carry the water cooling channelsfor the
readout electronics. The bulkheadsde ne the precision of the barrel asserbly and,
therefore,had to be madined to very low tolerances.Beryllium wasusedbeacausef
its long radiation length and sti ness. The coolant is circulated through the integrated
cooling channelsof the bulkheadsat appraximately 5CP. In orderto 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 11 ISL Total
Layers 1 5 2 8
Length 0:9m 0:9m 1.9m
Channels 13824 | 405504 | 303104 | 722432
Modules 48SS | 360DS | 296DS 704

Readout Length | 14:8cm | 145cm | 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 | 25kwW

Table 3.2: Characteristics of the Run |1 silicon detectors.
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Figure 3.8: Overall view of the di erent silicon subsystems.
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Figure 3.9: Design of the Layer 00.
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Figure 3.10: SVX barrel and bulkhead.

replacemen of the inner two layers, the bulkheadasserbly wasdivided into two parts,
with the inner two layers separatefrom the outer three layers.

A perspective view of both sidesof a Layer O ladder is shavn on Figure 3.11. A
notch on the ladder end is usedto preciselylocate laddersrelative to their support
structure. The -side,wherethe detector strips are parallel to the beamline, 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, eat cortaining two crystals. As soon
asthe -side hybrid had adheredto the surface,the seconddetector was precisely
located relative to the rst and the two detectorswere wirebonded. In the next step
the support rail was connectedto the surfacein order to make a single structure
beforethe completion of the z-side.

The readout chips (SVX3D) are mournted 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 requiredin order to
usethe SVX data in the Level 2 vertex trigger processor(SVT, seesection3.2.6for
moredetails). The dynamic pedestalsubtraction enablego suppreson-chip common
mode noise, so that the threshold which correpondsto 99% of e ciency is usually
4-5rms noisevaluesaway from the pedestals[60]. As there are 128 channelsin eah
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Figure 3.11: Perspective views of the z and -sidesof a Layer O ladder.

chip, 88 chips in ead wedge, 12 wedgesin ead barrel and 3 barrels, it addsup to
405504channelsfor the whole system. In order to be able to read out sud a large
systemwithin the requiredtime a highly parallel b er-baseddata acquisition system
has beenimplemerted.
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Figure 3.12: Impact parameter resolution in m asa function of the pr for tracks passingthrough
passive material without Layer 00 hits (red), and with Layer 00 hits (blue).

The commissionningof the SVX Il 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 excellen, the charge collection
e ciency being higher than 99% [62]. The signal-to-noiseratio rangesfrom 14:1 for
ther sideof SVX 11 to 10:1for Layer 00. The best position resolution achieved is
9 m for two-strip and 18 m for single-strip clustersin the SVX |1, and the average
o ine tracking e ciency is 94%][63]. Asit will bedescrikedin Section5.6for ATLAS
the resolution for single-strip clusterswill be 23 m . The averagefake rate is 1:7%
(that of the ATLAS Silicon Tracdker is required to be < 1% (Section 5.5)). The
single track impact parameter resolution was measuredto be 50 m [64]. Howeer,
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Figure 3.13: E ciency asa 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-pr tracks, as scon as Layer
00 data will be included in the physics analysisframework. Figure 3.12 shows the
improvemen of the impact parameter resolution with recerily improved alignmert
and with the use of Layer 00. The improvemern is the most spectacular at low
pr, where multiple scattering is the dominant componert. The currernt Layer 00
hit e ciency is only 65% as a result of aggressie clustering cuts. This number
does not include the e ects of the substartial fraction of overlapping strips in LOO
design. Moreover, it should get better with nal alignmert and optimized clustering.
In ATLAS the impact parameter resolution is expectedto be 110 150m , the
di erence coming primarily from the fact that CDF has Layer 00 at 1:.5cm and the
rst two layersof SVX Il at 2:7 and 4:3cm, while the rst layer of pixelsin ATLAS
is situated at 5:05cm (seeSection5.3). The resolution of the impact parameterand
similar quartities, like the transversedecy length, is extremelyimportant for rare B
decgs. Not only someof the triggers are basedon them, but thesequartities are also
usedasvery strong badkground rejection cuts, someasuringthem with high precision
is essehal. The forward silicon layers of ISL allow tracking wherethere is no COT
coverage.E ciencies in excesf 70%have beenachievedout to j j < 2 with minimal
fake rates (Figure 3.13). This extendedcoverageis esgecially important for analyses
with multi-lepton nal states and statistically limited measuremets. An example
is the top dilepton cross-sectionmeasuremen which gave the result = (7:6
3:4(stat) 1:5(syst)) pbwhich is  30% better than the Run | measuremen despite
having about the sameluminosity. It is important to note, that no degradationin
performancehasyet beenobsenedin the two yearsof operation. On the cortrary, the
performancecortinuesto increaseas alignmen, clustering and tracking algorithms
improve.
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Figure 3.14: 1/6 section of the COT endplate.

coT

The Certral Outer Tradker (COT) is a cylindrical open-celldrift chamber spanning
from 44 to 132cmin radii and 310cm alongthe beamlin€. It operatesinsidea 1.4 T
solenoidalmagnetic eld and is designedto nd chargedtracks in the regionofj j <
1.0 with transversemomertum aslow as400M eV=c A reconstructedtrack provides
accurateinformation in the r view for the measuremenof transversemomenum,
and substarially lessaccurateinformation in ther  z view for the measuremen of
. In addition, the COT is designedto link tracks to segmets in the inner silicon
detectors,to provide an overall momertum resolution of pr=p? < 0:1%~GeV=0).
The COT is segmeted into 8 super-layers (Figure 3.14) alternating stereoand
axial, with a stereoangleof 2°. Eadc super-layer contains 12 sensewires alternated
with 13 potential wires which provide the eld shaping within the cell, yielding a
total of 96 measuremen layers. The wire planesand eld sheetsare strung in pre-
cision slots betweentwo precisionmadined 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 ead wire is 1509 resulting in a to-
tal endplate load of 40 tons. High voltage distribution and readout electronicsare
both mounted on the chamber face. At presen the COT usesArgon-Ethane (50:50),
resulting in a drift eld of 1:9keV=cmand a maximum drift time of 180ns. Mother-
boardsfeedthrough the senseand potenrtial wire connectionsto daugher boardsthat
contain the ASDQ readout chips on oneend and distribute high voltage on 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 sert 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 pr > 2GeV [67]. For muonswith
pr > 1:5GeV the e ciency wasfound to be 9961 0:02(stat) *%:31(stat) [68], which
is very important for e ciently reconstructingrare B decys, likeB3! K °. The
measuredCOT resolutionwasfound to be 175 m meetingthe designgoal of 180 m

(Figure 3.15).

3.2.3 The calorimetry

Located immediately outside the solenoid, scirtillator-based calorimetry covers the
regionj j < 3:64. Its primary goal is to measurethe energy of electrons, photons,
jets, and the net transverseenergy ow. All the calorimetersare segmeted in pseu-
dorapidity and azimuth. The uniform segmetation in pseudorapidil, as opposedto
that in polar angle,has beenchosen,becausean high energycollisionsthe number of
chargedparticles per unit of rapidity is constart in the certral region. The calorime-
try is divided into two geometricalregions: the certral region (j j < 1:1) and the
plug region (1:1 < j j < 3:64). The properties of ead calorimeter are summarized
in Table 3.3 (the thicknessis given in radiation length (X ) for the electromagnetic
calorimetersand interaction lengths ( ) for the hadronic calorimeters).

The certral region is further subdivided into an electromagnetic(CEM) and a
hadronic portion (CHA). In the cerral region, the CEM [59] [69 is a sampling
calorimeter composed of 3:2mm thick lead sheetsinterspersed with 5mm thick
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Coverage Energy resolution Segmetation Thickness
(E)=E
CEM ji<ii 14%=p§ 01 1%° 19X ;1
CHA, WHA j 1< 13 75"/(Fp§ 01 15° 4:5
PEM 11<jj< 36 16‘%Fp E 01 7:5°,016 7:5° 21Xp;1
PHA 1:2<jj< 36 80 E 0:16 7:55°02 06 15° 7

Table 3.3: Characteristics of the Run |1 calorimeters of the CDF detector.

polystyrenescirtillator layers. Due to the geometryof the solenoidthe certral region
is covered by two hadronic calorimeters: the certral (CHA) and the wall (WHA)

hadronic calorimeters. These use acrylic scirtillators sandwited between sheetsof
iron using a similar sdhemeto that of the CEM. The certral calorimeter is divided
into two halvesat = 0, ead half consistingof 24wedgesn . A wedgeis segmeted
into ten towers subtending15° in  and 0.1in . Particles which passthrough the
calorimeter interact with the material producing shavers of photons and electrons.
Incoming photons and electronswill start showvering earlier and their showers will

be almost completely cortained in the electromagneticportion of the calorimeter.
Hadrons (such as pions) will releasea signi cant fraction of their energylater in the
hadronic sectionof the calorimeter. Proportional chambers(CES) are enbeddednear
the shover maximum about six radiation lengthsdeepinto the EM calorimeters. They
determinethe location of the incidert particle within a tower and allow shower-track
matching. Another set of proportional chambers, the Certral Preradiator (CPR) is
placedin front of the wedgesand perform the task of a shover presampler. They use
the magnet coil and the tracking material as a radiator.

As in the caseof the certral region, the plug calorimeter is divided into an elec-
tromagnetic (PEM) and hadronic (PHA) portion as well. Unlike the certral part,
the gascalorimetersof Run | wereincompatible with the crossingrates of Run 11, so
a new scirtillating tile plug calorimeter has beenconstructed. In both sectionsthe
active elemens are scirtillator tiles read out by wavelengthshifting (WLS) b ersem-
beddedin the scirtillator. The WLS b ersare slicedto clear b ers,which carry the
light out to the PMTs located on the bad plane of ead endplug. The EM calorime-
ter (PEM) is a lead/scintillator sampling devicewhere4mm thick scirtillator layers
are sandwited between4:5mm thick lead layers. There is a preshaver (PPR) and
shover-max (PES) detectorin the plug portion of the calorimeteraswell. The hadron
calorimeter (PHA) is a 23 layer iron and scirtillator samplingdevicewith a unit layer
composedof 2inch iron and 6 mm scirtillator.

With the completionofthe CDF Il upgrade,both the electromagneticand hadronic
calorimetershave the samegeometryand disposition of towers, sothat a comparison
of energydeposition in ead elemen can be madefor any individual tower.
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CcMU CMP/CSP CMX/CSX IMU
Pseudo-rapidity coverage jj 06 jj 06 06 jj 10| 20 jj 15
Drift tube crosssection 2:68 6:35cm | 225 15cm 2.5 15cm 25 84cm
Drift tube length 226¢cm 640cm 180cm 363cm
Max drift time 800ns 14 s 14 s 800ns
Total drift tubes 2304 1076 2208 1728
Scintillation courter thickness - 2:5cm 1:5cm 2:5cm
Scintillation courter width - 30cm 30 40cm 17cm
Scirtillation courter 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 pr 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 |1 Muon Detectors.

3.2.4 Muon detectors

Unlike electronsand hadrons which lose most of their energyin the calorimeters,
muons traversethe tracking systemand calorimeterswith ease. Triggering and re-
constructing muonsis at the core of seweral broad physics programsand is the basis
of the presen analysis. In order to detect theseparticles muon chambers are placed
outside the calorimetry. CDF |1 usesfour systemsof scirtillators and proportional
chambers in the detection of muons over the regionj j < 2:0 (Figure 3.16). The
designparametersof thesedetectorsare summarizedin Table 3.4.

The performanceof the certral muon systemswassatisfactoryduring Run |, sothe
structure remainslargely unchanged, and changesfor Run Il represem incremerial
improvemerts. In the forward region, howewer, the muon system'slower granularity
would have transformed into higher occupancy soit 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 Certral 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 55 absorption material of the CHA. Each cellis 6:35 2:68 226cm in size
and hasa 50 m stainlesssteel wire in the certer. The 16 cellsin the module are
stacked four deepin the radial direction, with a small o set betweenthe 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 ead wire
pair is instrumented with a TDC to measurethe muon's locationin , and an ADC
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Figure 3.16: Location of the di erent componerts of the muon systemin azimuth  and pseudora-
pidity .

on ead endto measurethe muon's location in z via chargedivision. The only major
changecomparedto the Run | is that the CMU chambers are run in proportional,
rather than limited streamermode of Run I, which implied the installation of new
pre-ampli ers on the chambers. Also the cell gangingsthemehasbeenchangedfrom
alternate cellsto adjacen cells,improving the granularity at the trigger level from a
5° azimuthal arc to 2:5°.

Central Muon Upgrade

In spite of all the material represeted by the calorimetersin front of the CMU

0:5% of the hadrons’ will reach the CMU and fake a muon signal. Thesehadrons
create a signi cant badground, especially for muons near jets. In order to improve
the rejection of this hadronic badkground another set of muon chambers is placed
behindthe CMU. The Certral Muon Upgrade(CMP)[72] [73] consistsof a secondset
of muon chambers behind an additional 60cm of steelin the region 55° o9
U J 0:6). The return yoke of CDF solenoidprovides the necessarysteel above
and below the certral detector, while on the two sidestwo non-magnetizedretractable

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

Figure 3.18: Layout of a CMP wall with steel, chambers (CMP) and courters (CSP). Counter
readout is located at z = 0. Counter layersare o set from the chambers and from ead 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 15° in azimuth (right).

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

A layer of scirtillation courters (CSP) is installed on the outside surface of the
wall drift chambersin order to idertify the beam crossingof the muon track.

The Central Muon Extension

The Certral Muon Extension consistsof drift tubes(CMX) and scirtillation courters
(CSX) located at ead end of the certral detector. They extend the coverageof the
CMU to 42 55°( 06 | j 1:.0). The CMX drift tubesare arrangedasa
logical extensionof the CMU. There arefour logical layersof twelve tub esfor eat 15°
sectorin , and successi® layersare half-cell o set in order to eliminate ambiguities.
Ead logical layer consistsof two physical layers which partially overlap with ead

other, resulting in a stereoangle of 3:6 mrad and thus permitting the measuremen
of the polar angle of the track. On the averagea muon intersectssix cells. The drift

tubesof the CMX dier 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 seweral chamber cells and the corre-
sponding scirtillators.

to 640cm of the CMP).

A layer of four CSX scirtillation courtersis installed on both the insideand outside
surfacesof eady CMX sector. The courters on the inside are half-cell staggered
comparedto those on the outside doubling the e ective granularity of the system.
The excellen timing resolution of the courters rejectslarge CMX badkgroundsfrom
out-of-time interactions in the beam pipe and the face of the forward calorimeter.

Comparedto Run | the coveragehas beenincreasedby instrumenrting the top 30
degreedn on the west side of the detector and the bottom 90 degreesof aswell.
The latter is commonly called the \miniskirt" and dueto the presenceof the o or of
the collision hall requiresa di erent geometricalcon guration. Theseupgradesresult
in a 45%increasein coverage.

The Intermediate Muon System

The CDF 11 tracking system,in particular the ISL, providesthe ability to reconstruct
trajectories 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 < 1.5 with ne
granularity, and providing coveragesu cient to identify isolated high pr tracks as
muons or hadronsbetween = 1.5and = 2:0. The IMU consistsof a barrel of
drift chambers(BMU) and scirtillation courters aroundthe FMU toroid steel(TSU),
with additional courters betweenthe toroids and on the endwall (BSU). The IMU
chambers and courters are virtually idertical to the certral muon detectorsand use
the samereadout electronics(Figure 3.20). The toroids will not be energizedand the



3.2. THE CDF EXPERIMENT 47

pr measuremenwill be provided by the tracking system. This muon subsystemis
not usedin the presen analysis.

3.2.5 The Cherenk ov Luminosit y Counters

In CDF the beamluminosity is measuredusing the processof inelastic pp scattering.
The inelastic pp ewverts are e cien tly detectedusing Cherenlov Luminosity Courters
(CLC) [74 [75] [7€6). There are two CLC modules, installed at small anglesin the
proton and anti-proton directionswith rapidity coveragebetween3.75and 4.75. Each
module consistsof 48 thin, long, isobutane- lled, Cherenlov courters. The courters
are arrangedaround the beam-pipe in three concertric layers, with 16 courters ead,
and pointing to the certer 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 Cherenlov 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 Il and is an
essetial part in measuringboth the Tevatron and the CDF luminosity (Figure 3.21).
The systematicerror of the luminosity measuremenis dominated by the uncertaini-
ties of the inelastic pp 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 ow.

In hadron collider experimerts the collision rate is much higher than the rate at
which data can be stored on tape. In Run Il the maximal collision rate is expected
to be 7.6 M Hz while the tape writing speedwill not exceed50H z. The role of the
trigger is to e ciently reject uninteresting events while keepingewerts of potential
interestwith high e ciency. The trigger systemof CDF usesa three level architecture
with ead level providing a rate reduction su cien t to allow for processingn the next
level with minimal deadtime (Figure 3.22).

Level-1 (L1) usescustom designedhardware to nd physics objects (i.e. muons,
electrons, etc) basedon a subset of detector information. In order to make the
L1 trigger decision,ead detector elemen haslocal data bu ering for the 42 beam
crossingscorreponding to the 132ns separationand 5:5 sec L1 trigger latency®. If
an ewert 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 asyndironous
with an averagelatency of 20 sec. It usescustomhardware to make a limited evert
reconstruction which is performedin programmableprocessors.The L2 trigger can
acceptas many as 300 ewverts per secondwhich are then transferredto the Level-3
processorfarm. Level-3 (L3) takesadvantage of the full detector resolutionsin order

8i.e the time neededto processan event.
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Figure 3.23: Block diagram of the Run 11 trigger system.

to fully reconstructewerts and theseewerts can also be viewed by online monitoring
programs. Figure 3.23 shaws the functional block diagram of the trigger system.

To keepthe court of the passedriggers every evert hasa setof trigger bits. Each
of the trigger bits is resened for oneparticular trigger. If an evert passeghe require-
merts of the trigger, the correspnding trigger bit is set. A setof consequenlLl, L2
and L3 triggers is called a Trigger Path. Only those everts which have the required
L1, L2 and L3 bits can passthe Trigger Path. A given Trigger Path is intended to
determinepotertially interesting everts for oneparticular type of physics. To accom-
modate the di erent physicsinterests, se\eral Trigger Paths are usedin parallel and
all compete for DAQ bandwidth. Sud a collectionof Trigger Paths is calleda Trigger
Table. Trigger Table structure and preferencesare usually a complicatedcompromise
betweenseeral physicsand technical requiremerts.

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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concerrates and delivers the data to the L3 trigger subsystem. L3 is a \farm" of
commercial parallel processorswhere eat event is processediy a single processor.
Finally, the Data Logging systemwrites the events to massstorageand a subsetof
ewerts to the DAQ monitoring system.

Level 1

The L1 hardware consistsof three parallel syndironous 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 |, as previously track
nding was available only at L2. As the muon and electron triggers require a track
pointing at the correspnding detector elemen, the tracks are also fed to the muon
and calorimeterstreams. Up to 64 di erent triggers canbe formed using simple ANDs
and ORs of objects from these streams. The decisionis made every 132ns by the
Global L1 unit.

The addition of the eXtremely Fast Tracker (XFT) is a signi cant improvemern
over Run | wheretracks were available only at L2. The XFT is highly parallel and
processedlata from ead bunch crossing. The tracking results from the XFT are
available fast enoughso that they can be usedin L1 trigger decisions. Its track-
nding e ciency is 96 % for tracks with pr > 1:.5GeV, the momenum resolution
is (1=pr) = 1.7%=GeV, and the resolutionin g is 5mrad [77]. The latter is very
important for the presen analysisas XFT tracks will be usedasthe seedfor the SVT
at L2. Track iderti cation is accomplishedin two subsystems,the Finder and the
Linker. The Finder seartesfor high-pr track segmets in ead of the outer-four axial
superlayersof the COT. Eadh found segmehn is characterizedby a mean position in
the axial SL. The Linker then seartiesfor a four-out-of-four match amongsegmets
in the four layers, consistet with a prompt high-pr track. The XFT dividesthe COT
into 288 segmets, eat covering 1.25 degreeswith onetrack allowed per segmenh
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 triggqgs are divided into object triggers (electrons, photons and
jets) and globaltriggers( Et and Er). In the caseof the object triggers the thresh-
oldsareappliedto individual calorimetertrigger towers,while in the caseof the global
triggers thosethresholdsare applied after summing energiesover all towers. Someof
the calorimetertriggers usetrack information in order to reducethe trigger rate. For
example,in the caseof the low-E1 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 assaiated XFT track.
A muon stub is de ned as a pattern of hits in the muon chambers consisten with
the passageof a charged particle. CMU and CMX stubs represem a pair of hits on
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projective wires with a time di erence lessthan somedownloadedvalue, which is set
to selecttracks above a pr threshold. For the CMP a stub correspndsto a pattern of
hits in a tube stadk consistemh with a muon. Matching is doneby extrapolating XFT
tracks to the muon chambersand looking for the presenceof a muon stub within 2:5°.
Figure 3.24 shavs the CMU trigger e ciency as a function of muon pr and muon
track [78. The e ciency was obtained from the 4GeV inclusive CMUP Level 1
singlemuon trigger, wherethe secondlegof aJ= wasusedasthe probe muon. The
CMU e ciency wasfoundto be 0:9774 0:0020. Figure 3.25showvs the CMX trigger
e ciency asa function of muon 1=pr and muon track , which give an e ciency of
0:9672 0:0029for CMX. These high e ciencies are essetial asthey erter in the
overall e ciency of collectingBj! K © decys.

Level 2

The L2 trigger selectionis composed of seweral asyndironous systemswhich input
their data into the Global L2 crate taking the decisionwhether any of the trigger
conditions hasbeensatis ed. L2 decisionstarts after the evert is written into one of
the four L2 bu ers. In orderto keepthe bu ers from lling up and causingdeadtime
the time betweenL?2 decisionsshouldbe < 16 sec. As the latency is 20 sec, the L2
decisionis pipelined in two stagesead taking approximately 10 sec resulting in a
minimal deadtime even with a L1 acceptrate of 50K H z°.

The data for the decisionis collectedfrom the L2 bu ers of the L1 trigger systems
(XFT and L1 MUON) and from the calorimeter shaver maximum detector (XCES).
At the sametime a track processornds tracks in the silicon vertex detector (SVT)
and a hardware cluster nder (L2 CAL) processeshe calorimeterdata. Basedon the
data collecteda decisionis made by the Global L2 subsystem.

Sincejets are not fully contained in trigger towers usedby the L1 trigger, the L1
thresholds must be set much lower than the jet energyin order to provide e cient
triggers. At Level-2L2 CAL combinesa cortiguous region of calorimeter towerswith
non-trivial energyto form clusters. For ead cluster found the total electromagnetic
and hadronic energiesare calculated and recordedalong with the number of towers,
andthe and coordinatesof the seedtower.

The ability to useimpact parameterinformation in the trigger to detect secondary
vertices can substartially increasethe physicsread and the Silicon Vertex Tracker
(SVT) is providing this capability, which is the rst time in a hadron-collider ex-
perimert. Studies of B decas are greatly enhancedby the SVT. Decay channels
important for the study of CP violation like B°! *  would be virtually unde-
tectable at the Tewatron without an impact parameter trigger. Other interesting
decgy modes like the one descrited in the presen thesis will also benet from an
impact parametertrigger in terms of better rejection against badkground and higher
statistics ontape. In orderto obtain impact parameterinformation at L2, the SVX |1
is readout after ead L1 trigger. In the next stepthe SVT conbinesthis data with L1

9For technical reasonsat presert the maximum 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 analysis®.

The SVT hasbeenimplemerted on customdesignVME 9U boards,organizedin 12
identical subsystemsgcorrespndingto the 12 wedgesof the SVX alongthe azimuthal
angle. After tracking information is received from SVX 11 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 clusters sa-
tisfying the requiremerts are found, the certroid of the cluster and the most probable
track intersection point at that SVX layer is computed. In the meartime, the list
of tracks found by the XTRP is transmitted to the Asscaiative Memory Sequencer
(AMS). As soonasthe clustersfrom the Hit Finder areavailable from the output of the
Merger, they are also transmitted to the Asscaiative Memory Sequencer.The AMS
usesa lookup table to corvert the 14-bit cluster certroid into a coarserSuperstrip
in preparation for the pattern recognition stage! and transmits the information to
the Assaiative Memory (AM) boards. On the AM boards ead chip stores 128
conbinations of outer tracks and coarseSVX hits. Ead conbination represets a
legitimate particle trajectory and is called a road. The roads are programmable,so

10ynfortunately , during the initial period of running there seweral 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.

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

that they can be changedin caseof geometric misalignmernt'? and other potertial
problems. Ead chip tries to match its input data to a road, and, if a match is found,
outputs the track candidate'sroad number. All the data from the Hit Finder, the
AM andthe XFT are collectedin the Hit Bu er and transmitted to the Track Fitter,
wherea linear 2-D t 2 consistingof a set of scalarproducts is performed.

The resolution after correctingfor SVX alignmert and beamline position hasbeen
foundto be 50 m , which is the result of the convolution of 35 m SVT resolution
andthe beamspot 33 m wide (Figure 3.27)[80] [81]. Figure 3.28shownsthe e ciency
asafunction of pr and of the muonsfor both the data and Monte Carlo simulation
forB! J= X decas[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 oine muontracksfromJ= decy
having pr > 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 pr > 2:0GeV increaseghe latter e ciency to
90%, while requiring 3 silicon hits instead of 4 diminishesthe e ciency by 10 15%.
In mid-2003the SVT patterns have beenupgraded,which resultedin an improvemernt
of up to 15% of the e ciency [83]. Having a good impact parameter resolution and
a high e ciency isimportant in orderto collectthoseBl! K %and other decys,
which are not covered by the non-SVT rare B triggers. With the help of the SVT

125ince the SVT doesnot have z information for tracks, an angular misalignment between the SVX and the beam
would result in incorrect impact parameter results.
13The t is performed in the plane perpendicular to the beam axis.
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Figure 3.28: SVT eciency versusthe pr 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 pavesthe way for triggering on fully hadronic deca/s
and enhanceghe semileptonictriggers. As an exampleof the former, the invariant
massdistribution of two tracks of opposite charge, assumingthe pion hypothesisfor
ead track, is shovn on Figure 3.29. The peak# is the rst evidenceof charmlessB
decys, and is a step towards direct CP asymmetry measuremets in B® ! K*
and CP asymmetry measuremets in B ! :

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 hasthe longestprocessing
time, if all triggers which require SVT impact parametersare rejected by other cuts
(i.e. kinematics), then the impact parametercut won't be tested.

Level 3

The Level-3(L3) trigger systemconsistsof two major subsystemsthe Evert Builder
(EVB) and the Level 3 Farm [84][85]. The L1 and L2 physics cuts and prescales
are tuned sothat 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
makesit impossibleto fully reconstruct ead evert. L1 and L2 algorithms useonly
small prede ned piecesof evert data to make their decision. After a L2 decisionis
made,the Event Builder asserblesall event fragmerts from the Front End cratesinto
one data block (Figure 3.30). The Level 3 Farm receiwes a single and complete but
disorderedblock of evert data from the Evert Builder. The L3 Filter extractsL1 and
L2 trigger bits from the trigger banks of the evert, looksthrough the Trigger Paths
of the Trigger Table, fully reconstructsthe evert and makesa nal trigger decision.
For example ewven though the impact parameter resolution of the SVT is similar to
the o ine resolution, the SVT resolution has signi 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 recognition enablethe software
of Level 3 to handle the non-Gaussiarnresolution tails, thus reducingthe badkground
while keeping the ewerts of interest with high e ciency [86. Everns passingL3
are sert to ConsumerSener Logger (CSL). The CSL writes ewert data to disk and
distributes a small fraction of everts to Consumersto allow the shift crewto 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
decisionis made the data fragmerts of the acceptedewernt are transmitted to 15
EVB VRB crates. Each VRB crate reads ewent data from a group of FE crates,
correspnding to somelogical part of the detector (COT, SVX etc). Data ow from
the detector is equally distributed betweenthe 15 groupsof FE cratesto provide the
sameload for all the VRB crates. Each VRB crate is cortrolled by a single board

14The peak is a mixture of B?;Bg ! ;K ;KK 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 sere as a separateunit in data
taking.

Evert fragmerts from EVB crates are next sert to the L3 Farm. It takesabout
a secondfor one Linux PC to make a trigger decisionon one evert. It requiresa
large farm of 250 Dual Pertiuml Il PCsto dealwith the requiredinput rate. Each of
the 250 Processomodesruns an instanceof L3 Filter code on ead of two CPUs and
reconstructstwo events in parallel. The 250 processorsare divided into 16 subfarms,
eat subfarm being cortrolled by a Linux computer called a Converter node. The
ScannerManager (SM), a single board computer, cortrols all the componerts of the
EVB via SCRAMNet network. It receives L2 trigger from the Trigger Supervisor
(TS) and syndironizes data ow from SCPUsto Corverters. The data received
from the Converter must go through the Reformatter in order to be used by the
reconstruction code 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 analysispadages,hencethe resolution is
greatly improved comparedto the lower trigger levels. It determinesthe event type
and makesthe L3 trigger decision,acceptingeverts at a rate of appraximately 75H z.
Eight Output nodes,ead sharedby two subfarms,are dedicatedto the output from
the Level3 Farm to the CSL.
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Chapter 4

Search for the BJ! K 9decay

4.1 Intro duction

Chapter 2 shaved that B physicsin general,and especially in the last fewyears,is one
of the most interesting areasof high energy physicsfor testing the Standard Model.
The importance of the b! sI*l decgs for discerning supersymmetric e ects in
obsened physics quartities has beendescrited. One of the most promising deca/s
was found to be B! K 9, which can shav supersymmetric cortributions either
by an enhancedbranching ratio, or by a changein the forward-badkward asymmetry

In the previous chapter it was shovn why the CDF detector is especially well
adapted for carrying out measuremets in the eld of B physics. It hasa powerful
tracking systemwith silicon layers as closeas 1:35cm to the interaction region pro-
viding the precisiontracking and a drift chamber providing the cortinuous tracking.
Togetherwith the SVT the silicon detector provides50 m resolution for the impact
parameter, which enablesCDF to selectewvents of interest with higher e ciency al-
ready at the trigger level. Extensive muon systemsprovide an excellen basis for
collecting everts of semi-muonic or muonic decys, like B! K ©°.

Although the presen data is not su cien t to measurethe forward-badkward asym-
metry in B! K 0 decys, its branching ratio is starting to be within the reac of
the CDF experimert. The presen chapter will descrike the principle of the measure-
mert performedin orderto obtain that branching ratio, or { if the casearises{ setan
upper limit onit. The chapter rst introducesthe data sampleon which the analysis
was performed and the trigger cuts inherert to them. Various selectioncuts, aimed
at eliminating the badkground, will be descrited 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 descriked in Section4.5.
Section 4.6 will shov how the e ciencies of various cuts have been obtained from
Monte Carlo calculations. Finally, the brandhing ratios and upper limits for various
con dence intervals will be preserted together with a short outlook to the future of
the B! K ©decy at CDF.

59



60 CHAPTER 4. SEARCH FOR THE B% | K 9 DECAY
4.2 The datasets

The study of rare B deca/s with dimuon nal statesis one of the strong points of
hadron colliders comparedto the B factories. The clean nal statesallow to trigger
and selectthe relevant ewerts out of the overwhelmingbadground, making it possible
to take full advantage of the much larger b quark production crosssectionat hadron
colliders. The presen analysisusesthe data of dimuon rare B triggers from Run |1

acquiredduring the period starting from March 2002 until Septenl?gr 2003. In that

time frame CDF collecteddata for a total integrated luminosity of Ldt = 215pb 1.

Unlike the Run I, whereseeral di erent triggers had to be combined in orderto cover
the relevant massrange[87] in Run Il a setof rare B triggers designedexplicitely for
decyssuch asBy! K 2 wereintroduced[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 implemerted at L2 and L3
in order to reducethe rate to manageabldevels. The most important new cut used
is the requiremen that one of the muon tracks haslarge impact parameter. It is not
only simple to implemert with the help of the SVT, but is also more inclusive than

requiring an extra track for example,asit will be sensitive to deca/s like By ! as
well.

Trigger Cuts

L1 TWQMUL.5PT1.5 pr > 1:5GeV for both CMU muons

L1 CMU1.5PT1.5. & CMX1.5PT2PS1| pr > 1:5GeV for the CMU muon
pr > 2:.0GeV for the CMX muon
run 152953,added CSX scirtillator 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 certral muons are re-
guiredto trigger anevernt. More precisely the rare B triggersusethe L1. TW@MUL1.5
PT1.5 and L1.CMU1.5°T1.5.& CMX1.5PT2PS1triggers in their trigger path. The
rst one requirestwo muonsin the CMU with pr > 1:5GeV ead, while the sec-
ond one asksfor one muon with pr > 1:.5GeV in the CMU and another one with
pr > 2.0GeV in the CMX. In eat casethe subdetector requiresa muon exceeding
the threshold of 1:5GeV and the pr cut is applied on the information provided by the
XTRP. During the data taking period seeral minor changeshave beenimplemerted.
From run 145532the CMX extrapolation has beentightened. The XFT maps have
beenchangedto allow only 1 missinstead of 2 beginningwith Run 152636.Starting
from run 152953a CSX scirtillator veto has beenaddedto the CMX selectionre-
quiremert at Level 1 in order to reducethe rate of the fakes generatedby the noise
in the CMX. The rejection* of the CMU-CMU and CMU-CMX trigger is 4 10°
and 1P, respectively. It is alsoworth 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 > 2:5° which is the minimal separation
betweentwo muons.

At this momen, thereis no cut at L2, i.e. all events are automatically accepted
(triggers L2 AUTQ.1. TWA@MUL1.5PT1.5 and L2 AUTQ.1 CMU1.3PT1.5.& CMX1.5
PT2J. At the momen, the luminosity is lower than expected, and rate is not an issue
at L2. Howewer, 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
pr > 1:5GeV for CMU, pt > 2:0GeV for CMX and pr > 3:0GeV for CMP muons
dx < 30cm for CMU, dx < 50cm for CMX and dx < 25cm for CMP muons
Zo < 5:0cm for the two muons
< 2:25rad for the two muons
0 < invariant massof the two muons< 6GeV

Table 4.2: Cuts commonto all Level 3 rare B triggers.

Trigger Cuts
RAREEMUPCMU
RAREEMUPCMX
RAREEMUCMBUMPT P pr > 5GeV

run 153067,prescaleof 10

run 155433,invariant mass> 2:7GeV, no more prescale
RAREEMUCMYT one of the muonshasdp > 0:01cm

RAREEMUCMLXY jlé_xyj > 0:01lcm

RAREEMUCMBUMPT pr > 5GeV

run 155433,invariant mass> 2:7 GeV
RAREEMUCMXMUSVT the CMU muon hasdgp > 0:01cm
RAREEMUCMMMXSVT the CMX muon hasdgp > 0:01cm

RAREEMUCMXY jLxyj > 0:0lcm

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 conrm the L1 cuts. Conrming L1 muonswith L3
reconstructed muons cleansup fake muons and fake tracks. At the momen, the
impact parametercut is implemerted 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 (Table 4.2). Two CdfMuonsof opposite chargeare requiredto be
in the event with the di erence of their longitudinal impact parameters zp < 5:0cm
and < 2:25rad. The invariant massof the two muonsis requiredto be betweenO
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and 6 GeV, hencethesetriggers are very interesting for other analysesaswell, because
there are very few triggers that do not have a lower limit on the dimuon invariant

mass. The L1 transversemomertum cuts are alsocon rmed (i.e. pr > 1:5GeV for

CMU, pr > 3.0GeV for CMP and pr > 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 stub?. 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
RAREEMUPCMU 0.25 42 0.082
RAREEMUPCMX 0.02 7 107 0.016
RAREEMUCMBUMPT 1.1 10 0.105
RAREEMUCMRYT 0.3 39 0.075
RAREEMUCMBUMPT  0.18 75 0.044
RAREEMUCNSYVT 0.06 4 107 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
generatedeverts.

The SUMPTriggers have the additional requiremen that the scalar sum of the
transversemomerntum of the two trigger muonshasto exceedb GeV. The SVTiriggers
have an addedrequiremen on the the transverseimpact parameter,i.e. do > 0:01cm
(Table 4.3). Sewral studies [88 [89] [90] were performed in order to optimize the
di erent rare B triggers, sothat they reject e cien tly the badkground while keeping
the signal with high e ciency. Table 4.4 summarizesthe rejection and e ciency ® of
the triggers®, wherethe rejection is normalizedto the correspnding L1 trigger rates.
As happenedwith the L1 triggers, the L3 triggers have gonethrough modi cations
aswell. Becauseof the increasein luminosity the rate had to be reduced. First, the
RAREEMUCMUWMPTrigger responsible for most of the rate was prescaledstarting
from run 153067. Starting from run 155433this prescalewas removed, but a lower
limit of 2:7GeV onthe invariant massof the two muonswasintroducedon both SUMPT
triggers. The pr 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 triggers cutting onthe L,, obtainedfrom the L3 reconstructionbeginning
with run 163117.L,y, is de ned asa projection of the vector pointing to the two track
crossingpoint in 2D on the direction of the momernium of the two track system. It
can be positive (displacemen of the two track vertex is in the samedirection asthe
pair momertum) or negative. This cut implies that both muonshave to have silicon

2In common CDF jargon r is the same as drphi and dx.
3The eciency is normalized to the number of the generated MC events.
4RAREEEMUCMBYVTis the sum of the RAREEEMUCMXMUSVAnd RAREEEMUCMIMXSViFiggers.



4.2. THE DATASETS 63

Dataset Runs Date Total size | Luminosity
jomu08 | 140886-152952  13.03-16.10.2002 501GB 45pb 1
jrar08 152953-158732 16.10.2002-13.02.208 | 239GB 48pb 1
jrar09 158733-168889  13.02-06.09.2003 775GB 122pb 1!
All 140886-168889 13.03.2002-06.09.208 | 1515GB 215pb 1

Table 4.5: Datasets usedin the preser study.

tracks with j j < 1:2 assaiated with them.

Level 3 writes out the data to appropriate streams. All the data relevant to the
presemn thesiswerewritten out to streamJ, which is the stream cortaining the events
triggered by muons. The data is reconstructedo 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 hasaccesgo the run dependert conditions,
sud asalignmert and calibration constarts of the varioussubdetector systems. These
datasetsare closelyrelated to the Level 3 triggers.

The presen analysisspansa time frame wherethree typesof datasetswere used:

Runs 140886-152952the rare B triggers werewritten out to the jomu08 dataset
together with other dimuon triggers

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

Runs 158733-168889the version of the production was changed,so the rare B
triggers were written out to the datasetjrar09°.

The data correspnding to thesedatasetswerewritten out to tapes. The advantage
of the tapesis that spaceis freely available, howewer, running analysison data which
is stored on tapes,can be slow. The alternative solution is to store the data on hard
diskson le seners. It reducesconsiderablythe time neededfor analyses,however,
the spacetendsto be limited. In orderto be able to store the data necessaryfor the
presen analysison hard disks, it has been\stripp ed", i.e. its size has beengreatly
reduced. In order to reduce data size, raw data banks which were not necessary
for the presen study were dropped and in the caseof the jomu08 dataset, everts
correspnding to other triggers than the rare B triggers, were dropped as well. The
resulting data were stored on the fcdfdataO41 le sener.

5Theoretically , the number at the end of the dataset describes the version. Hence, jpmu06 was processedwith
version 4.8.0 of the oine software, jpomu08 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, sothey were omitted.

6 Actually , 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 analysisis to corvert 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 setof selectionrequiremens was applied during the
ntuple-making. Only ewens acceptedby one of the rare B triggers are kept. Quali-
ty requiremerts are imposedon tracks in order to reduce uncertainties on derived
parameters. The default tracking algorithm usedfor tracking is called \outside-in"
tracking. It is seededby tracks found in the COT and progressiely seartes for
the silicon hits inward, henceits 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 conbinatorial badkground 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 encourtered. At ead layer
of silicon a road sizein r is establishedbasedon the error matrix of the track’.

7At presert it is setto 4 .
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r hits that are within the road are addedto the track, and the track parameters
and the error matrix areret & with this new information (Figure 4.1). A new track
candidateis generatedfor eat hit on the road. In order to take accourt of potential

hit ine ciencies a candidatewithout a hit in the given layer is included aswell. Each

of these new candidatesare then ranked basedon the number of hits found so far,

and only the besttwo candidatesare kept and extrapolated into the next layer where
the processis repeated. At the end of this processthe candidatethat hashits in the
largest number of silicon layers is chosen. If there are seweral sud 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 progressie t. Howewer, asthe z resolution of the
COT is oneorder of magnitude worsethan in r , the stereolinking of COT to silicon
is much more challengingand special careis required. For the algorithm to function

properly an excellen alignmert 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 presen 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
stereo superlayers with at least 4 hits ead. The tracks are required to have their
transversemomenum in excesof 0:4GeV.

Only ewents acceptedby one of the chosendimuon triggers are kept. In the CDF
o ine software muons are a combination of a track and one or se\eral stubs of the
di erent muon systems.For the preser study, the CMU muonsselectedare required
to have the matching 2 < 9, which is the value represeting the quality of the track-
stub match®. The minimum momenum requiremen is 1:5GeV, while j j must not
exceedL.0(which is equivalert 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 belessthan 10cm for CMU and CMX. Ther cuts of the Level 3 are con rmed
aswell.

The B mesoncandidate is reconstructedduring the preselectionstep, the t pa-
rameters being saved, so that they can also be usedin later stages. At this stage
the cuts are aimed at cleaningup the sample,by requiring the transversemomerum
of the K © to be greater than 2GeV and the reconstructedK ° 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 assaiated with the muon pair. All measuredcharged tracks
have to be consideredas kaon tracks, as in the relevant momerium range, apart
from muons, CDF lacks the ability to idertify chargedparticles. The Time Of Flight
systemof CDF is not ableto e ciently separatekaonsfrom pionsin the momerium
range relevant to the presen analysis. This results in a signi cant combinatorial

8Currently, 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 seweral other
variables implemented. Unfortunately , at present only two of them are lled in by default, and only for CMU stubs.

2



66 CHAPTER 4. SEARCH FOR THE B3 ! K 0 DECAY

mminvariant mass |
x10°

200

o]
o
o

Number of capdidates.
o
o
o

[e2]
o
o

400

200

OO

5 ‘ 6
M(m[GeV]

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

badground.

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 candidatetracksis
performed, the tracks being constrainedto comefrom a commonsecondaryvertex'©.

There is no massconstrairt applied to the muon pair asin FCNC decygs the
dimuon massis not xed and at this stageno attempt is madeto separateB9 !

* K %and B! J= K?° 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 shavn in
Figure 4.2. Thereis avery pronouncedJ= peak,and onecanalsoclearly distinguish
the (25)! * , ' K*K ! * and ! * I * 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 basiccheds, sud aswhetherthe givendetector
subsystemand all its componerts areturned on, and cortinueswith the monitoring of
the performanceof ead detector subsystemby looking at the monitoring programs
attached to the DAQ system, which provide in real time plots of di erent physics
guartities correspnding to data from various triggers. Thesereal time cheds are
followed by more in-depth cheds once the data is written to tapes, where addi-
tional information and the full analysisframework are usedto show through various

10This is called a vertex-constrained t.
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RareBDimuonMode RareBKstarModule

Cuts on muons
opposite charge
pr()> 15
ji< 10
dz(CM U) < 100

>2<position <90
dz(CM X) < 100
axial hits 20
stereohits 10
axial SL 2 with hits 4
stereoSL 2 with hits 4
dphi < 3:14
dx(CM U;CMP) < 300
dx(CM X) < 50:0

Cuts on tracks
pr (track) > 0:4
axial hits 20
stereohits 10
axial SL 2 with hits 4
stereoSL 2 with hits 4

CutsonK ©
pr(K 9 > 2.0

0:796< M (K ©) < 0:996
0 < dphi(K )< 180
dz(K )< 100

Table 4.6: Preselectioncuts applied to the data sample. Following the CDF corvertion the various
guantities are always expressedn GeV and cm unlessotherwise stated.
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Cuts on muons
pr( )> 15

Cuts on tracks
pr (track) > 0:5

axial hits 20

stereohits 16

Sihits 3

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

CutsonK ©
0:792< M (K ©) < 0:992
pr(K ©) > 20

Cuts on B
pr(B% > 6
Iy < 1.0
c <05
L, < 0:015
2, <150

Table 4.7: Baselineselection cuts applied to the data sample.

physicsquartities, sud asthe yield of J= -s etc, that the performanceof the detec-
tor is satisfactory For the presem 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 requiredto be setaswell. As the
location of the primary interaction vertex is essetial in this study for measuringlife-
times, pointing anglesand Ly, runs for which the beam position measuredby SVX
is not available are discarded.

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

We require that the muons have pr > 1.5 which is a clean-upcut as the trigger
muons should satisfy this criteria. Howewer, comparedto the Run I, wherethe lower
limit onthe pr was2GeV, it isamajor changeasit enabledo increasethe acceptance.

There are se\eral additional cuts that are appliedto the B meson. Someare clean-
up cuts, the aim of which is to get rid of odd ewerts, sud as requiring the proper
decyg length to be shorterthan 0:5cm, the transversedecyg length to be shorterthan
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Figure 4.3: Di erent regionsof the analysis.

1:0cmandthe uncertainty onit beinferior to a certainvalue( |,, < 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 consisteh with a common vertex
( 2, < 150). The transversemomertum of the B mesoncandidateis requiredto be
larger than 6 GeV aswell.

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

For the non-resonah B! K 9 candidatesthe invariant mass of the two
muons is required to be in the interval of 0 6GeV=c excluding the regions
correspnding to the resonan J= ( 200M eV=c® around the PDG value of the

J= mass)and (2S) ( 100M eV=¢ aroundthe PDG valueofthe (2S) mass)
decys.

For the resonam B! J= K ° candidates,the invariant massof the muon pair

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

After the re t of the four tracks that make up the B? candidatea vertex-t with
Nno massor pointing constrairt is performed. The invariant massdistribution of the B
candidatesfor the resonam and non-resonah regionsafter the baselinecuts are shavn
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 peakin the
signal region is seenfor the non-resonah dimuon masses. By tting the B peak
for the B! J= K ° decd to the sum of a gaussianand a rst order polynomial
475 73 resonam decys are found in the signal region. The tted width of the
gaussianis 22M eV, while the meanis 5:285GeV. The non-resonah dimuon mass
region of Figure 4.4 has 9500ertries in the signal region. Section4.5 will descrike
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Figure 4.4: Invariant massdistribution of the B candidatesafter the baselineselectionrequiremerts
for the resonart (left) and non-resonan (right) decays.

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

4.5 Optimization of the selection requiremen ts

Three variables were chosenon which to perform the optimization of the cuts after
the baselineselection: the isolation, the transverse decg length and the pointing
angle. The aim is to reducebadkground, while retain a high e ciency for the sough
signal. This is achieved by maximizing the gure of merit. The three quartities
mertioned above will be descriked in greater detail in the rst three parts of the
presen section. The optimization procedure basedon the gure of merit will be
descrited in Section4.5.4, while the choice of the nal cut valueswill be preseinted
in Section4.8.

45.1 The isolation

The basicidea of B mesonisolation is that dueto their hard fragmertation B mesons
tend to carry a large fraction of the momertum of the particles in a local region
around the B. As noted in [94], sincethe fragmenation processand the underlying

ewvent are independen of the decgy mode of the B meson,the isolation of B mesons
is generalenoughto be usefulfor many analyses.The de nition of isolation usedin

the presen analysisis that of [95:

B

@
wherethe sum is a scalar sum over all the tracks (except the descendets of the B)

inside the conede ned by R = 1 (which was showvn to be the most e cient cone
sizein [95]) around the momertum vector of the B candidate, where

(4.1)

R=q( )2+ ()2 (4.2)
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Figure 4.5: The points with error bars show badkground subtracted data for BY! J= K © decays
after baselineselectionand Ly, > 0:01, < 0:1 cuts. The shadedhistogram showsthe badkground
from the high 500M eV sideband of the data.

Figure 4.5 shows that isolation is a good discriminating variable. As it is very
complicatedto model the underlying evert, the isolation for signaland badkground is
shown for the B! J= K ° decg, where one can clearly separatesignal and back-
ground. As noted above, the fragmenation processand the underlying evert are
independen of the decay mode, i.e. the above plot should qualitatively apply to
BY! K Odecysaswell

4.5.2 The transv erse decay length

As the lifetime of the B mesonss relatively long, it providesa strongrejection criteria
againstthe mostly short-lived badkground. The transversedecy length L,y is de ned
as

[

!
XVpEpT (4.3)

|

wherelyy is thle vector pointing from the primary interaction vertex to the secondary

decyy vertex, p? is the transversemomertum vector of the B candidate,and p2 is the
absolute value of the transversemomerium vector of the B candidate. Both these
guartities are derived from the vertex t performedin the RareBKstarModule Fig-
ure 4.6 shows the transversedecd length distribution for B! K ° Monte Carlo
together with that for its sidebandfrom data. Figure 4.7 showns the samecompari-
sontogetherwith the sidebandsubtracteddistribution from the B! J= K ° signal
region.
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Figure 4.6: Transversedeca length distribution for the signal region from MC (histogram) and
from the high sidebandregion of 500M eV from data (shaded histogram). 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 B! J= K ©deacys after baselineselectionand iso > 0:65, Ly, > 0:01, <01
cuts. The shadedhistogram shows the badkground from the 500M eV high sideband of the data.
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Figure 4.8: Pointing angledistribution for the signalregionfrom B! K 9 MC (histogram) and
from the high sidebandregion of 500M eV from data (shaded histogram). The two histograms are
normalized to have the samearea.

Another quartity relatedto the transversedecyg length is the proper deca length:

Mpgo
3

Even though the variable usedfor optimization is the minimum transversedeca
length, cuts on its maximal value and on the maximal value of the proper deca length
are used as clean-up cuts as discussedearlier. The requiremens on the transverse
decy length, proper decy length, aswell asthat on the pointing angle,which will be
discussedhext, require precisemeasuremenof the primary and secondaryvertices. A
beamlinecalculatedby the SVX is requiredfor ead run usedin this study sothat the

primary vertex is measuredwith su cien t precision,andall tracks arerequiredto have
at leastthree silicon hits in order to have a precisesecondaryvertex reconstruction.

C =Ly (4.4)

45.3 The pointing angle

The nal variable usedasa strong rejection criteria in the optimization is the pointing
angle,which is the anglebetweenthe momertum vector of the B meson(p?) and its
igh t path in the transverse(r ) plane(lyy). It is clearthat becausehe two muons,
the kaon and the pion are coming from the B, the two vectors should point in the
samedirection, i.e. shouldbe closeto O (Figure 4.8for B! K 9). Figure 4.9
shows both the comparisonbetweenMC signaland the signalobtained from the data,
and the distribution from the sidebandsof the data for the BY! J= K ° decy.
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Figure 4.9: Comparison of background subtracted data (points with error bars) and MC (solid
histogram) for B! J= K © decas after baselineselectionand iso > 0:65, Ly, > 0:01, <01
cuts. The shadedhistogram shows the badkground from the high 500M eV sideband of the data.
45.4 The optimization pro cedure

Our procedurefor the cut optimization is to ewvaluate the gures of merit

S2_ sBY! K 9

foml= = = B(BIT K 0 (4.5)
s s2BJ! K 9

fom2= B =SB K 9+B@BI K 9 (4.6)
2 2(RO | 0

fom3= — Sp = B! K ) (4.7)

2+ B (3+ B(BI! K )

whereEq. 4.5and Eq. 4.6 are expressionghat are commonlyusedfor optimization
purposesand Eqg. 4.7 is a new formula proposedin [96], where a is the number of
standard deviations correspnding to one-sidedGaussiantests for the sough signi -
cance. With the presen integrated luminosity only a coupleBj! K ©° ewers
are expected, so for the remainder of the analysisa is setto 1. As we are not
expecting a large enoughsignal for B! K °to be able to optimize on, we will

extract the signal strength for the optimization from the signal of the referencedeca
B! J= K °. As

S(Bg ! K 0) = L B(Bg ! K 0) baseline(Bg ! K 0) iso;L xy ; (48)

and
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S(Bg! J= K 0) = L B(BS! J= K 0) baseline(B((j)! J=K 0) iso;L xy ; (4-9)

wherethe e ciencies of the isolation, L, and pointing cuts can be considerecthe
samefor the two decas. Dividing Eq. 4.8 by Eqg.4.9 gives

B(Bg ! K 0) baseline(Bg ! K 0)
BBY! J= K 9 paseine(BO! J= K 0)
(4.10)

S(BI! K 9 =5BJ! J=KY9

Let usde ne
= B(Bg ! K 0) baseline(Bg ! K 0)
B(BY! J= K 9 paeme(BY! J= K 0) '™

where ,¢ denotesall the other relative e ciencies discussedn Section4.6.1and
the brandhing ratios are:

(4.11)

B(BY! K 9 =117%% 08 06 107 from the results presened at
the Lepton-Photon 2003 conferenceby the Belle experimert [30], which is in
excellen agreemenwith the 1:19 0:39 10 ° recenly publishedby Ali. et al.

[18].
B(BJ! J= K 9= 1:31 0:07 10 3 from [3]\!
BJ= ! * )=588 0:10% from [3]
hence
B(By! K 9
B(BY! J= K 9)
soequations4.5, 4.6 and 4.7 can be rewritten

=152 049 10?2 (4.12)

SABY! J=K 9 2

foml= B(BII K ) (4.13)
) S(BY! J= K 9) 2
fom2= s@o1 3=k 9 +B@BI K 9 (4.14)
2(ROI 1= K 0y 2
foma= > tga! J= K ) (4.15)

L+ B(BY! K 9)?

So,in orderto calculatethe two typesof gure of merit, two quartities are needed
to be measuredfrom the data for eat set of cuts:

B(BY! K 9): the badkground expectedin the signal region.
S(BY! J= K 9: the numberof B! J= K ° decas obsened.
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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, > 0:075, isolation > 0:65).

In order to estimatethe badkground in the signalwindow, the sidebandsare used
(seeFigure 4.3). The badground in the [MBg 900M eV, Mgo 100M eV] low
sidebandregion and the [Mag + 100M eV, Mgo + 900M eV] high sidebandregionis
approximated by an exponertial. This approximation gives good results whether
it is performed after the baselineselection,where the badkground is almost linear,
or after additional selectioncuts, where the badkground becomesmore exponenial
(Figure 4.10). Linear ts over various regionswere alsotested and they gave similar
results to that of the exponenrtial t, exceptfor the region where the statistics is
very low. The t proceduretakesinto accourt only the bins of the region de ned
above. The expected badkground in the signal regionis calculated as the integral of
the tted exponerial in the signalregion[Mgo 50M eV, Mgo + 50M eV]. This type

. . d . . .d :
of badkground estimation, whereall cuts are applied in the sidebandregionsand the
surviving number of ewverts is scaledto get a prediction in the signal region su er
from a seriousproblem. The problem is that very few ewents survive all the cuts,
which makesthe optimization di cult. Oneway to improve the badkground estimate
is to factorize the expectedrejection for ead cut separately?. For this method to be
accuratethe correlationsamongthe optimization variablesmust be small. The linear
correlation coe cien t betweenead of the two variablesis:
1Py 2Py 2Py
- nooi= XiYi nooi= Xi nooi= Y (4.16)
X y

wheren is the total number of ewverts, , is the standard deviation of the variable

X.

. 4.17)

in the equations preserted throughout the presert thesis B(B3! J= K 0) implicitlty meansB(BJ! J= K 0)
B(J= ! * ), sothat the nal state is identical to B(BS I K 0). Here, exceptionally, the decay of the J=
into two muons is not included implicitly .

12This is the method used in [97] [98].
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Isolation | Ly, | Pointing angle
Isolation 1 0.025 -0.017
Lyy 1 -0.367
Pointing angle 1

Table 4.8: The linear correlation coe cien ts for the discriminating variablesin the sidebandregion
forthe B! K ©decsy.

and similarly for y.

The resulting values for the sidebandregion are given in Table 4.8. Only the
transversedecg length and the pointing angle are signi cantly correlated, whether
one takes both the low and high masssideband, or only the high mass sideband
(Figure 4.11). The y error barson Figure 4.11represeh the RMS of the meanvalue,
< y>,in ead 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 estimated using

Roptvar = R(ny; ) R solation (4.18)

Cut value Risolation
Iso> 0:45 1.5 0:0134
Iso> 0:50 | 1:7631 0:03003
Iso> 0:55 | 221125 0:05775
Iso> 0:60 | 226794 0:08769
Iso> 0:65 | 3:5678 0:1158
Iso> 0:70 | 4.8837 0:2134
Iso> 0:75 | 7:1077 0:3951
Iso> 0:80 | 10:8497 0:6707
Iso> 0:85 | 17:6895 1.6496

Table 4.9: The rejection of isolation cuts from events passingthe baselinecuts and < 05.

It impliesthat the optimization of the isolation cut can be performedon a sample
with very looseL,, and cuts, thusreducingthe assaiated uncertainity. Table4.9
summarizesthe results for the rejection of the di erent cuts on isolation for everns
passingthe baselinecuts and having < 0:5. The error is the systematic error
obtained by looking at rejections for di erent L,, cuts (no Ly, cut, L,, > 150 m
and Ly, > 300 m ). The statistical errors obtained from the badground t through
error propagation are an order of magnitude smaller than the systematic ones. Us-
ing equation 4.18 once more leadsto Figure 4.12 which shows the rejection factors
R(Ly; ) ofthedierent (Ly, ) cutcombinations in the caseof everts passing
the baselinecuts. The advantage of this approad is that, although it should give 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).



4.5. OPTIMIZA TION OF THE SELECTION REQUIREMENTS 79

| Rejectionofthe DF andL, cuts |
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Figure 4.12: Rejection of the and Ly, cuts for events passingbaselinerequiremerts (but no cut
on isolation).

samerejection aswith a supplemetary isolation cut, it reducesthe error (as omitting
the isolation cut increasesstatistics).

On Figure 4.12the rst column represets the rejection factors when there is no
L.y cut applied, while the other nine columns represem cuts from 0:015cm up to
0:135cm in stepsof 0:015cm; the uppermost row represets rejection factors when
there is no cut applied, while the other nine rows represemh upper cuts on
from 0:072rad down to 0:008rad in stepsof 0:008rad. The systematic error was
obtained from the comparisonwith the linear t and wasfoundto be (5 15)%,so
that we canassigna 15%error to the estimated badkground obtained from:

B(BJ! K %9=BoBJ! K % Ryha (4.19)
whereBo(BS! K 9) is the badkground without any of the optimization cuts.

In order to calculate the number of the By ! J= K ° decys exactly the same
baselinecuts asfor B! * K ° wereapplied and the dimuon invariant masswas
requiredto be within 200M eV of the J= massgiven by the PDG. In orderto obtain
the number of B mesonsthe invariant massdistribution of the B mesoncandidates
was tted using a Gaussianconbined with a rst order polynomial in the range of
[5:0GeV; 5:5GeV] (Figure 4.13). The number of signaleverts was simply the integral
of the Gaussianin a 50M eV window around the B mesonmass.
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JIYK candidates after baseline selection, is0>0.7, delphi<0.048, L xy>0.6l

50 N(Bd)=239.3 +20.9
45 Mean: 5.276 +0.002
s=255+1.9

40
35

candidates/5sMeV

I U U U

30
25
20
15
10

ARIRL T ‘ ML% }
N A AN LA o WAL IO . e
5 5.05 51 515 52 5.25 53 535 54 545 55
M(mTK ©)[GeV]

Figure 4.13: Example of tting the B peakof B! J= K ©° deca (baselinecuts and
isolation > 0:7, Ly, > 0:6).

< 0:048,

Isolation | Ly, | Pointing angle
Isolation 1 0.266 -0.204
Ly 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 B! J= K 0 decs.

As Figure 4.14 and Table 4.10 shaw, the optimization variablesin the signal re-
gionfor the BY! J= K © decys are correlated, as one would expect from variables
meart to cut on badkground but presene the signal. This implies that the number
of B! J= K °decas must be calculated by varying the three optimization vari-
ables simultaneously A typical plot for the number of B! J= K ° ewerts found
is shovn on Figure 4.15 (see Appendix A for the plots displaying the number of
B! J= K Psignalewerts for the other isolation cuts). The error on the number of
the B§! J= K ° ewerts is typically 10%.

The nal step consistsof combining the results of Table 4.9, Figure 4.12 with
FiguresA.l through A.7 of Appendix A andinsert them into Equations4.13,4.14and
4.15. Howewer, beforedoing that one needsto extract from Monte Carlo simulations
the ratio:

baseline(Bg ! K 0)
baseline(Bg! J=K 0)

(4.20)

and ¢ which will be descriked in the next section.
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Figure 4.14: Correlations betweenthe three discriminating variablesfor events satisfying the baseline
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cuts for the BY !
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|Number of J/ y K™ events in the signal window (is0>0.7) |
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Figure 4.15: Example plot for number of B§! J= K Ceverts for I so> 0:7 and di erent valuesof
Ly and cuts (the rst column represerts events with no Ly, cut, while the upper row represeris
everts with no cut).

4.6 Acceptance and e ciencies

It is very convenient to analyzethe B! K ° decy together with the B§ !
J= K %decy. Asthe two nal statescortain the sameparticles (where we take the
ewerts wherethe J= is decaging into two muons) the topologiesare very similar,
sothe B production crosssectionand seweral 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
deca which doesnot proceedthrough resonan states(i.e. J= or 9. In orderto
do that the massrange is divided into resonan and non-resonan regions. Unfor-
tunately, decgs from resonan states will cortribute to the signal obsened in the
non-resonah massregions,i.e. experimertally we can only determinethe deca rate
into nal stateswith non-resonah dimuon masses.Even though this e ect is small,
it must be accourted for. If we usethe terms resonat and non-resonan to refer to
di erent dimuon massregionswhile the rare and resonancaenduced amplitudes will
be called short-distance (SD) and long-distance(LD) respectively, we can write for
the B! K Odecy:
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B(SD + LD ;nonres) B(SD;nonres)
B(SD;nonres B(SD; total
(SD:ponred , | BSDytotal),

SD nonr es

B(SD + LD ;nonres) = B(SD;total))

(4.21)
Sothe quartity B(BY! K 9) of Equation 4.10is in reality B(SD;total), and
in order to estimate the number of obsened events it must be multiplied by

rel = SD  nonres (4-22)

to obtain B(SD + LD ; nonres), where sp = 1.055 0:023and ,onres = 0:792 0:019
[87]. The luminosity and reconstruction e ciency cancelout for the two decys.
The acceptanceand the relative selectione ciencies are obtained from Monte Carlo
simulations descriked in the next subsection.

46.1 Monte Carlo Calculations

In orderto generateBy! K 0 ewrts, the following chain of moduleswas used:

Bgenerator was usedto generatethe B mesons. They were generatedwith
pr > 5GeV and with j j < 2:0. Going to lower pr would have increasedthe
generationtime and data size considerablywhile adding negligible amourt of
ewents, while the cut on is motivated by the CMU, CMP, CMX geometry

The generatedB mesonswere then decaed using EvtGen which forced all of
them to decy viathe B! K © channel.

The resulting everts were passedthrough full detector simulation and standard
reconstruction.

In orderto save disk space the resulting data were Itered and only everts which
had two CdfMuos with somevery loosecuts'® were kept.

The same procedure was applied in order to generatethe BY! J= K ° decy,
where the J= further decas into two muons, giving exactly the same nal state
asBY! K °. The resulting Monte Carlo les are analyzedthe sameway asthe
data, applying the sameselectionrequiremens'4. The MC descriptionof the resonart
decgs agreesreasonablywell with the data (Figures 4.16 and 4.17). The data is
represeted by the points with error barsand is shovn badkground subtracted, where
the badkground is taken from the [M (B) + 100M eV; M (B) + 600M eV] sidebandof
the data and scaledby the relative size of the masswindow. The badkground itself
is represeted by the shadedhistogram. The Monte Carlo samplehasapproximately

13Tw o muons were required with pr > 1:35GeV, with dx < 40cm for CMU and dx < 60cm for CMX.

141n reality, there are some minor dierences. 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-by-run basis. The Monte
Carlo also assumesthat 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 badkground subtracted data (points with error bars) and MC (solid
histogram) for B! J= K ©deacys after baselineselectionand iso > 0:65, Ly, > 0:01, <01
cuts. The shadedhistogram shows the badkground from the 500M eV high sideband of the data.

4 times the statistics of the data. It is scaledin order to yield the sameamourt

of events as in the badkground subtracted data separatelyfor ead plot. For eah

plot, the cut on the given quartity has beenremoved while all other baselinecuts

have beenapplied®. In addition to the baselinecuts, | solation > 0:65, L, > 0:01,
< 0:1 cuts have beenapplied as well.

After cheding the quality of the Monte Carlo simulation onthe B! J= K ° de-
cay, the relative e ciencies of the selectionrequiremens werecalculated. The relative
e ciency of the selectionrequiremens was obtained by comparingthe B! K ©
MC samplewith the B3! J= K % MC sample. There are various cuts, for which
the accuracyof the Monte Carlo cannot be trusted, like the error onthe Ly, the 2
of the t, or the cuts concerningthe number of the silicon or COT hits. Fortunately,
thesecuts should be very similar for both decas and their relative e ciency is close
to 1. The acceptancewas also incorporated into the baselineselection e ciencies.
The e ciencies of the various cuts are summarizedin Table 4.11and yield

baseline(Bg ! K 0)
baseline(Bg! J= K O)

= 0:85543 0:0113398 (4.23)

150bviously some preselection cuts have a clear e ect, like pt (K ) > 2GeV.
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Figure 4.17: Comparison of badkground subtracted data (points with error bars) and MC (solid
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B! K OMC
2100000everts

Bg! J= K ‘MC
675000everts

Relative e ciency
B! K 0/
B! J=K?©

Acceptanceand preselection
pr of the muons> 1:5GeV
Zo of the muons < 50cm

pr of the tracks > 0:5GeV
pr ofthe K 9> 2:0GeV

K © masswithin 100M eV
pr of the B > 6GeV

0.01207 7.53e-05
0.9998 8.82e-05
0.9282 0.00162
0.9641 0.00121
0.9972 0.00035
0.9742 0.00105
0.9373 0.00163

0.01427 0.00014
0.9997 0.00018
0.9296 0.0026
0.9648 0.00195
0.9985 0.00042
0.9728 0.00175
0.9244 0.00288

0.8453 0.01005
1.00011 0.0002
0.9985 0.0033
0.9993 0.00238
0.9987 0.00055
1.00145 0.0021
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 B !

K %andBY! J= K %decys.

<01
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Figure 4.18: Invariant massdistribution of the B candidatesof the B! J= K ° deca without
re tting the tracks (left) and applying the ret procedure (right).

The errors are obtained by propagating the initial statistical errors(p n) through
the calculations®. 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 energylosswhen passing
through the detector material, as mass ts would result in lower valuesthan the
true value otherwise. As the relative e ect becomessmaller asthe momertum of the
particle increasesthe variation of the measuredl= massfor di erent J= pr-sturns
out to be a very preciseindicator of whether all material hasbeenincluded properly.
The relevant detector material is dominated by the silicon systemand, at presen,
the description is accurateto about 20%[99]. In order to addressthis de ciency the
missing material 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 correctionthe B massvalueswould be shifted dowvn by 6 10MeV.
Figure 4.18showsthat re tting and correctingfor the missingdetector material shifts
the B candidate massup by approximately 2 4M eV more sothat the valueis now
consistem with the PDG value. At the sametime re tting alsoreducesthe width by

10%.

The nal judge for the ret 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 ret. There is a 15-20%improvemert after the
ret. Theret procedureis thus adoptedfor this analysis.

181n the procedure everything was expressed as a function of events that passedthe cut and failed the cut, which

are independent of each other. If one usesthe 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 S?=(1=2+ B)? 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 conbined 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 represen the gures of merit for ead dierent
set of optimization cuts, where what remains is to choosethe 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= B will pushthe e ciency
of the experiment to very small values. Another pathology is that the number of
B}! J= K ©signalewerts calculated when there are no L, and cuts applied
seemgo be smallerthan the number of everts whenthereis an L,, > 0:015cm cut
applied. The reasonis that when there are no cuts applied, the peak is harder to
t with all the badkground presen (seefor exampleFigure 4.4), while even mild L,y
and/or cuts will eliminate most of the badkground which will result in a peak,
which is a lot easierto t (Figure 4.13). Sothe pathology is presen only for the bin
without L,, and cuts, and is propagatedfor all the quartities that involve the
number of B! J= K 0 signalewrts (i.e. gures of merit and number of expected
B! K Cewens).
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Figure 4.20: Figure of merit S?=B for iso > 0:65.

The optimization plots shav that both the S?=(S+ B) and S?=(1=2+ P B)? gures
of merit give idertical L, and cuts over a wide rangeof di erent | solation cuts,
namelyL,, > 0:09cm and < 0:024rad. Table4.12shownsthe gures of merit for
se\eral di erent | solation cuts with the above L,, and cuts. The typical error
on the gures of merit obtained by error propagationis  0:3.

I solation | S?=(S+ B) | S?=(1=2+ B)?
> 0:55 1.13 131
> 0:6 1.20 1.46
> 0:65 1.28 1.67
> 07 1.23 1.65
> 0:75 1.13 1.55
Table 4.12: Values of the two gures of merit after the baselinecuts, Ly, > 0:09cm and <

0:024rad for di erent valuesof the isolation cut.

For both S2=(S+ B) and S?=(1=2+ P B)? the value corresmnding to | solation >
0:65 turned out to be optimal. From theseresults the optimal valuesfor the three
optimization cuts are: Ly, > 0:09cm, Isolation > 0:65 and < 0:024rad.

The B candidatemassdistribution for B! K 9 isshowvnin Figure 4.21. There
are two ewerts in the signal region. Figure 4.22 shaws the B candidate massdistri-
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0 decay, Lyy > 0:09cm,
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< 0:024rad

and | solation > 0:65. The two events falling inside the masswindow are drawn in grey.
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Figure 4.23: Scatter plot of BJ! K 0 candidates, Ly, > 0:09cm, < 0:024rad and

| solation > 0:65.

bution for the B! J= K ° decgs. Figure 4.23 shaws the scatter plot of both the
B! K %andBY! J= K °candidates. The horizorntal bands are the regions
around the J= and (2S) resonances.The signal region is delimited by the two
blue linesat 50M eV around the B mass. The badkground is considerablyhigher
in the low masssidebandthan in the high masssidebandin the resonan case,where
partially reconstructedB ! J= X decgs accoun for the excessin the low mass
sidebandregion. Howe\er, there is no sud explanation for the non-resonah case.

The resonan signal has 179 everts in the signal region. In the non-resonah case
there are 2 candidatesin the signalregion. The expectednumber of badkground everts
is 1.001 (see Appendix D), while the expected number of signal evens is 1.94 (see
Appendix E), which addsup to 2.94 ewerts in the signal region. The next stepis to
deducea con denceinterval of 68.27%C.L. for the number of signal everts. In order
to do that the method descrited in [10q will be used. It is alsopart of the methods
recommendedby the PDG [3]. The advantage of this method is that it unies 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
consenative. Rather than using the Bayesianapproad with an \ob jective prior”, it
usesclassicalcon denceintervals. The presen measuremenhis described by a Poisson
distribution with a badground, i.e. the obsenable x is the total number of obsened
ewerts n, consistingof signal everts with mean and badkground events with known
meanh:

P(nj )= ( +b"exp( ( + b)=n (4.25)

Next, con dence intervals [x; X,] for ead value of are constructed sud that
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P(x 2 [X1;X2]j ) = . The condenceinterval [ 1; »] we are looking for is the
union of all valuesof for which the correspnding acceptancenterval cortains the
measuredvalue (i.e. ng = 2). From Table Il of [100]for b = 1:0 and ng = 2 the
correspnding interval is:

[ 1; 2]=[0:14,3:25] Cl = 6875% (4.26)

In particular, the interval cortains the xed unknown  (number of signal everns)

in afraction = 6827%o0fexperimerts. This isdi erent from the Bayesianstatemen

that the degreeof beliefthat (isin[ 1; »]is . Usingthe sameprocedurecon dence
intervalsfor = 90%and = 95% can be constructed:

[ 1; 2] =1[0:0;491] CI = 90% (4.27)

[ 15 2]=[0:0;5:72] ClI = 95% (4.28)

In theselatter casesthe con dence intervals transform automatically into upper
limits. Unfortunately, at presen, there is no acceptedmethod to incorporate the
uncertainty in the badkground estimateinto the result [101]. Work is still in progress
to nd an adequatesolution to the problem [102 [103 [104] [103 [109. Taking
the 15% systematicerror of Section4.5.4 on the badkground estimate of 1.001the
badground is varied by onestandard deviation, and usingthe tablesof [107 0:14"%13
and 3:25 0:15 are obtained for the lower and upper limits of the con denceinterval
for 68.75%. The same numbers for the lower and upper limits of the 90% (95%)
con denceintervals are 0:0 and 491 0:15(0:0 and 5:72 0:15), respectively!’. The
correspnding con dence intervals for the branching ratios can be obtained using
Eq. 4.10:

S(Bg! K 9 baseline(Bg! J= K 9 i
S(Bg! J=K 0) baseline(Bg! K 0) rel

B(BY! K 9=B(BJ! J=K?9

(4.29)
[0:84,1957] 10 7 Cl = 6875% (4.30)
[0:0;2956] 10 ’ CI = 90% (4.31)
[0:0;3444] 107 CI = 95% (4.32)

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

17There is no error on the 0.0, as it represerts the transition to an upper limit.
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of the intervals for the branching ratio: 0:84'%73, 1957 2:52, 2956 3:67 and
3444 4:24.
4.9 Future prosp ects at CDF
Fiscal Goal | Stretch Number of Number of Number of Number of
Year Goal [BY! J=K©°|BYI J=K©° [B}!1 K ©°| BY1 K ©
[fb 1| [fb 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

FYO05 0.39 0.67 325 558 35 6.0

FY06 0.50 0.89 416 741 4.5 8.0

FYO7 0.63 1.53 525 1274 57 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 | 856 3672 7127 39.8 77.2

Table 4.13: Projected number of B! K © decays (basedon [51]).

Basedon the projectionsfrom [5]] it is possibleto estimatethe number of expected
B! K 0decays. Usingthe cutsfoundto be optimal thereare179B3! J= K °
decas in the data correspnding to 215pb ! delivered luminosity, which enablesto
make a projection for the following years(Table 4.13). Obviously thesenumbers are
describing the delivered luminosity, the recordedluminosity with all the necessary
detector elemeits functioning properly being 16% smaller for CMUP muons, and
22% smaller for CMX muons. Part of this ine ciency can be explainedby the early
problems of the Tevatron and CDF detector!®. As more and more is learned about
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
dueto the ageingof the detector, like small parts of the silicon detector destroyed by
random Tevatron quendies or componerts, which cannot be replaceddue to access
problems,failing after years' of operation in the high radiation environmert.

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

18Even 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 seart for the avor chaaning neutral current processBl! K ° hasbeenper-
formed in pp collisionsat = s = 1:96TeV produced at the Collider Detector at
Fermilab (CDFI ). Thesedecygs are forbidden at tree-lewel in the Standard Model,
but proceedat low rate through penguin and box diagrams. The seart for the
B! K ©decy hasbeenconductedusingdata accurulated until Septenber 2003
correspnding to 215pb ! integrated luminosity. Judicious cuts have beenapplied in
order to reducethe badkground to an acceptablelevel. Three strongly discriminating
variableshave beenchosenand the cuts on them were optimized using diverse gures
of merit. Due to its similarity to the B! K © decy the B! J= K ° decy
was used as a reference. Monte Carlo simulations were usedto calculate thosee -
ciencieswhich could not be obtained from the data. Analysis performedon the data
yields the following con dence intervals for the branching ratio of B! K ©:

[0:84,1957] 10’ CI = 6875% (4.33)
[0:0;2956] 10 ' CI = 90% (4.34)
[0:0;3444] 107 CIl = 95% (4.35)
That improvesthe
BBJ! K 9<40 10° (90%C:L:) (4.36)

measuredin Run | [87]. It is consistem with the predictions of the Standard Model
andthe measuremets of the BaBar and Belle experiments. Asthe Tevatron cortinues
to gather luminosity, CDF should be able to replacethe upper limits given by the
90% and 95% con dence intervals with measuremets and con rm the obsenations
madeat the B factories.
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Chapter 5

Detectors for studying rare B
decays Il: The ATLAS experiment
at the LHC

5.1 The Large Hadron Collider

The Large Hadron Collider is the new particle acceleratorunder construction at

CERN. It shouldbe completedby 2005and will bring protonsinto head-oncollisions
at higher energiesthan ewer achieved. The LHC will provide an energyof 7TeV per
beam, which will giveriseto a certer-of-massenergyof 14TeV. This certer-of-mass
energyis one magnitude higher than that reated by the Tevatron at Fermilab, and
correspndsto the conditions prevailing in the Universejust 10 *? secondsafter the
\Big Bang". The LHC designluminosity is 10*cm ?s . Howewr, in the rst few
years,while the performanceis still being optimized, the madine luminosity will be

10*3cm 2s 1, soduring this period the LHC experimerts will be well adapted to

exploit the eld of B physics. When the designluminosity is readed the focus will

shift towards the Higgssectorof the Standard Model. The Higgsbosonis responsible
for the massesof all known particles and its discovery is the main challengeof the
LHC. There arefour important experimerts plannedto be installed at the interaction
points of the accelerator: ALICE, ATLAS, CMS and LHCb.

In orderto achieve the 10**cm 2s ! luminosity the LHC will take advantage of the
existing acceleratorinfrastructure at CERN (Figure 5.1) [109. Protons will be pre-
acceleratedand injected from the SPSat an energyof 450GeV. In orderto read the
designluminosity the LHC is lled with 2808proton bunchesead cortaining 1:1 10!
protons. The time separationbetweenthe bundiesis 24:95ns which correspndsto
a 40 M H z collision frequency After the injection the protons are acceleratedup to
7TeV and remainin the acceleratorfor periodsof 10 hours, which is calleda store.
Extremely large magnetic elds are neededin orderto bendthe 7 TeV 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,alarge

97
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Figure 5.1: Overall view of the LHC accelerator complex.

Energy at collision 7TeV
Energy at injection 450GeV
Dipole eld at 7TeV 8:33T
Luminosity 1 10*cm 2s ?
DC beam current 0:582A
Number of bunches 2808
Number of particles/bunch 1:15 104
Bunch spacing 7:48m
Bunch separation 24:95ns
Luminosity lifetime 10h
Total radiated power per beam 3:8kwW
Stored energy prer 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-mucleuscollisionsare foreseeraspart of the initial experi-
mertal program at the LHC. With heavy ions at a cerre-of-massenergy of about
5.5 TeV/nucleon, the LHC is the only madine which will read, and ewven extend,
the energyrange probed by cosmicray nucleus-rucleuscollisions. 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
guarksand gluons{ a transition which in the early universetook placein the inverse
direction some 10 ° s after the Big Bang and which might still play a role today
in the core of collapsing neutron stars. In February 2000the totality of intriguing
experimertal results obtained at the SPSover seweral yearswas folded into a public
announcemen stating that the formation of a new phaseof matter was their best
explanation[110]. In mid-June 2003the researbersat RHIC announcedresults that
show that this new phaseof matter is highly non-transparen to fast quarks, which is
oncemorealongthe linesof what is expectedfor QGP [111] [117 [113]and [114]. The
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heavy-ion detector ALICE (A Large lon Collider Experimert) is a general-purpse
heavy-ion experimert (seeFigure 5.2), sensitive to the majority of known obsenables
(including hadrons, electrons,muons and photons) and is the next step in studying
high-energyheary-ion physics[115].

The secondof the smallerexperimerts is LHCb [11G which plansto operatewith an
averageluminosity of 2 10*cm 2s !, which should be 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 unitarity triangles (i.e. six of the nine unitarity conditions of the
CKM matrix) using high-statistics data. The layout of the LHCb detector is shovn
in Figure 5.2.

ATLAS and CMS are the two big generalpurposeexperimerts of the LHC. The
ATLAS experimert will be descritedin section5.2. CMS s 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 side of the solenoidare placedthe muon detectorsand the very-forward
calorimetersaround the beam pipe on both sidesof the detector (Figure 5.2).

5.2 ATLAS overview

The ATLAS detector is a generalpurpose pp detector which is designedto exploit
the full discovery potertial of the LHC. One of the main interests of ATLAS is the
origin of massat the electroveak scale. Howewer, there are many other important
goalsto readh. Theseinclude the seartes for heary 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-decas.

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 precisemeasuremen of the CP-violation in the B system
and the determination of the anglesof the Cabibbo-Kobayashi-Maskawa unitarit y
triangle. Other important topics include rare B decas and BB mixing in the B?
system. In order to study thesesectorsthe detector needsprecisesecondaryvertex
determination, the full reconstructionof nal stateswith relatively low-py particles,
and low-pr lepton rst level trigger thresholdsaswell assecondevel track triggering.
A typical decy that needsall these featuresis the one described in the presen
documert, whereBj! * K Cisfollowed by K °! K . Sensitivity to a variety
of nal state signaturesis required, which leadsto the following characteristics:

e cient tracking ewven at high luminosity for lepton momertum measuremets,
b-quark tagging, enhancedelectron and photon iderti cation, high-precisionre-
construction capability of B decyg states.

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

good electromagneticcalorimetry for electronand photon iderti cation and mea-
suremerts, complemened by hermetic jet and missingE+ calorimetry.

large acceptancan pseudorapidiy () 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 alsovery important to adchieve large acceptancein coverageand have the
capability of measuringparticles at low-py thresholds.

Figure 5.3 shows the overall view of the ATLAS detector. The magnetcon gura-
tion is basedon an inner superconducting solenoidaround the inner detector cavity
and large superconductingair-coretoroids consistingof independen coils outside the
calorimetry. This solution placesno constraints on the calorimetry and inner detector
thus allowing the best technological solutions. The 2Tesla solenoidis positionedin
front of the barrel electromagneticcalorimeter. Its thicknessin radiation length and
radial extensionhasbeenminimized to avoid degradingthe calorimeter performance.

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 independen
vesselwalls. The superconducting air-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 eat end of the barrel.
The whole magnet systemrepreseis a cold massof 700 tons and a total weight of
1400tons.

The inner detector is the certral part of the ATLAS detector. It is 6:80m in
length with a radius of 1:15m, xed by the inner dimensionof the cryostat cortain-
ing the liquid argon EM calorimeter. Pattern recognition, momerium and vertex
measuremets, and enhancedelectronidenti cation are achieved with a combination
of discrete high-resolution pixel and strip detectorsin the inner part and cortinuous
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 pseudorapidiy rangeofj j < 3:2is coveredby a highly granular Liquid Argon
(LAr) electromagneticsampling calorimeter with excellen performancein terms of
energyand position resolution (Figure 5.4). In the endcapshe LAr technologyis also
usedfor the hadronic calorimeter, sharingthe cryostatswith the electromagneticend-
capsaswell aswith 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
scirtillator tile calorimeterwhich is separatedinto onelarge barrel and two extended
barrel cylinders on eat side. The whole calorimetry cortributes to a very good jet
and missing transverse momenum performanceof the ATLAS detector. The LAr
calorimetry is cortained in a cylinder with an outer radius of 2:25m and extendsto

6:65m alongthe beamaxis. The outer radius of the tile calorimeteris 4:25m and its
lengthis 6:10m. The total weigh of the calorimeter system,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
excellem muon momerium resolution using three stations of high-precisiontracking
chambers. The muoninstrumentation is completedwith fast trigger chambers. In the
barrel regionj j < 1:1in the direction, the layout follows the eigh-fold symmetry
of the barrel toroid. The drift wiresfor the high precisionmeasuremenrun alongthe

direction, and have a maximum length of 5:7m in the outermost chambers. Along
the direction, the chambers are segmeted into units not larger than 2.6 m. 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 > 1l:4the 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-lengthis 6:3m, and full azimuthal coverageis achieved by staggeringof chamber
layers. Each of the muon chambers consistsof two multila yers of detectorswhich are
mounted to either sideof a support structure. The multilayersconsistof three or four
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individual planesof closely padced detectors. The basic measuremenin ead muon
chamber is a track segmety providing a basis for robust pattern recognition and

ATLAS Calorimetry (Geant)

EM Accordion
Calorimeters

Hadronic Tile
Calorimeters

Forward LAr
Calorimeters

Hadronic LAr End Cap
Calorimeters

Figure 5.4: Three-dimensionalview of the ATLAS calorimetry

momenum 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 coilsis 125m, and the third layer of the forward
muon chambersis locatedat 23m from the interaction point. The overall weigh
of the ATLAS detector is about 7000tons.
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Figure 5.6: The Inner Detector

5.3 The Inner Detector

The inner detector, shovn in Figure 5.6, tracks charged particles from the LHC
beam-pipe to the electromagneticcalorimeter system. The momerium and vertex
resolution targets imply the needfor high-precisionmeasuremets to be made with
ne-granularity detectors given the very large track density expected at the LHC.
Highest granularity around the vertex region is achieved using semiconductorpixel
detectors. Howeer, the total number of precisionlayers must be limited becauseof
the material they introduce, and becauseof their high cost. At leastfour strip layers
and three pixel layers are therefore crossedby ead 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 cortinuous track-following with much less
material per point. The combination of the two techniquesgivesvery robust pattern
recognition and high precisionin both the and z coordinates. Medanically, the
Inner Detector consistsof three units: a barrel part extendingover 80cm, and two
identical end-capscovering the rest of the cylindrical cavity. The precisiontracking
elemerts are cortained within a radius of 56cm, followed by the cortinuoustracking,
and nally the general support and service area at the outermost radius. In the
barrel, the high-precisiondetector layers are arrangedon concertric cylindersaround
the beam axis in the regionwith < 1, while the end-capdetectors are mounted
on disks perpendicular to the beam axis. The pixel layers are segmeted in R

and z, while the silicon strips use small angle (40mrad) stereoto measureboth
coordinates, with oneset of strips in ead layer measuring . The barrel TRT straws
are parallel to the beamdirection. All the end-captracking elemes 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 40mrad. The
continuoustracking consistsof radial straws arrangedinto wheels.

The layout providesfull tracking coverageoverj j < 2:5, including impact param-
eter measuremets and vertexing for heavy- a vour and tagging. The resolution will
be typically r = 12m and , = 66 77 m for the pixel layers, r = 16 m
and , = 580m for the silicon detectors, and persvraw = 170m  for the TRTZ2.
The secondaryvertex measuremen performancewill be enhancedwith an innermost
additional layer of pixels, at a radius of about 5:05cm, ascloseasis practical around
the beam pipe. The lifetime of sud a detector will be limited by radiation damage,
and would needreplacemen after a few years. A large amourt of interesting physics
can be donewith this detector during the initial lower luminosity running, especially
in the B sector. The medanical designallows 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-grarularity, high-precision
setof measuremets ascloseto the interaction point aspossible. The systemprovides
three of the precisionmeasuremets over the full acceptanceand determinesthe im-
pact parameter resolution and the ability of the Inner Detector to nd short-lived
particles sud as b-quarks and -leptons. The two-dimensionalsegmetation of the
sensorggives spacepoints without any of the ambiguities assaiated with projective
geometries,but requiresthe use of advancedelectronic techniquesand interconnec-
tions for the readout. In addition, the pixel systemmust be radiation hardenedto
withstand over 300kGy of ionising radiation and over 5:10'=cn¥ neutrons in ten
yearsof operation.

The systemo ers 80 million detectorelemerts, eatcr 50 m in the R direction and
400 m in z, which are invaluable for the task of pattern recognitionin the crowded
ervironmert of the LHC. The system consistsof three barrels at averageradii of
5:05cm, 8:85cm, and 1225cm, and three disks on ead side, betweenradii of 11 and
20cm, which complete the angular coverage. It is designedto be highly modular,
cortaining 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 precisionmeasuremets per track in
the intermediateradial range,cortributing to the measuremenof momertum, impact
parameterand vertex position, aswell as providing good pattern recognition by the
useof high granularity. It is descriked 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 gasernvelopes. Electron identi cation capability is added by
employing a gasmixture basedon xenonwith the addition of CO, and O, to detect
transition-radiation photonscreatedin aradiator betweenthe straws. This technique
is intrinsically radiation hard, and allows a large number of measuremets, typically
36, to be made on ewery track at modest cost. Howewer the detector must cope
with a large occupancyand high courting 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 resppnseand good medanical properties
for a maximum straw length of 144cm. The barrel contains about 50000 straws,
ead divided in two at the certre in order to reducethe occupancyand read out at
eat end. The end-capscortain 320000radial straws, with the readout at the outer
radius. The total number of electronic channelsis 420000. Each channel provides
a drift-time measuremety giving a spatial resolution of 170 m per straw, and two
independen thresholds. Theseallow the detector to discriminate betweentracking
hits, which passthe lower threshold, and transition-radiation hits, which passthe
higher. The barrel sectionis built of individual modules covering the radial range
from 56 to 107cm. The modularity was chosenas a compromisebetweenthe ease
of construction and maintenance, and the additional structural elemerts involved.
The two end-capsead consistof 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 constart number of crossedstraws
over the full acceptance. At rates of 12M H z, only about 70% of the straws give
correct drift time measuremets becauseof shadaving e ects, but the large number
of straws per track guararteesa measuremenaccuracyof better than 50 m averaged
over all straws at the LHC designluminosity, including errorsfrom alignmert. Hence
the TRT cortributes to the accuracy of the momerium measuremen in the Inner
Detector by providing a set of measuremets roughly equivalert to a single point 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 implemerted. In
addition it provides additional discrimination betweenelectronsand hadrons,with a
pion rejectionvarying with  betweena factor of 15and 200at 90%electrone ciency .

All tracks with | j < 2:5 are measuredwith six precisionspace-pints and about
36 straws, except for a slight degradation acrossthe barrel to end-cap transition
regionat the largest . With the B-layer presei, seen precisionpoints are obtained.
The momertum resolution of the Inner Detector is limited by seweral factors: the
radial spaceavailable in the cavity, which limits the lever arm, the strength of the
magnetic eld, and the intrinsic precisionof the detectorelemens. In addition, above
j ] = 1.85, tracks leave the Inner Detector volume before reacing the maximum
radius of the cavity, thereby reducingthe eld integral available as comparedto the
lower j j regions. Thesee ects limit the momerntum resolution achievable in the end-
cap regions,especially for j j > 2. This achievable resolutionis su cient to idertify
the charge sign of particles up to the highestenergiesexpectedat LHC.

Extensive simulations have beenperformedin order to characterizethe phyisics
performanceof the ID [121],[129 and [123. Sincethe time of the Physics TDR,
only small changeshave occurred to the positions and dimensionsof the SCT and
TRT. Howewer, major changeshave been made to the Pixel system, in particular
to the innermost layer, the B-layer. The radius of the B-layer has beenincreased
in order to accommalate a larger beam pipe and the whole Pixel detector has been
given an independen insertion capability sothat it can be inserted later or replaced
if damagedby radiation. This latter dewelopmen has causeda seriousincreasein
the amourt of material, with the pixel-barrel radiation-thicknessincreasedby 50%



108 CHAPTER 5. THE ATLAS EXPERIMENT AT THE LHC

Figure 5.7: Transverseimpact parameter resolution (dp) and longitudinal impact parameter res-
olution projected transversely to the track direction (zo sin ) as function of j j for muons of
pr = 1GeV and pr = 200GeV for both layouts.

and a signi cant support structure shadaving the complete SCT and TRT end-cap
regions. Detailed changeshave beenmadeto the pixel granularity with regularbands
of larger pixels and non-adjacen bands of gangedchannels. The most up-to-date
results published usetwo layouts of the detector: the DCL1 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 parametrised# in R as

(do) = 110 %‘ m (5.1)

with the dedicated B-physics layer of pixels presem at 5:05cm radius. A pre-
cise measuremen of the transverseimpact parameter of a track, dp, is necessaryfor
primary vertex assaiation and the reconstruction of short-lived secondaryvertices.
Theseare essehal for heary avor tagging and life-time measuremets. The resolu-
tion of the transverseimpact parameter, expressedas a function of j j for the DC1
and Initial layouts, at pr = 1 and 200GeV=¢ is given for in Figure 5.7 (left). At
high momertum, the resolutionis almostconstart uptoj j 1.8, but then degrades
rapidly in the end-capregion. The degradationis due to a reduction in the mea-

3For the DC1 layout.
4The trajectory of a particle moving in a solenoidal magnetic eld B with no multiple scattering and negligible
bremsstrahlung radiation, can bedescribed by a set of 5 helix parameters: do { the signed transv erseimpact parameter,
o (azimuth) { the coordinate of the track in the xy plane at the point of closest approach to the origin, zp { the
longitudinal impact parameter is the value of z of the point on the track that determines do, { 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 resolutionin  and cot of charged tracks as function of pr for j j < 0:25 for
both layouts.

sured radial length for tracks longitudinally exiting the tracker which producesan
increasein the relative distanceto extrapolate badk to the beam-line, and thus an
increasedextrapolation error. At low momertum the resolution is much worse due
to the dominart multiple scattering cortribution from material up to and including
the rst measuremen There is also a cortinuous rise with j j, sincethe material
thicknessof the beam-pipe and B-layer increasewith sin .

The projection of zo onto the plane perpendicular to the track direction is also
an important measuremenfor vertexing and B-tagging (Figure 5.7 (right)). At high
momertum the smaller clusters causethe resolution as a function of j j to be worst
atj j = 0, with animprovemen by a factor 2 adiieved by saturationat j j 1.
Beyond this value, there is a slov worseningof the resolution for similar reasonsto
the transverseimpact parameter. At low momerntum, in the barrel region, one again
seeghe improvemert of resolutionwith j j dueto increasingcluster size,but herethe
gain is o set by the correspnding increasein multiple scattering. Beyond j j 1,
the multiple scatteringis completely dominart.

The angular resolutions obtained for the DC1 and Initial layouts are shovn for
certral tracks as a function of pr in Figure 5.8. The e ect of the reduction in the
B-layer longitudinal granularity is apparent in the cot resolution. The pr depen-
denceof the 1=pr resolution integrated quer all j j is shovn in Figure 5.9. It canbe
parametrizedby (1=pr) = 055 22=p; sin for DC1.

Obviously, these results, basedon single muon tracks, represen an idealization
of what can be expectedin normal LHC operation, independen of pattern recogni-
tion problemsassaiated with multi-track ewernts. 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: Inversetransversemomertum resolution of chargedtracks asa function of pt inj 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 measuredliength. Early interactions, which
occur in the beam-pipe or Pixel detector, cannot be found becausehere are too few
measuremets to de ne the track. The intermediate category have insu cient cor-
rect hits to satisfy the quality criteria, but are newerthelessfound when the pattern
recognition wrongly assaiates one or more downstream hits from leading secondary
particles. The probability of this occurrence,hencethe measurede ciency, increases
with momertum. Electron e ciencies are lower than for muons due to catastrophic
bremsstrahlungenergylosses.Howewer, the major e ect of bremsstrahlungis to dis-
tort the tted parametersin the bending plane. In particular, the momertum tends
to be underestimated. It was also found that the presenceof pile-up, even at high
luminosity, haslittle e ect onthe track nding e ciency. Tradks have alsobeenstud-
ied in jets, for examplefrom H ! bb with my = 400GeV. An e ciency of 90%
canbe obtained for tracks with pr > 1GeV, with cuts which ensurethat the fraction
of fake tracks anywherein the acceptanceremainsbelov  0.5%.

Even though sincethe Physics TDR performancemeasuremets, the impact pa-
rameter resolution at low momenum has beendegradedby moving the B-layer fur-
ther out and increasingits thickness,and the initial angle determination has been
weakened by moving the pixel end-capwheelsappreciably closerto the vertex, the
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Figure 5.10: Schematic layout of the Trigger and DAQ systemof ATLAS.

inner detector remainsa crucial elemen for the B physics,asit allows preciserecon-
struction of tracks in the high occupancyernvironment of the LHC. This precisionis
a necessaryrequiremen in order to reconstruct the secondaryvertices and measure
preciselysud quartities asthe lifetimes, which will allow to pick out the physically
interesting events from the huge badkground expectedat The LHC.

5.4 Trigger, Data Acquisition and Controls

The Trigger/Data Acquisition (TD AQ) systemmust be designedand constructedin
sud a way asto provide ATLAS with highly reliable and e cient data-taking and
ewert-selection capabilities [124, [129, [126]. The ATLAS trigger, data acquisition
and cortrols systemconsistsof four major componernts (Figure 5.10):

The Data Flow Systemis responsible for receivingthe detector data, servinga
subsetof data to the HLT system,and transporting the data for selectedeerts
to massstorage.

The High-Lewvel Trigger (HLT) systemis responsiblefor the post-Lewel 1 (LVL1)
ewert selectionand ltering involving a rate reduction of a factor of seeral
hundred, and for the classi cation of all acceptedevens.

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

The Online system s implicitly understood to be connectedto all elemelts in
Figure 5.10,and the DCS to all hardware elemetts which needto be monitored and
cortrolled.

The ATLAS trigger systemis composedof three levels. The rst level is imple-
merted in custom hardware. It reducesthe 40M Hz input rate to about 75kH z.
The secondand third (Event Filter) levels are referredto collectively as the High-
Level Trigger system. They sharean overall trigger selectionframework, and di er
mostly in the amourt of event data they accessand how they accesst as well as
in the complexity and speed of the algorithms. While the LVL1 usesonly coarse-
grained calorimeter and muon information, the second-leel trigger (LVL2) can use
full-resolution, full-granularity data from all detectorsand conbine the information
from di erent sub-detectorsfor the rst time. In practice, howewer, the LVL2 trigger
restricts itself to so-calledRegionsof Interest (Rol), small regionsin pseudo-rapidit/{
azimuth ( ) spacecertered on objects identied by LVL1. Data from Rols make
up a small subsetof the full evert. Pointers to theseRols are provided by the LVL1
trigger. Data are accessedn demandfrom the bu ers which store the evert until
the LVL2 decisionis made. The LVL2 trigger reducesthe 75kH z rate from LVL1
to about 2kH z. After an evert passed.VL2 the full evert is built and sen to the
Evert Filter (EF). Algorithms in the EF canaccesghe full evert and will be derived
from oine code. The algorithms may be seededby the results of LVL2. A further
reduction to about 200H z is achieved by the EF before everts are put into mass
storage.

5.5 The Silicon Tracker (SCT)

The physicsrequiremens determining the mostimportant detector speci cations and
layout of the SCT are the following:

The reconstruction of isolated leptons of pr >5 GeV with an e ciency of 95%
in the rangej j < 2.5 and with a fake track rate of <1%, imposesthe needto
reconstruct helicesin 3D. This imposeson the conbined SCT and pixel system
the needfor at least six tracking layers able to provide spacepoint information.

The ( pr=pr) <0.3 requiremen at pr = 500GeV with a beam constrairnt im-
posesan r measuremen accuracy of 20 m at the SCT radius. The
requiremen to separatemultiple vertices within a bunch crossingimposesan
accuracyof the z-measuremenof < 1mm in the SCT. That constrairt is made
more stringert by requiremens of K ° reconstruction and massresolution where
a z-measuremenof 0:5mm is requiredin the SCT.
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Figure 5.11: The four nestedbarrels of the SCT.

The requiremen of 2-track resolution of < 200m at R = 30cm, in order to
keeptrack lossesn b-jets to <5% alsoimposesa constraint onthe r readout
pitch.

The SemiconductorTracker is an order of magnitudelargerin surfaceareathan any
previousgenerationof silicon microstrip trackers,and in addition must faceradiation
levelswhich will alter the fundamertal characteristicsof the silicon wafersthemseles.
The SCT consistsof four nestedbarrels (Figure 5.11), and two end-caps,eah with
nine wheels. The barrel modulesare mounted on local supports which allow units of
six modulesto 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 2112idertical barrel modules, mourted
in 12 per row, and overlapping eat other in a tile structure. Individual cylindersare
fully coveredwith 32, 40, 48 and 56 rows. There are 1976 end-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 ead disk is adaptedto limit the coveragetoj j 2:5by equipping
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Figure 5.12: Distribution for number of radiation lengths for pixels, SCT, TRT and external services
and patch-panels.

eat onewith the minimum number of rings, and by using 6cm long moduleswhere
appropriate. The systemrequiresa very high dimensional stability, cold operation
of the detectors,and the evacuation of the heat generatedby the electronicsand the
detector leakagecurrert.

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 reinforced plastic for the
support structures (Figure 5.12)).

5.6 The modules

A module is the basicfunctional sub-unit of the ATLAS SCT. It consistsof a set of
single sided silicon micro-strip detectors glued badk-to-back, an electronicspadage
called the hybrid and an interface to the cooling and medanical support structure
of the tracker. There is a single module designfor the barrel region of the SCT,
and three designsfor the various radial locations in the SCT forward regions. In
the barrel region ead silicon detector is 6:36  6:40cm? with 768 readout strips
eah with 80 m pitch. Eadch module consistsof four detectors. On ead side of the
module, two detectorsare wire-bondedtogetherto form 128cm long strips. Two sut
detector pairs are then gluedtogether badk-to-badk at a 40mrad angle, separatedby
a heattransport 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 storesthe hits above threshold until the rst

level trigger decision. The forward modules are 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 Sectorwith 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
precisionis obtained by modules with an intrinsic point resolution of 23 m in the
r coordinate per singlesidemeasuremenThis precisionis obtainedfor the binary
readout schemeby usingdetectorswith 80 m readoutpitch. A bad-to-back detector
pair with a stereorotation angle of 40mrad givesa precisionof 17 m in ther
coordinate and 500 m in the z coordinate from the correlations obtained through
tting. To maintain theseresolutions high quality module construction, metrology
and position monitoring is required. The medanical tolerancefor positioning wafers
within the badk-to-back pair must be around 5 m in lateral strip position, 25 m
in module thicknessand 25 m in z. The forward region measureshe longitudinal
momertum and the track dip angle. The requiremerts are very similar to the barrel
after allowing for interchangeof r and z.

The cooling of silicon detector modulesis 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 detectorsat around -7°C. The total heat load of the modules
of the SCT and pixels together with the power lossin the cableswithin the tracker
volumeimplies a cooling systemthat shouldbe ableto cope with in excessof 100kW
of heat to be removed from a low ambient temperature ervironmert®. The baseline
designdescriked in [127] planned to use Binary-Ice as coolant. In 1997,the LHCC
suggestedhat evaporative cooling systemsshould be studied as an alternative, and
after thorough measuremets the SCT proposeda cooling basedon the two-phase
ow of CsFg in the review of May 1999. For the forward regionin the baselinedesign
the coolant is circulating in Aluminum pipeswhich follow the 'wiggly' pipe layout in
order to reduceforceson the disc from thermal cortractions 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 sensorgs 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 quadrart, correspnding to the inner, middle
and outer module rings, where the inlets and outlets are manifolded at the patch
panel.

5.6.1 Front-end electronics for modules for Si trac kers

In many previous tracking detectors, electronscould be drifted over large distances
in gaseoudetectors, and signals could 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 closeproximity to the
active elements. Thereforethe LHC operating conditions presen a big challengeto
the front-end electronicsof Si trackers for experimerts designedfor high luminosity
physics. Requiremeits on the front-end electronics of Si strip detectors are very
demanding. The readout has to be closeto the Si sensorand therefore needsto
be radiation hard up to dosesof 10Mrad and up to uences of 3 10" charged
particles/cm? and 2 10* neutrons/cn?.

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

The noise performanceis 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 noiseratio better than 15:1is required. This is
equivalent to a noisesmallerthan 1500e Equivalent NoiseCharge (ENC).

The sizeof irreducible noisecortributions, shot noisefrom leakagecurrert in the
irradiated Si sensorand basecurrent in an irradiated bipolar junction transistor and
preampli er seriesnoise, are determined by the chosensensorelemen size. The
sensorelemen size cannot be too small in order to limit the number of channels,
and also cannot exceeda certain sizeto keepthe detector capacitancelow. As a
compromisefor theserequiremerts ATLAS has chosento have detector geometries
with strip length from 6cmto 128cm. The strip pitch is given by the required spatial
resolutionin the rangeof =5 25m.

Se\eral architectures have beendeweloped for LHC experimerts. The two di erent
conceptspresened here are the following:

Full analogueread-out with transmissionof all data via analogueoptical links
to the external read-out processordor digitalisation with ash ADCs. This is
the conceptusedso far in most collider experimerts for Si trackers and vertex
detectors. It allowsindividual treatment of data in ead channelwith optimized
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and adaptable software and thereby the most detailed cortrol and monitoring
of the whole system. Analoguereadoutis to a large extent immune to external
electromagneticpickup sincecommonmode noise can 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 readout of 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, howewer, 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 technologicaloptionswereconsideredor the binary architecture:

The ABCD designis a single chip implemertation of the binary readout archi-
tecture for silicon strip detectorsin the ATLAS SCT. It is fabricated using the
DMILL technology which being BICMOS one, 0 ers a possibility to implemernt
the completearchitecture in one chip.

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

After thorough testing of both the ABCD and the CAFE-M ABC conbination
[129 [13Q the former was choosenasthe option to dewelop.

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,aderandomizingbu er, data compressiorogic and the readoutcortrol logic.
There were di erent measuremets 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 thesemeasuremets is the theme of Section6.2.

5.6.3 The analogue solution (SCTA)

The analoguesolution is represeted by the SCTA chip which comprisesthe follow-
ing building blocks: 128channelswith front-end ampli ers, analoguememory (ADB)

with the capacily to store 128 analoguesamples,cortrol logic providing a derandom-
izing function (up to 8 ewverts), acommanddecaler and a fast analoguemultiplexer to

output serialdata. In addition to the basicfunctional blocks, internal calibration cir-
cuitry cortaining an 8-bit DAC to cortrol the calibration level hasbeenimplemerted
to improve the testability of the chip. Four 5-bit DACs for the bias of the analogue
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part of the chip have beenimplemerted in order to compensatefor the drifts after
irradiation and optimize chip performancefor various parameters.

An extensiwe set of measuremets 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 beenewaluated in a
single chip setup using internal calibration circuitry. Next, the chips were mourted
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 Westareafor beamtests. The
analoguemoduleswerealsousedasa meanof testing a linear optical link for analogue
data transmissionfor LHC experimerts. How these measuremets were performed
and what results did they give rise to is described in great detail in Section6.3.

5.7 Physics Potential of the ATLAS Detector

The rate of B-hadron production at the LHC is enormousthanksto the large hadronic
cross-sectiorfor b-quark production and the high luminosity of the machine (even at
so-calledlow luminosity L =10%3cm 2s ). 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 sud as the Tevatron. In ATLAS, an
inclusive-muon trigger with a pr threshold of 6 GeV will make an initial selectionof
B-ewvents. Using this inclusive selection,about 25% of the muon-trigger everts will
cortain b-quarks. In the rst year of operation, some2:3 10 b-quark pair everts
will be selectedfor more detailed analysisin the LVL2 trigger and event lter, that
are focusedon the selectionof speci c classef nal states. This ewert rate will be
higher than in any acceleratorpresenly operating.

Although the main focus of the ATLAS physics programmeis the seard for and
study of physics beyond the Standard Model, through the production and decg 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
measuremets of B-hadron decas that togetherwill over-constrainthe CKM matrix,
possiblygiving indirect evidencefor newphysics. This programmeof work will include
the following: precisemeasuremets of CP violation in B-mesondecgs, which in the
Standard Model is due to a single phasein the CKM matrix; precisemeasuremets
of the periods of avour oscillationsin B? aswell asBJ mesonsand of relative decay
rates sudr measuremets constrain the elemens of the CKM matrix; seartes for
and measuremets of very rare decas which are strongly suppressedn the Standard
Model and where signi cant enhancemets could provide indirect evidencefor new
physics. Many of the ATLAS measuremets will be more precisethan those from
experimerts at lower-energymadines, thanks to the greater available statistics.

At the LHC, the general-purmpse experimerts ATLAS and CMS will face sti
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competition from LHCDb, which is a dedicated B-physics experimert. Howewer, even
though a dedicatedexperimert can be better optimised for certain evert types,AT-
LAS will be competitive in sewral channels. ATLAS will thus play an important
role in maximizing the conbined precisionof B-physicsmeasuremets from the LHC.
It is worth noting that the B-production cross-sections not well understood at the
phenomenologicalevel, and that predictionsare uncertain to a factor of two or more.

571 B!  (X)

Certain rare decgs, for which the deca products themselhes provide a distinctive
signature that can be usedin the LVL1 trigger, can be studied very e ectively in
ATLAS making use of the high rate of B-hadron production. These so-calledself-
triggering modesinclude decgs of the type By:s ! (X). Asdescritedin Chapter 2
sudh decygs involve avour-changing neutral currents (FCNC) and are strongly sup-
pressedn the Standard Model, with predicted branching ratios typically in the range
10 > 10 1% New physicsmight result in signi cant enhancemets comparedto the
Standard Model predictions.

For the purely muonic decgs, ATLAS will be sensitie to branching ratios of
order 10 ° and should be able to measurethe branching ratio for B ! assuming
the Standard Model prediction. Large-statistics sampleswill be collectedfor deca/s
of the type b ! (s;d)ll that give nal statessud asB}! K ° , B! 0 and
BY! 0 . This will allow precisemeasuremets to be madeof the deca/ dynamics,
aswell as of the branching ratios, giving signi cant constrairts on new physics.

Theserare decyy modes are forbidden at the tree level in the Standard Model,
so the decgs involve loop diagrams. In non-standard models of electraveak inter-
actions, FCNC processesan be allowed at the tree level and thus, the branching
ratios of theserare decgs would not be so suppressed.In addition, in the presence
of new physics, additional particles may be presein in the loopsagain enhancingthe
deca probability. Due to the very low Standard Model predictions for the branching
fractions for purely muonic decas, a signi cant enhancemenin measuredbranching
fractions would clearly demonstratethe e ects of new physics. The measuremen of
the lepton forward badkward asymmetryin semimuonic B decass is another promising
tool to probe the newphysicsbeyond the Standard Model. In the context of Standard
Model, the principal interest lies in the measuremen of the brandcing fractions of
the B! (X) channels. The measuremen of the branching fractions of the deca/s
BY! KO andBj! ©° allowsthe CKM matrix-elemert ratio jVigj=5jVisj to be
determined. The squareof this ratio is useful also for the estimation of the ratio of
the massdi erences m¢= mgyin the B BJandB? B? systems,complememary
to direct measuremets of the oscillation periods.

B! K% B3I % and BY! © decays

The ATLAS collaboration hasperformedstudiesfor the rare-decg channelsdescriked
above with the following branching ratios assumedB(BS! K ° ) =1 10 ¢,
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Figure 5.16: Reconstructed signal (cross-hatched) and badkground for B§! K ©° (left) and
B! O  (right) decays with 30fb 1.

BBJ! ©° )=15 1065 andB@B2! ©° )=1 10 ’. Events weresimulated
fully and then reconstructedin the Inner Detector. For ead channel 1500 signal
ewverts wereanalyzedwith the following experimertal cuts: both muonswererequired
to have pr( ) > 6GeV andj ( )j < 25, and both hadronswere required to have
pr(h) > 1GeV and|j (h)j < 2:5. The muon reconstructione ciency wasassumedo
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 pseudorapidiy
regionfor pr > 1 GeV. It wasfound that the individual-muon pr distributions remain
essetially una ected by the choice of form factors. An important conclusionfrom
this study wasthat, although the ¢?-dependenceof form factorsa ects g?-dependence
of the everts, it doesnot in uence the e ciency of triggering and reconstructingthe
signal everts, or the rejection of the badkground [131].

The massresolutions obtained by the Gaussian t with the full reconstruction
were: (K 9% = 30MeVv, (B! K° )= 50Mev, (B! © )= 55MeV,

( )=3MeV,and (BY! ©° )= 52MeV. In the caseofthe resonancerequiring

the massto be in the interval [0:60; 0:94]M eV correspndedto 82% e ciency. In
order to excludethe re ection of K ° to ©, hadron pairs forming an invariant mass
within two standard deviations around the nominal K © massusing the K/ mass
assignmets wereexcluded. For the remainingpairs, both hadronswereassumedo be
pionsand the e ective massof the pair wasrequiredto bewithin the ° masswindow.
The possiblere ections fromB2! ° toBJ! ©° andBY! K ° werefound
to be negligible.

For badground studies, the following reactionswere simulated by PYTHIA: B?-
mesondecys B! J= K2,B3! ©° andBY! !° | BY-mesondecys B? !
K% andB?! © | seminuonic decas of one of the b-quarks, and seminuonic
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decygs of both b-quarks. It wasfound that the last reaction gave the main cortribu-
tion to the badkground. Therefore,13000ewents of this type were simulated and ana-
lyzed similarly to the signal everts. The massdistributions for the B! K ° and
BY! 0 signalsareshawn, togetherwith thosefor the badkgrounds,in Figure 5.16.
The application of all cuts leaves about 9% of the simulated signal everts. The ex-
pectednumbers of signaland badkground events after three yearsof LHC running at
low luminosity are presered in the following table:

Channel Branching ratio | Signal | Badkground
B! K© 15 10° 2000 290
B! © 10 / 220 950
Bl O 10 6 410 140

From the ratio of the branching fractions for the two decay modesB} ! K °  and
B! © , the ratio jViyj5Visj canbe determined,sincethe decy rates are propor-
tional to the respective CKM matrix elemerts:

NBg! ° ) _  jVui®

N@BIT KO ) Ve’ 52

where 4 is the ratio of form factors squared. The ratio jVij5Visj can be mea-
sured with a statistical accuracy of 14% for 30 fb ! of low-luminosity data; the
theoretical systematic uncertainty is about 7% [132]. Note that the re ection from
BY! KO toBY! © s sizeabledue to the large di erence in the branching
ratios assumedfor the two channels. After assigningthe wrong mass hypotheses
to the K ° decy products, the decyy BS! K © | reconstructedasBS! ©
gives a mass peak belav, but closeto, the B mass. In cortrast, the conbina-
torial badkground is approximately at. Taking into accourt that the branching
ratio for B! K ° can be measuredwith high accuracy it is assumedthat the
B! © signalcanbe extracted from an overall t.

The generaltrend of the behaviour of forward backward (FB) charge asymmetry
Arp for Standard Model, shavn on Figure 5.17,is that the asymmetry is positive at
low ¢?, hasazeroat § = ¢?>=M2  0:14,andthen becomesegative, irrespective of the
details of the form-factor behaviour (exceptfor the resonan region). The maximum
of Agg(8) occursat 8§ = 0:05. For the MSSM, the shape of Agg is sensitie to the
value of C;, or equivalertly to the value of R; = C,=C3?™. For R; > 0 the shape is
similar to that in the Standard Model, but for R; < 0 the asymmetry is negative at
low o?.

In the simulation, the resonai region0:33< § < 0:55wasexcludedfrom the analy-
sis. To estimate the experimertal resolution of Arg measuremets in B! K °
decys, the total numbers of signal and badkground everts after three years of low-
luminosity running were used. If negative valuesof Agg are experimertally obsened
in the rst $-region,this will demonstratea clear signal of non-standardphysics. The
measuremets in the secondand third $-regions,which practically do not depend on
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Figure 5.17: Sensitivity of Agg to the Wilson coe cient C;. The three points are the simulation
results. The solid line shaws the Standard Model prediction, the dotted lines show the range pre-
dicted by the MSSM for R; = C;=C$™ > 0 and the dashedlines shaw the range predicted by the
MSSM for R; < 0.

the models,will shov possiblesystematicuncertainties in the experimertal data. The
expectedmeasuremenaccuracyis su cient to separatethe Standard Model and the
MSSM in the caseR; <0 using measuremets in the rst $-region.

Bg ! and Bg ! decays

Purely muonic B-decgs are predicted to have very low branching fractions within the
Standard Model (10 ° 10 19), whereasthey may have signi cantly higher onesin
non-standard models. Simulationswere made with PYTHIA ewert generator. After
applying all the cuts, the numbers of everts expected for 30f b * at low luminosity
is sucient to obsene the Bg! channel, assumingthe branching fraction pre-
dicted by the Standard Model. The signi cance of the signal, howewer, is only 2:8 .
The feasibility to reconstructthe purely muonic By:s ! decys 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 degradation of the impact-
parameter and pr resolutionswill occur. For eah channel, 1000signal everts with
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correspnding pile-up were fully simulated and reconstructedin the Inner Detector.
The badground was studied at the particle level using the parametrisation for pr
and impact parameter resolutionsfrom ATLFAST. A sampleof 10 000 badkground
ewverts with pile-up was usedfor this study. The numbers of everts for both channels
and the corresnding badkgrounds expectedfor 100f b  are given in the following
table:

Channel | Signal | Badkground
Bg ! 14 660
Bs ! 92 660

Combining the low- and high-luminosity samples,a 4:3 signi cance can be ob-
tained for the By ! channel. The 95% CL upper limit for the branding fraction
for B ! obtained with the combined samplewould be 3 10 °. It should be
noted, howewer, that the B massresolution of 69M eV is not good enoughto sepa-
rate Bs and By on an event-by-evert basis, but their relative fractions would have
to be tted from the joint massdistribution. The study of rare muonic B decass at
high luminosity will signi cantly improve the results which can be obtained at low
luminosity, especially if data collection is cortinued for se\eral years.

In conclusion,ATLAS will be ableto study rare semi-nuonic and muonic B-decgys.
It will be possibleto measurebranching ratios of the decy channelsBy! K ° |
B! % andBj! ©° . Fromthe ratio of branching fractions for the two latter
channels, it will be possibleto determine the ratio jViqj5Visj with a 14% statisti-
cal accuracy within the Standard Model. Measuremets of the forward badkward
chargeasymmetryin the decay B! K °  will alsobe feasibleand may reveal new
physics e ects, for examplein some parameter-spaceregions of the MSSM. Com-
bining three yearsof low-luminosity and oneyear of high-luminosity data taking, the
B! deca would be obsened and a stringert upper limit for the BJ ! decy
would be set, assumingStandard Model branching ratios. Given that thesedecgs
are highly suppressedn 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 modules equipp ed with the
SCTA128 chip

6.1 Intro duction

The presen chapter rst introducesthe baselinebinary chip usedfor ATLAS modules.
Seweral measuremets aiming at cheding the relevant design parametersand the
radiation-hardnessof the modulesequippedwith ABCD chips will bedescrited. Next,
the badk-up solution basedon an analoguereadout chip (SCTA128) will be presened.
Measuremets of the parametersat chip, hybrid and module level will be descriked, as
well astests performedin the SPSX5 west beamtest area. One of the disadvantages
of the ABCD residesin the di cult y of the ewvaluation of a digital design,as most 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 excellen 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. These modules were shaving much higher noisethan 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
obsened a large noiseincrease,obsened only when all chips were mounted to the
biaseddetectors. The excessoisewas unavoidable on moduleswith morethan a few
tenths of channelsconnectedto 12cm strips at nominal operating conditions. Di er-

ert conbinations in hybrid ground plane geometryand di erent grounding schemes
usedto connectthe detector bias to the analogueground of the chip were tested
but without gaining any substartial improvemen. Another unexpected problem was
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that of the large spreadof discriminator thresholds. For the binary architecture one
of the most critical issuesis the uniformity of parametersof the front-end circuit and
matching of the discriminator threshold.

In order to correct theseproblemsa new design(ABCD2T/NT) with protection
against noise pick-up and the selectionof new componers from the technology has
beendone. Both new technology choice and designchangewere madeto reducethe
threshold spread obsened on ABCD2 chips. The new ABCD2NT version keepsa
high gain (140mV=f C) in signal ampli cation, but large size analoguecomponerts
are usedto improve the matching properties. Also new high value resistors were
used(extrinsic baseresistor), instead of low implant resistors. The ABCD2T version
is using a more drastic option to reduce o set mismatc: there is a 4 bit linear
DAC (trim DAC) included in ead channel to correct for individual mismatc of
the threshold in the range of 150mV. The 128trim DACs are loaded with a new
instruction set deweloped for this version of the chip. The ABCD2T designo ers,
howeer, better robustnesswith respect to radiation e ects and thereforewas chosen
asthe preferredoption for the SCT.

The ABCD2T version has met all basic requiremerts of the ATLAS SCT, how-
ewer, detailed evaluation of the ABCD2T chips, including extensiwe radiation testing,
pointed to somepossibleimprovemens. Theseimprovemers, which concernmainly
improvemen of the radiation resistanceand reduction of the design sensitivity to
variation of the processparameters,have beenimplemerted in the ABCD3T version
[134. One of the problemswas that the internal calibration circuitry showved non-
linearity for low input charges. It was not a critical issue,howewer, a good absolute
precisionis 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 aroundthe
nominal threshold setting, i.e. 1f C, is akeyissue. The sourceof the non-linearity has
beenidenti ed and correctedfor. Another problem wasthat the trim DAC response
curvesappearedto be non-linearand exhibited large spreadfrom channel-to-dannel.
A non-linear response of the trim DAC is not a seriousproblem as the trimming
procedureis basedon measuremen of the trim DAC characteristicsand using these
results in a look-up table. Howeer, trim DACs in somechannelsbecomeso non-
linear that those channelsfell outside the trimming range. Sincefor good chips it is
requiredfor all the channelsto be within 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 has beenfound. Radiation tests
also showved that the spreadof the discriminator o set increasedsigni cantly after
irradiation and exceededhe range of the trim DACs. In order to not compromise
the precision of threshold correction for non-irradiated chips and to guarartee that
for fully irradiated chips all the channelscan be corrected, a set of rangeshas been
implemerted in the ABCD3T design.In the ABCD2T chips excessie leakagecurrent
was obsened after irradiation. The sourceof the leakage has 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 eat
componert of the system,to the external and internal interferenceusually referredto
as commonmode noise,which unlike the analogueversion, can not be correctedfor.
If onetakesinto accour the irreducible noisesourcespreset 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 experimert and about 10 after irradiation of silicon strip detectors and front-
end electronicsup to the dosesexpected after 10 years of LHC operation. With
these signal-to-noiseratios there is a very little room for setting the discrimination
thresholdin sud a way that the detector s fully e cient 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 cortains in a singlechip all blocks of the binary readout architec-
ture; the front-end circuit, discriminator, binary pipeline, derandomizingbu er, data
compressionogic, and the readout cortrol logic, asrequired for the ATLAS SCT.
The preampli er-shaper circuit providessignalswith a peakingtime of 25ns. This
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peakingtime is su cien tly short to keepthe discriminator time walk in the range of
15ns and the double pulse resolution belov 50ns. The preampli er-shaper circuit
is followed by a discriminator with a common threshold for all 128 channelswhich
is cortrolled by an internal 8-bit DAC. In the ABCD2T design,in addition to the
threshold control commonfor all channels,individual threshold correction per channel
using a 4-bit DAC (trim DAC) has beenimplemerted. 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 basic analogue
parameters of the front-end circuit are performed employing only the main 8-bit
DAC that is common for all the channelson the chip. The binary data from the
discriminator output are latchedin 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 constrairt on the
timing performancecomparedto the level sensing,but it minimizesthe 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 eah Level 1 trigger signal three
columnsfrom the pipeline are stored in the derandomizingbu er, sothat the bu er
is e ectively eight events deep. The data is then compressedn the data compression
logic accordingto one of 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 mertioned above, the ABCD2T chip hasa calibration circuit for the internal
generationof calibration pulses. The internal calibration circuit is foreseerto be used
at various stepsof chip testing and module testing aswell asfor threshold calibration
in the experimert. A rst purposeof this circuit is providing testability of the chip. It
allowsto take measuremets of analogueparameters;gain, noise,o set, time walk and
trim DAC characteristicsfor every channel during wafer screeningwithout supplying
a preciseanaloguesignal to the chips. In order to extract basicanalogueparameters
of the front-end the discriminator threshold scanis performed for di erent levels of
calibration pulses,correspnding to 1, 2, 3, 4f C etc of the input charge. From this
data one can extract the gain and noise of the front-end circuit and e ective o set
of the discriminator for eat channel accordingto proceduresdescrited in [135. All
thesemeasuremets are then repeatedfor completemodulesequipped with 12 ABCD
chips ead.

6.2.3 Electrical module protot ypes

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 and speedmarginswereevaluated for variousblocksin 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 beenewaluated using the prototype
SCT modulesbuilt of six chips and two daisy chained silicon strip detectorsdesigned
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Figure 6.2: Noisein 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 bondedto 12cm detector strips.

accordingto the SCT speci cations [139 [137][139 [139]. The chips were asserbled
on a ceramic hybrid and connectedto the detectorsin so-calledcertre-tap con gu-
ration, i.e. in the certre wherethe strips from the two detectorsare joined together
to form e ectively 128cm long strips. All basic parametersof the front-end circuit,
gain, noiseand o set were extracted from threshold scansfor given input signalsde-
liveredform the internal calibration circuitry. The timing performancewasewaluated
from the delay scanof the calibration strobe signal. In all these measuremets the
data wastransferredthrough the pipeline and readoutbu er and readout at nominal
clock frequencyof 40M H z.

Testswere done with the secondbatch of the ABCD chip (ABCD2), connected
to 6¢cm or 12cm long strip detectors. The performanceof modules dependedon the
signal gain in ABCD2 chips and on the grounding stheme. The designof the chip
has beenimproved accordingto theseobsenations.

Electrical module prototypes with ABCD2T (low gain, trim DAC version) and
ABCD2NT (high gain, notrim DAC) with 12cm strip detectorswerefound operating
without excessnoisein 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 (channelrange256to 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 amourts to 1400 (resp. 770, 430) electrons
with 12cm strips (resp. 6¢cm and no detector bonded). The gain is as expected in
the range of 140mV=f C. The spreadof thresholdswas measuredto be 7:8mV rms,
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Figure 6.3: Noisedistribution in mV along one module (6 ABCD2T chips).

which translatesto 5.5%rms spreadat 1f C threshold.

Figure 6.3 shaws the noise distribution measuredon a module with 6 chips and
strip detector (Figure 6.4). All chips areconnectedto 12cm strips. The noiseamourts
to 1375electronswith the 12cm strips. The gain s in the range of 65mV=fC. The
spreadof the thresholdsis 3:3mV rms, which translatesto 5.1%rms spreadat 1f C
threshold. This valueis obtained after the individual trimming of thresholdsfor eah
channel. Beforetrimming the spreadis 11:6 mV rms (18.3%at 1f C threshold).

6.2.4 Eects of radiation on the ABCD

The DMILL technologyis quali ed asaradiation resistart one,howeer, the radiation
levels expected for the SCT detector in the ATLAS experimert exceedthe upper
limits of thosespeci ed for the DMILL process,.e. 10M rad of the ionising doseand
1 10%n=cn? 1MeV eg. neutron uence. In addition, if one takesinto accoun
very advancedrequiremerts regardingthe noise,speedand power consumptionof the
ABCD chip, it becomesobvious that radiation e ects in the basic devices,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. degradation of the currert gain factor . As a result the
parallel noisein the front-end increases Fortunately, the increaseof the parallel noise
hasa small e ect on the total noisewhen the chips are connectedto long strips and
the noiseis dominated by the seriesnoise. Another e ect, which was not expected
from the beginning but has been obsened systematically in all radiation tests for
all versions,is an increaseof the o set spreadin the discriminator. The sourceof
this e ect hasbeenidenti ed as worseningof resistor matching. The o set spread
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Figure 6.4: Picture of one module prototype with 6 ABCD2T chips for the SCT detector barrel.

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

Sincethe ABCD chips will be exposedin the experimert mainly to high energy
charged particles and neutrons, single evert e ects (SEE) are equally important as
the total dosee ects. Crosssectionsof SEE for two types of memory cells usedin
the ABCD designhave beenmeasured. For the pipeline in which dynamic memory
cellsare usedthe SEE rate hasbeenmeasuredas5 10 “=bit=s[141]. For the static
registersthe SEE rate hasbeenmeasuredas1 10 ’=bit=s None of thesenumbers
seemso create problem for operation of the SCT in the particle uxes as presetly
estimated.

6.3 The analogue solution (SCT A128)

SCTA128, a 128-dhannel analoguefront-end chip was deweloped as a badkup for the
readout of silicon strip detectorsemployedin the inner tracking detectorsof the LHC
experimert. The chip is producedin the radiation hard DMILL technology The
architecture of the chip and its performanceon the test bend will be discussed.The
chip is usedto read out prototype analoguemodulescompatible in size,functionality



132 CHAPTER 6. PERFORMANCE OF ATLAS MODULES USING THE SCTA128 CHIP

and performancewith the ATLAS SCT baselinemodules. Se\ral full size detector
modules equipped with SCTA128 chips has beenbuilt and tested successfullyin the
lab with radiactive sourcesas well asin the test beam. The chip has beenusedfor
other purposesas well:

Readout of silicon strip detectorsin the NA60 experimert
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 versionswasin 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 yearsto build detector modules, it had its limitations. The dewlopmen
of the DMILL technology and the experiencegainedin 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 processparametersfrom run to run. Seeral changesin the
structure of the biasing and grounding of the front-end stageboth on sdhematic and
at the layout level have been applied to improve the stability of the chip working
in a detector systemwith millions of channels. In the following, wheneer SCTA is
written the characteristic will apply to both SCTA128HC and SCTA128VG chips.
Figure 6.5 shaws the block diagram of the SCTA128VG designedfor readout of
silicon and diamond detectorswith capacitancefrom 2pF to 20pF. The chip consists
of v e basicblocks: front-end ampli ers, analoguepipeline, cortrol logic including
the derandomizingFIF O, commanddecaler and output multiplexer. It cortains 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 sud a way that it can be
usedwith either polarity of the input signal. Howeer, the full readout chain (NMOS
switchesin the analoguepipeline, output multiplexer) is optimized for p-side strips.
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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-gaussiarshaping with a peaking time of 20 25ns, and an out-
put bu er. The peakvaluesare 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 sert out through
the analoguemultiplexer. The gain of the FE ampli er is of about 50mV=fC. The
designedpeakingtime for nominal parameters(resistors,capacitors)is roughly 20ns.

There are four 5-bit DACs implemerted 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 gainfactor aswell ason the detectorleakagecurrent and the detector
bias resistance.Thereforefor ead detector the optimum bias of the input transistor
should be found experimertally. The follower DAC (which is not presen in the HC
LC version) provides a referencecurrert which is usedto cortrol bias currents in the
two gain stagesof the front-end ampli er. The setting of the follower currert is not
very critical, howeer, a setting di erent from the nominal onemay be usedin orderto
compensatechangesin the circuit dueto possiblevariation of the procesgparameters.
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Figure 6.6: Simulation results of 2 chips sending data sequetially (only 5 analoguechannels simu-
lated instead of 128).

The shaper DAC provides a referencecurrent which is usedto cortrol bias currert

in the output bu er of the front-end amplier (in front of the ADB). The reference
voltage VREF is usedin the front-end circuit aswell asin the readout ampli ers so
that it provides good tracking of the DC lewvelsin output bu er of the front-end and

in the readoutampli er. The biascurrernt in the ADB readoutampli er is cortrolled

by another 5-bit DAC (ADB readout DAC).

Two SCTA128 chips can be read out via one bre line. The readout sequencds
initiated by an L1 trigger transmitted through the commandlines. Oncethe trigger
signal arrives, the pointed physical addressof the 128-dhannel memory column with
the sampledanaloguevaluesis storedin a derandomizingFIF O. The segmeh written
in the pipeline correspnding to the trigger is protected and will not be overwritten
beforethe event hasbeenread-outor the pipeline hasbeenreset. Up to 8 ewerts can
be storedin the derandomizingFIFO. In caseof over ow the cortrol logic issuesthe
over ow bit, which is bundled with the physical data, and the chip needsto be reset.
Sincepart of the ADB is spert on the derandomizerbu er the overall delay of the
ADB is 118 clock cycles. For the next evert 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 cyclesbefore sendingthe data.

An analoguesignal padkagefrom one chip 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 overow ag, afour bit BCO courter and a four bit T1 courter (Figure 6.6).
The above format of the data is independert of mode of readout (single or two chip
readout). The total time for readouton one bre for two chipsisthus2 (7+ 128+
1+4+4) 25ns=72s.

The four-bit BCO courter and L1 courter returned by the chip can be usedfor
unique assaiation of ead 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. 40MHz. The chips can be read out with a lower
rate (40M H z divided by 2, 4, or 8) which is programmable. All the commnunication
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
interface by sendinga bit pattern syndironousto the main clock.

6.3.2 Laboratory setup

The laboratory setup usedin order to measurethe characteristicsis shavn on Fig-
ure 6.7. The acquisition program was rst written under Windows. Later, when
National Instruments provided Linux driversfor its apparatusthe DAQ programwas
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ported under Linux [144. The analysishasalways beenperformedunder Linux. The
DAQ program candrive 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 cortrol 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 isa VME interrupt generatorthat will generatea VME interrupt when-
ewer it receivesa trigger

Prescaler:it is optional and is usedto divide the SEQSIclock in orderto adjust
to an SCTA multiplexer frequencysmallerthan 40M H z

The system works as follows: the data acquisition program can issue software
triggers and service external 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 handshale signalis usedto avoid multiple triggers
while the readout sequences 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 presen, the output is sert badk 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 sendthe STOP to the TDC. It will also
generatethe clock and the START signal for the ADC. The delays between the
di erent signalscan be setin the SCTA DAQ.

The SCTA multiplexer canbe run at frequencieswhich are smallerthan 40M H z.
In that casethe SIROCO will needa clock with the same frequencyin order to
correctly make the sampling. This is accomplishedby the useof a prescaler.In order
to syndironize the clock with the multiplexer clock a resetsignalis sert to the scaler
ewvery time that the chips are reset.

6.3.3 Single chip tests

The basic parametersof 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 ewery channel. Sincethe 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).

value and the mismatch of the resistorsusedfor the scalingof the calibration voltage.
For comparisonwith the resultsobtained with the electroniccalibration, the absolute
calibration of the chip in the set-up with a silicon pad detectorand sourceis also
preseried. All the data taken either in the laboratory or in beamtests 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 demandingrequiremert with res-
pect to the linearity. Newertheless,the SCTA chip has been designedto provide
a linear responseup 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 128 channelsof one chip
is 0:9mV=fC rms, i.e. 3% (Figure 6.10). Although the uniformity 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 canbe optimized accordingto the detec-
tor capacitanceby choosinga proper value of the currert in the input transistor. An
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Figure 6.9: Gain linearity for a single channel

Figure 6.10: Gain acrossthe 128 channelsof a single chip
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Figure 6.11: Noise acrossthe 128 channelsof a single chip

exampleof the noisedistribution is shavn on Figure 6.11. The 500 550e noiseis
typical of a single chip not connectedto sensorstrips.

Sincethe SCTA chip performsvery simple voltage sampling where only analogue
value is stored/retrieved from the pipeline, the pedestalspreadbetween ADB cells
cortributes as additional noisesource. By varying the delay betweenthe resetof the
read/write pointer in the ADB and the trigger sen to the chip one can obtain the
pedestalmap in the ADB. Figure 6.12shaovsthe ADB pedestalmap for onechip (128
cells 128channels). From the preserted plot onecanextract the cell-to-cellpedestal
variation aswell asthe variation of the DC o set spreadbetweenthe channels.

The distribution of the ADB pedestalspreadsfor all the channelsin oneparticular
chip is shavn in Figure 6.13. The 1:1mV meanvalue of the distribution is equivalert
to 150e ENC of extra, non-correlatedcortribution to the noise generatedby the
front-end. For a low value of the input current and a low detector capacitancethe
additional cortribution is about 4%. For higherdetectorcapacitancesand respectively
higher currents in the input transistor, as required for optimization of noise, this
cortribution becomesegligible.

The measurmen hasbeendoneusing40M H z readout clock for the output multi-
plexer, which is syndironouswith the ADB samplingclock. Using slover multiplexer
clock increasegshe activity of the digital signal asyndronousto the sampling clock
which couplethrough the chip substrateto 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 pedestal spreaddistribution for all channelsin a chip
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Figure 6.14: Pulse shapes at the output of the multiplexer obtained from the delay scanfor two
consecutiwe trigger delays.

The pulse shape at the output of the front-end ampli er hasalsobeenstudied by
scanningthe delay of the calibration signalwith respectto the 40M H z-samplingclock
for the analoguepipeline. In orderto normalizethe resultsto the absolutetime scale
the measuremen has beenrepeated for two consecutie valuesof the trigger delay.
Figure 6.14 shavs the example of the measuremen 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 bein the rangeof 0.6%.

The gain of the output buer 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=fC. 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 experimerts 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 increasesf 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 tested up to the ultimate radiation levels. Although in the
SCTA128VG these problemswere 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 possibledegradation of matching which cana ect the uniformity of the
channelsin terms of gain, speedand ADB performance.X-ray irradiations have been
performedat CERN with di erent doseratesto study thesee ects. The increaseof
parallel noisedueto the BJT degradationis asexpectedand canbe neglectedin the
caseof a chip working in a module connectedto a detector whenthe serial noisedue
to the capacitive load is dominart. As expected there was a small decreaseof gain
(7%) and analoguepower consumption (8%). The peakingtime and the uniformity
of the ADB pedestalswere una 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 experimert 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 detectoris 80 m .

A module consiting of 6 SCTA128HC chipsandtwo 6 6cm silicon strip detectors
was built (Figure 6.16). The 6 chips were placedon a ceramichybrid with integrated
fan-in neededio 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 ,03) using non-
conductingglue. Then spacerswere placedon the ceramicin order to compensatefor
the 720 m thicknessof the hybrid in orderto 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 badkplaneswere 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 there are 6 chips on a hybrid which areto bereadout in pairsit was
decidedto bond one chip per pair to onesensor,and the other to both sensors.That
meansone chip's channelsare connectedto 6 cm 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. Bondings betweenthe two detectors
were done accordingly: 128 bonded channelswere followed by 128 unbondedones.

The ceramicpiecewith the hybrid and the sensorsvasthen mourted in a specially
designedmetal box. This box wasmeart to hold the module in the beamtelescop as
well asto provide medanical protection and light-tightness. The grounding stheme
of the box was extensiwly studied in order to avoid any pick-up problems. The box
accomalated the ceramicwith the hybrid and the sensorsaaswell asthe support card
that was servicingthe hybrid.

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

result in important costsavings for the collaboration. The DC-coupledmodulesused
werewedge32type forward p-on-nsensors.The rst three chips werebondedto 6cm
strips, while the last three were bondedto 12cm strips. Concerningthe medanical
assemly, 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 sud forward detectorswere connectedtogether 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 bondedto 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 idertical.

Finally, asthe new SCTA128VG chips were produced, a module equipped with
barrel AC-coupleddetectorswas producedin order to evaluate their performance. It
was asserbled in exactly the sameway asthe rst \barrel" AC-coupledmodule.

6.3.5 Si strip detector module at the test bench

The modulesweretested at di erent stagesof the constructionin orderto notice any
irregular behaviour. Hence,tests were performed after placing ead pair of chips on
the hybrid. After all 6 chips have beenplaced on the hybrid, extensiwe tests were
carried out in order to characterizethe chips. For example, Figure 6.18 shons The
main characteristics of the leftmost two chips after they were glued to the hybrid.
Neither the gain nor the noise performancehas beendegraded. It shaws that the
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Figure 6.18: Characteristics of the two leftmost chips on the hybrid

medanical operations (glueing, bonding) have not damagedthe chip. It alsoshows
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. Cheds were performedin order to seewhether the gain stayed the sameand
whether the noiseincreasedas expectedfrom the strip length. Figure 6.19 shows 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 oneto 12cm. For the rst 128 channelsthe noiseincreased
to 1700e as expected from a capacitancegeneratedby 12cm strips. The noiseis
only 1100e for the channelswhich are connectedto half that capacitance(i.e. 6¢cm
strips). One can also obsene that the processof bonding resultedin somechannels
being shorted (no gain) and somechannelspicking up noise. When constructing the
rst prototypesthesetypesof problemsare normal. However, in production, solutions
must be found to reducethe number of de cient channelsto one per chip.

The noiseperformanceof the SCTA chip was optimized accordingto the detector
capacitanceby adjustmert of the current in the input transistor. Figure 6.20 shavs
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Figure 6.19: Characteristics of the leftmost two chips of the module

the results of noise measuremets of one module with SCTA128VG chips connected
to 6.4 and 128cm long silicon strip detectors. The measuremen has been done
for various bias conditions of the input transistor. The noise performanceof the
chips connectedto 128cm strips could be improved by increasingthe bias currert
of the output transistor. Howewer, the reduction of ENC is relatively smaller for
high current sincethe noise of the basespreadresistanceand the noise of the strip
resistancebecomelimiting factors.

Another important test wasto seethe chip behaviour not only with internal cali-
bration circuitry, but with real particles aswell. It was alsoimportant to prove the
linearity of the electronics,i.e. that on the absolute scalethe system'sresponseis
linear. In orderto dothat -ray sourceswereplacedon top of the sensor.The chips
were read out cortinuously in the 8-samplemode. The data acquisition program
was seartiing for pipeline cellswith signalsexceedingthe noiseby 5 . Theseewerts
were recordedfor further analysis. A t was madeto the samplesusing the known
waveform of the shaper output. The peakvaluesfrom these ts were histogrammed
for various radioactive sourcessud as Americium, 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: Linearity 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 was studied. The box cortaining the module had an
axis for mounting in the beamtelescop around which it waspossibleto turn it aswell
as dowel pins to ensureprecisepositioning. There was alsoa metal plate which was
xed in the beamtelescom 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 telescoe of RD42 was used[147]. The beam telesco had 8 silicon
detector planes, eaty with a size of (length  width  thickness)= (12:8mm
128mm 300m ). The strips of a plane were oriented either vertically (V) or
horizontally (H). The 8 planeswere grouped in two moduleswhere 2 vertical planes
were sandwidied betweentwo horizortal planes(HVVH). The SCTA128 module was
placedin betweento have good quality tracking. The silicon detectors were single
sided p-on-n strip detectorswith a pitch of 50 m. The beamtelescog 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 scirtillator placedin the beamin
front of the telesco. 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 ewerts per spill. The data wasrecordedon EXABYTE magnetictapesduring
spill breaks.

6.3.7 Beam test results

For the analysisof beamtest data rst a setof everts is processedn order to obtain
the pedestals,the electronic noise and the calibration factors for the readout ash
ADC card. Then a seard for clustersis performed, selectingstrips having signals
higherthan 4 timestheir noise. Any neighbouring strips with a signalover noise gure
exceedingthe value of 3 are addedinto the cluster de nition. The signal over noise
distributions for the cluster signalsfor 128 cm strips are shovn in Fig 6.22. The most
probable value of the signal-to-noiseratio is 19. Thesevaluesare largely su cient
to provide a high particle detection e ciency while keepingthe noiseoccupancywell
belov ATLAS requiremetns.

For the given strip pitch of 80 m and perpendicular tracks most of the ewvens
result in single strip hits. For thosg everts the spatial resolution is expectedto be
that of a binary system,i.e. pitch/  12. For double strip hits one gets a signi cant
improvemen of the spatial resolution by weighting the reconstructed position with
signalamplitudesfor the neighbouring strips. In our test we had around 85%o0f single
strip hit everts and 15%of double strip hits. The spatial resolutionsare21:4 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 adjacert 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 experimert, howewer, the fraction of double strip hits is expectedto
be much higher due to inclined tracks and e ects of the magnetic eld which results
in additional smearingof the charge collectedin the detector.

Figure 6.24 shaws the responseof the module to inclined tracks, as we rotate it
around the axis parallelto the vertically running strips. Chargesharingis increasing
with increasingangle as expected.

Another important parameter describingthe overall performanceof the detector
module is the noise occupancyfor a given tracking e ciency. The plot shaving the
noise occupancy versustracking e ciency for tested modules is presered in Fig-
ure 6.25. For the e ciency calculation only evernts with onewell-reconstructedtrack
were considered.

The \barrel" module equipped with the SCTA128VG chips wastestedin the beam
aswell. Figure 6.26shaws a signal over noisedistribution of data takenwith 100GeV
pion beam. The chips were operated under normal conditions with the input transis-
tor current setto 200 A .

6.3.8 Test of a linear optical link

A four-channellinear optical link hasbeendeweloped to enableanaloguedata trans-
missionin LHC experimerts for the analoguefront-end chip SCTA128 [15(0 [151]
[153. 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 connectedto
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 use of Vertical Cavity SurfaceEmitting Lasers(VCSELS) for low-cost radi-
ation hard links for the transmissionof digital information in the LHC experimerts
is now well established.The transmissionof analogueinformation, howeer, presens
greater problems. VCSELsare characterisedby low-threshold currerts, 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 padaging. Studieshave shavn VCSELsto be radiation hard.
Unfortunately, VCSELSs display discortinuous 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
studies have shavn that acceptablelinear performancecan be acieved by selecting
the modulated range of the VCSEL. Recenly deweloped devicesby MITEL showv a
wide linear rangewithout the needof careful selection.

The linear transfer characteristic was measuredby varying the direct currernt in
the VCSEL and measuringthe light output. This is showvn for three VCSELSs in
Figure 6.27. The "knee" is obsened to be between3 and 6 mA. Slope e ciencies
were better than 250mW=A. The non-linearity has beenmeasuredto newer exceed
1% over the linear range (Figure 6.28).

If the dynamic rangeis assumedto be 10 MIPs, correspnding to a 1 V output
from the receiwer, then the additional noise of the optical link is equivalert to 170
RMS electronsto be added in quadrature to the total system noise. The output
signal of the optical link, consistingof a headerfollowed by the baseline,is shavn at
40M H z on Figure 6.29.
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Figure 6.28: Residualsof least-squarest

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 linearity for copper and optical readout.
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Figure 6.32: 1 Am 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 amourt of noiseto that of
the front-end and the 6 cm detector strips. Figure 6.31shaws the gain linearity for a
single channel both for copper and for optical readout.

The samemodule was bend tested with an ?!Am sourceas well. The resulting
spectra are shown in Figure 6.32 for both copper and optical readout. The optical
readout causesno obsenable shift or distortion in the spectrum.

It was alsoimportant to prove the linearity with radioactive sources,.e. that on
the absolute scalethe system'sresponseis still linear for optical readout. Testslike
those descrited in section6.3.5were carried out again with Americium, Cobalt and
Terbium sourcesand shoved that there wasno degradationin linearity (Figure 6.33).
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Figure 6.33: Chip responselinearity with radioactive sourcesand optical readout

6.3.9 Conclusions

The ABCDS3T chip isthe nal versionof the binary readoutfor the ATLAS Semicon-
ductor Tracker. It incorporates xes of minor imperfectionsidenti ed in the previous
prototypes. The ABCD2T and ABCD3T chips have beenusedextensiwly for build-

ing completeSCT modulesusedthen in the beamtests and the multi-mo dule system
test. Resultsobtained with the ABCD2T versionof the ABCD readout chips show a
gain uniformity of lessthan 3%, noiselevels of 1400(respectively 770, 430) electrons
with 12cm length (respectively 6 cm and no detector bonded) silicon strip detectors.
The channel-to-channel uniformity 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 beenirradiated in various tests up
to the total dosesasexpectedin the ATLAS SCT. All thesetests shoved consisten

resultsand the singleevert e ect ratesof 1 5 10 °=bit=smeasuredor the di erent

registersare adequatefor correct operation of the SCT.

The SCTA chip is an implemertation of a full analoguearchitecture satisfying the
requiremens of LHC experimerts. The analogueperformanceof the SCTA chip is
adequatefor the readout of LHC type silicon strip detector modules. Excellert uni-
formity of the analogueparameterson chip level hasbeenshovn. The gain linearity
was measuredto be excellen up to 12f C of the input chargeand the spreadof gain
in 128 channelsof a single chip was around 3%. The variation betweenthe peaking
times of the pulseshape at the output of the front-end ampli er for the di erent chan-
nels of a single chip were found to be below 1%. The results of the X-ray irradiation
have shavn radiation hardnessof the SCTA chip up to the ionizing dosesrequired by
the LHC experimernts.
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ATLAS-type moduleshave beenconstructedwith both AC-coupledand DC-coupl-
ed sensordo test the performanceof the SCTA chips. The noisewhich increaseddue
to the capacitanceof the silicon detector strips was found to be 1700e and 1100e
for 128cm and 6:4cm detector strips, respectively. Testswith radioactive sources
con rmed the linearity seenusing internal calibration.

The modules were also evaluated in beam tests at the SPS acceleratorcomplex.
The spatial resolution for singlehit clusterswasfound to be 21 m asexpectedfrom
the digital resolution of silicon detectors with an 80 m pitch. The resolution of
double hit clusterswasfoundto be 3 m . The noiseoccupancyremainedbelow 10 #
ewven for tracking e ciencies reating 99%.

Due to their analoguearchitecture, the modules equipped with the SCTA chips
werealsousedto study the performanceof a linear optical link deweloped for analogue
data transmission of LHC experimerts. It was shovn that the link does not add
noticeable noise and doesnot a ect the linearity of the system, thus satisfying the
criteria of transmitting the signalswithout distortions.

The studiesperformedon the SCTA chip have alsocortributed signi cantly to the
understandingof the ABCD front-end. Thesestudiesresultedin modi cations which
helped to adchieve acceptableyields for the digital design. Furthermore, the SCTA
chips have beenusedextensiwely for the irradiation studiesof the silicon detectorsfor
the SCT.

The presened results shov that SCT modules meet the performancerequired
for providing precisetracking in the ATLAS experimert. The low occupancycoupled
with the high tracking e ciency ensureghat the SCT togetherwith the Pixel detector
provides enough precision points for excellen secondaryvertex reconstruction and
impact parameterresolution. The singlehit clusterresolutionwasfoundto be21 m ,
and it is even an order of magnitude better for double hit clusters, which should be
numerousgiven the magnetic eld presen in the tracking volume. These qualities
make the SCT a formidable link in the study of B physics, including the seart for
decyssuc asBl! K O, studied within the framework of CDF in Chapter 4.
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App endix A

Num ber of signal events for the
B! J= K Odecay

This Appendix showvs the number of signal everts for the B! J= K °decy asa
function of the Ly, and | solation cuts. Ead plot showvs a scanof L,, and
cuts correspnding to a given | solation cut. Figures A.1 through A.7 correspnd
to di erent | solation cuts from 0.5to 0.8 in stepsof 0.05. On these gures the rst
columnrepresets the number of signalewerts for the B! J= K °deca whenthere
is no L,y cut applied, while the other nine columnsrepresen cuts from 0:015cm up
to 0:135cm in stepsof 0:015cm; the uppermost row represets the number of signal
ewerts for the B! J= K %decy whenthere is no cut applied, while the other
nine rows represemn upper cuts on from 0:072rad down to 0:008rad in stepsof
0:008r ad.
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Figure A.1: Number of BJ! J= K %everts for I so> 0:5.
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Figure A.2: Number of B! J= K C%everts for I so> 0:55.
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Figure A.3: Number of BJ! J= K %everts for I so> 0:6.
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Figure A.4: Number of B! J= K C%everts for I so> 0:65.
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Figure A.5: Number of BJ! J= K %everts for | so> 0:7.
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Figure A.6: Number of B! J= K C%everts for Iso> 0:75.
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Figure A.7: Number of B! J= K C%everts for Iso> 0:8.
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App endix B

Signal optimization plots for
S°=(S + B)

This Appendix shovs gures of merit

2
(S+ B)

forthe BY! K %decy asa function of the Ly and | solation cuts. Each
plot shows a scanof L, and cuts correspnding to a given | solation cut. Fig-
ures B.1 through B.7 correspnd to di erent | solation cuts from 0.5to 0.8 in steps
of 0.05. On these gures the rst columnrepresets the gure of merit whenthere is
no L,y cut applied, while the other nine columnsrepresen cuts from 0:015cm up to
0:135cm in stepsof 0:015cm; the uppermostrow represets the gure of merit when
there is no cut applied, while the other nine rows represeh upper cuts on
from 0:072rad down to 0:008rad in stepsof 0:008r ad.

fom2 =

(B.1)
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Figure B.1: Figure of merit S?>=(S + B) for I so> 0:5.
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Figure B.2: Figure of merit S?=(S + B) for | so> 0:55.
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Figure B.3: Figure of merit S?>=(S + B) for I so> 0:6.
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Figure B.4: Figure of merit S?=(S + B) for | so> 0:65.
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Figure B.5: Figure of merit S?>=(S + B) for I so> 0:7.
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Figure B.6: Figure of merit S?=(S + B) for | so> 0:75.
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Figure B.7: Figure of merit S?=(S + B) for | so> 0:8.
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App endix C

Signal ome|zat|on plots for
’=(a=2 +

This Appendix shovs gures of merit

SZ
fom3= —p— C.1l
E+ " B) (C.1)
for the B! K °decy asa function of the Ly, and | solation cuts. The
value of a has beenchosento seart for a one discovery. Ead plot shovs a scan
of Ly, and cuts correspnding to a given | solation cut. Figures C.1 through

C.7 correspnd to di erent | solation cuts from 0.5to 0.8 in stepsof 0.05. On these
gures the rst columnrepresets the gure of merit whenthereisnoL,, cut applied,
while the other nine columnsrepresen cuts from 0:015cm up to 0:135cm in steps
of 0:015cm; the uppermost row represets the gure of merit when there is no

cut applied, while the other nine rows represenh upper cuts on from 0:072rad

down to 0:008rad in stepsof 0:008rad. For the presen data a = 1 was chosen(see
Section4.5.4).

171



172

APPENDIX C. SIGNAL OPTIMIZA TION PLOTS FOR S2=(A=2+ pg)z

-172

Figure of merit S 2/(0.5+B

Y (is0>0.5)

0.05

0.791323
0.04

0.789079

0.03

0.864262

0.02

0.01

0 0.02 0.04 0.06

0.793204

0.790863

0.831339

0.864602

0.91389

0.859353 0.94955

0.08

0.831308

0.830229

0.865686

0.894903

0.906434

0.1

0.79513

0.815964

0.847226 0.842191 0.791001

0.952328

0.14
ny [cm]

0.809727

0.12

Figure C.1: Figure of merit S?>=(a=2+ B)? for I so> 0:5.
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Figure C.2: Figure of merit S?=(a=2+ B)? for | so> 0:55.
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Figure C.3: Figure of merit S?>=(a=2+ B)? for | so> 0:6.
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Figure C.4: Figure of merit S?=(a=2+ B)? for | so> 0:65.
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Figure C.5: Figure of merit S?>=(a=2+ B)? for I so> 0:7.
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Figure C.6: Figure of merit S?=(a=2+ B)? for | so> 0:75.
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| Figure of merit S °/(0.5+B™"°)° (is0>0.8) |
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Figure C.7: Figure of merit S?=(a=2+ B)? for | so> 0:8.
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App endix D

Estimated background for the
By! K Odecay

This Appendix shaovs the number estimatedbadground everts for the B! K °

decy as a function of the L,y, and | solation cuts. Each plot shows a scan of
Ly and cuts correspnding to a given | solation cut. Figures D.1 through D.7
correspnd to dierent | solation cuts from 0.5to 0.8 in stepsof 0.05. On these
gures the rst columnrepresets the number of estimatedbadground everts for the
B! K O%decay whenthereis no Ly, cut applied, while the other nine columns
represen cuts from 0:015cm up to 0:135cm in stepsof 0:015¢cm; the uppermost row
represets the number of estimated badkground ewerts for the B! K decy
when there is no cut applied, while the other nine rows represeh upper cuts on

from 0:072rad down to 0:008rad in stepsof 0:008rad.
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| Number of estimated background events (i50>0.5) |

—0.08
:
Eom =
0.06 [Fauei
0.05 é”‘“’
.

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
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Figure D.1: Estimated background for the B! K °deca for Iso> 0:5.

| Number of estimated background events (is0>0.55) |
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Figure D.2: Estimated background for the B! K °deca for 1 so> 0:55.



| Number of estimated background events (i50>0.6) |
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Figure D.3: Estimated background for the B! K °deca for Iso> 0:6.
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Figure D.4: Estimated background for the B! K °deca for 1 so> 0:65.
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| Number of estimated background events (i50>0.7) |
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Figure D.5: Estimated background for the B! K °deca for Iso> 0:7.
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Figure D.6: Estimated background for the B! K °deca for 1so> 0:75.
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[ Number of J/ y K™ events in the signal window (iso>0.8) |
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Figure D.7: Estimated background for the B! K °deca for I so> 0:8.
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App endix E

Num ber of estimated signal events
for the B! K Odecay

This Appendix shavs the number estimated signal everts for the By! K °decy
asa function of the Ly, and | solation cuts. Ead plot shows a scanof L,, and

cuts correspnding to a given | solation cut. FiguresE.1 through E.7 correspnd
to di erent | solation cuts from 0.5to 0.8 in stepsof 0.05. On these gures the rst
column represets the number of estimated signal everts for the B! K 9decy
whenthere is no L,y cut applied, while the other nine columnsrepresen cuts from
0:015cm up to 0:135cm in stepsof 0:015cm; the uppermostrow represets the num-
ber of estimated signal ewerts for the By! K °decay when there is no cut
applied, while the other nine rows represeh upper cuts on from 0:072rad down
to 0:008rad in stepsof 0:008rad.
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APPENDIX E. NUMBER OF ESTIMATED B3 ! K

O EVENTS

| Number of estimated signal events (is0>0.5)
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Figure E.1: Number of estimated B] !

K

Oevents for | so> 0:5.
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Figure E.2: Number of estimated BJ !

K

Oeverts for 1 so> 0:55.



| Number of estimated signal events (is0>0.6)
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Figure E.3: Number of estimated B3 ! K

O events for | so> 0:6.
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Figure E.4: Number of estimated B! K

Oeverts for 1 so> 0:65.
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APPENDIX E. NUMBER OF ESTIMATED BJ !

K

O EVENTS
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Figure E.5: Number of estimated B !

K Oeverts for | so> 0:7.
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Figure E.6: Number of estimated B !

K OYevents for | so> 0:75.
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