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Abst ract 

Using a data sample of integrated luminosity J Ldt = 28.9 f 1.2 pb-' of proton- 

antiproton collisions a t  a center-of-mass energy fi = 1.8 TeV collected with the 

CDF detector at  the Fermilab Tevatron collider, we searched for "penguin" radiative 

decays of Bd and B: mesons which involve the flavor-changing neutral-current transi- 

tion of a b quark into an s quark with the emission of a photon, b + s ~ .  Specifically. 

a e  searched for the decays Bd i Kg07, K'O i K-r -  and BI + O-!! rp -t K A ? .  

as well as for the charge conjugate chains. 

In order to collect such decays, we designed a specialized trigger which required 

information on al1 the decay products of the B meson decay chain, the first such 

trigger in a hadron collider environment. This "penguin" trigger collected data 

during the last quarter of the 1994 - 1996 data-taking period. After al1 selection 

criteria, we are left with one candidate Bj t decay and no Bf -t wf candidates 

in the entire data sample. We then proceed to set upper limits on the branching 

fractions of the penguin channels. 

We exploit the topological similarity between the B -t e - D o X .  DU i K-n-and 

the penguin decays, by forming ratios of branching fractions between the penguin and 

the B -+ e -  DoX channels. Uncertainties associated with the B meson production 

cross section. common efficiency correct ions and other systemat ic effects are minimal 

in the ratio of branching fractions. The uncertainty on the B + e-  DoX yield is the 

biggest contribution to the total uncertainty on the penguin branching fraction. 

We assume equal production rates for Bz and B: mesons, while the probability of 

producing BI mesons relative to B: mesons, f,/ fd, is taken to be 113. The inferred 

upper limits on the ratios of branching fractions are 

< 3.5 x 1 0 - ~  at  90% C.L. 

< 1.9 x 10-~  at  90% C.L. 

. . . 
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Relative branching fraction measurements were combined with the branching 

fraction measurement of the B + e - D o X ,  Do -t K-ni decay chain, B(B + e- D o X )  x 

B(Do + K-r') = (294 & 40) x IO-=, to extract the following absolute branching 

fraction limits 

B(B; -+ &) < 2.8 x IO-' at  90% C.L. 

B(Bd + K a o Î )  < 1.5 x IO-' at 90% C.L. 

The upper limit for the Bd -t Kao7 decay is consistent with the branciiing fraction 

measurement reported by the CLEO collaboration, B(B: + K.'?) = (4.0 k 1.9) x 

10-~, while the upper limit for the as yet unobserved Bf + decay is the most 

constraining one set to date. 



Résumé 

Nous utilisons un échantillon de données de J Ldt = 28.9 & 1.7 pb-' enregistré par le 

détecteur CDF au collisionneur proton-antiproton Tevatron du Fermilab à fi = 1.8 

TeV, pour rechercher les contributions radiatives "pingouin" intervenant dans les 

désintégrations des mésons B: et B: . Celles-ci impliquent des courants neutres avec 

changement de saveur lors de la transition d'un quark b en un quark s avec émission de 

piistnn, 6 + sa(. PIUS précisément, nous recherchons les désintégrations B: i A?'.. 

K'O -+ K - s -  et BI -i Q-1, Q -t K T -  (et conjuguées). 

Afin de les détecter, nous avons conçu un décleucheur spécial exigeant l'information 

sur tous les produits de la chaîne de désintégration du méson B. C'est la première 

fois qu'un tel décleucheur est utilisé dans un collisionneur hadronique. 11 a recueilli 

des données pendant le dernier quart de la période de prise de données 1994-96. 

Après avoir appliqué tous les critères de sélection, il subsiste un seul candidat de la 

désintégration B: + h"'~ et aucun candidat Bf + d7. Ceci nous permet d'établir 

de limites supérieures sur les rapports d'embranchement des chaînes pingouin. 

La ressemblance topologique entre B i e - D 0 X .  Do -t K - s +  et les désintégrations 

pingouins est exploiteé en formant les rapports de fractions d'embranchement entre 

le pingouin et les canaux B + e- DoX. Les incertitudes associées à la section ef- 

ficace de production du méson Bo aux corrections sur l'efficacité et autres effets 

systématiques interviennent faiblement dans ce rapport. La plus importante incerti- 

tude sur la fraction de branchement pinguin provient de l'incertitude sur la réaction 

B + e - D o X .  Nous supposons des taux de production égaux pour les mésons BU et 

Bd. Par contre. la probabilité de production des BI par rapport à celle des Bd, f,/ fd. 

est prise égale à 113. Les limites supérieures sur les rapports d'embranchement sont: 

B(B: < 3. j x 10-3 à 90% de niveau de confiance B(B + e - D o X )  

B(Bd - f  K'oy) < 1.9 x 10-3 à 90% de niveau de confiance 
B(B + e - D o X )  

Les mesures des rapports d'embranchement relatifs ont été combinées avec les 



mesures de rapport d'embranchement des canaux de désintégration B -t e -DoX.  

Do -t K-x', B(B + e - D o X )  x B(Do + K-ni) = (294 k 40) x 10-'. Ceci permet 

d' extraire les limites sur les rapport d'embranchement absolues: 

B(BI + &) < 2.8 x IO-" à 90% de niveau de confiance 

B(B! + Kao7)  < 1.5 x  IO-^ à 90% de niveau de confiance 

La limite supérieure pour la désintégration B: + K'O-, est en accord avec la 

mesure du rapport d'embranchement annoncé par la collaboration CLEO, B(Bj i K'Oy) = 

(4.0 1.9) x 10-~. Par contre, la limite supérieure pour la désintégration BI i P-,. 

non encore observée, est la plus contraignante connue à ce jour. 
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logic where 
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Chapter 1 

Introduction 

The quest of particle physics is the identification of the elementary building blocks 

of nature and the description of their interactions. In the road for that search. 

increasing accelerator energies have enabled particie collisions (usually protons or 

electrons) which resulted in the birth of hundreds of new particles. This diversity is 

analogous to the diversity of atoms; some of the particles produced are thought to 

be elementary, while most of them are explained as combinations of a small number 

of more fundamental entities. Furthermore, it is now understood that these particles 

feel each other via a limited nurnber of interaction processes and al1 known forces in 

nature can be expressed in terms of these interactions. 

1.1 Fundamental particles and interactions 

Advances on the experimental and the theoretical fronts have resulted in the current 

t heory of elementary particles and t heir interactions, which describes very well al1 

known particle physics phenomena. We refer to this theory as the Standard SIodel. 

According to the Standard Mode1 the elementary particles are of two types: the 

basic building blocks of matter, which are fermions, and the particles that mediate 

the forces between them, which are bosons. For each particle, there exists an "an- 
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tiparticle" with the same m a s  and spin as the corresponding particle, but opposite 

values of other quantum numbers, such as electric charge. 

1.1.1 The fundamental fermions 

The fundamental fermions have spin s = ;f i and are classified according to the type 

of interactions they participate in. The ones that can feel the strong force, which 

is responsible for holding the atomic nuclei together, are called quarks. The oner 

that do not feel the strong force are called leptons. Leptons can feel the weak force 

which is responsible for transformations of one particle type into another, resulting 

for example in nuclear decays. The fundamental fermions of the Standard Model are 

shown in Table 1.1. 

Six distinct types (called flavours) of leptons have been identified. The electron 

(e - ) ,  the muon ( p - )  and the tau ( r - )  have electric charge -1, with the charge given 

in units of the absolute value of the electron charge from here on. For each of these 

leptons there exists a corresponding neutrino (P., v, and u, respectively) with no 

charge. The distinctive nature of the neutrino types cari be demonstrated in the 

reaction n + Y + p + e - .  When the neutrino, Y, is a muon neutrino (e.g., from pion 

decays), the lepton, l ,  is a muon, whereas when the neutrino is an eiectron neutrino 

(e.g., from ,O decay), the produced lepton is an electron. The pairing of leptons 

is indicated by the observation that lepton interactions seem to respect boundaries 

that classify them in three families: the electron, the muon and the tau family. 

Each lepton in a given family is then assigned a lepton family number of +1. For 

each of the aforementioned lepton particies, there exists an antiparticle with the 

same mass and spin, but opposite values of other quantum numbers, such as electric 

charge and lepton number: the antielectron, also known as positron, (e') and its 

electron antineutrino (Fe), the antirnuon (p ' )  and its muon antineutrino ( f i p ) ,  and 

the antitau (rt ) and its tau antineutrino (O,). As an exampie of leptons preserving 

leptor Family boundaries, a muon ( p - )  decays into a muon neutrino (Y,), the lepton 
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Leptons Quarks 

1 

electron I 

Name 

neutrino l 

Symbol 

electron / e 

muon 

neutrino 

muon 

Charge 

v~ 

Cr 

tau 

neutrino 

Marc 11 Name 1 Symbol 

UT 

105.67 strange +-+ 
tau 1 r 

< 18.2 1 top 1 t 

Charge 1 hlass 
I 

Table 1.1: The fundamental fermions in the Standard Model. The charges are giuen 

in units of the absolute electron charge. For each of these particles, t h e ~ e  exists a n  

antiparticle with the sarne mass and opposite charge. 

family partner, and a t  the same time gives birth to an electron ( e - ) ,  to conserve 

charge, and an electron antineutrino (ü,), so that there is no net presence of the 

electron family in the decay products. exactly as there is no such presence in the 

parent state. 

Six types (flaveurs) of quarks, q, are known as well: the up (u).  down ( d ) :  strange 

(s), charm ( c ) ,  bottom or beauty ( b )  and the top ( t)  quark. Unlike leptons. quarks 

have fractional electric charge; the u, c and t quarks have a charge of +$, and the d. s 

and b quarks have a charge of - 5 .  Quarks carry a quantum number called "colour" , 

which cornes in three types: "redl', "green" and "blue" . Each quark flavour cornes 

in any of these "colours". Colour is the "charge" of the strong interactions. As for 

the leptons, for each one of the quarks there exists an antiparticle, antiquark, with 
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the same mass and spin, but opposite charge and colour ("anti-red", "anti-green" 

and "anti-blue"). They are the ü, & 3, E, b and f (called "u bar", "d bar" and so 

on). The colour quantum number has nothing to do with the colour experienced in 

everyday life. Nevertheless, it got its name from the fact that a combination of the 

three different degrees of freedom, i.e. "red", "green" and "blue", results in no net 

presence of the "colour" quantum number, in analogy to the mkture of red, green 

and blue colours resulting in a white colour in everyday life. Since no free quarks have 

been observed in nature, it is believed that colour is a hidden degree of freedorn; only 

colourless ob jects can be observed. Therefore quarks must be confined int O particles 

that can interact strongly, yet they are colourless. These composite particles are 

called hadrons. They can be combinations of a quark of a given colour and an 

antiquark of the opposite "anticolour" t hus resulting in a colourless combinat ion. 

Such quark-antiquark states are called mesons and they have integer spins. For 

esample a positive pion, K-. is a combination of an up quark and d-bar antiquark. 

ud. The next simplest colourless combinat ions of quarks are combinat ions of t hree 

quarks each carrying a different colour, one red. one green and one blue. Such 

states are called baryons and they have half integer spins. Protons and neutrons are 

examples of baryons, with protons (neutrons) being uud (udd) combinations. 

1.1.2 The fundament al forces 

Any particle interacts wit h ot her particles by exchanging energy carried by discrete 

quanta, which also carry well defined quantum numbers. These quanta are identified 

with the particles transmitting the force' and they are called gauge bosons. Four 

forces describe al1 particle interactions. They are the gravitat ional, electromagnet ic' 

weak, and strong forces. In Table 1.2 we summarize some of their properties. 

The gavitational force is presumed to be mediated by massless bosons with spin 

2A, called gravitons. This force is by far the weakest of al1 but since it is always 

lThe words "force" and "interaction" are used interchangeably. 
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1 Force 1 Range ( Strength at 1 Particles 
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Table 1.2: The findamental forces and the medzator bosons in the Standard Modrl .  

The charges are gzven in units of the absolute electron charge. The strength of each 

force is given relative to the strong force [II .  

Spin Mass 

Gluons 

attractive and has an infinite range, its cumulative effects become significant for 

massive bodies (e.g., the earth) . For interactions of subatomic particles gravity can 

be ignored. 

1 

Electric 

G ~ V / C ~  

O 

The electromagnetic force is felt by al1 electrically charged particles. The carrier 

of this force is the photon, y, which is massless, electrically neutral and has spin 1A. 

When a charged particle emits a photon it recoils and when the photon is absorbed by 

another charged particle the momentum of the latter changes. Thus the two charged 

particles "feel" each other. The elect romagnetic force is proportional to the elect ric 

charge of the "source" and "target" particles and it decreases with the distance 

between them. Electric charges of opposite signs attract and same sign repel. This 

force is responsible for binding the negatively charged electrons to positively charged 

nuclei to form atoms. The theory that describes the electrornagnetic interaction 

O i 
1 

2 

O i 

I 
I 

charge 1 

0 , 
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is called Quantum Electrodynamics (QED) and it gives by far the most accurate 

predictions in physics; for example, the calculated magnetic dipole moment of the 

muon agrees with experirnent to 12 significant digits (21. 

Even though the electromagnetic force is strong enough to bind the negatively 

charged electrons to positively charged nuclei to form atoms, it is not strong enough 

to prohibit protons from being confined in nuclei. The strong force is felt by al1 par- 

ticles that carry "colour", which is the "charge" of the strong force. The elementary 

fermions that feel the strong force are the quarks. The carriers of this "colour" force 

are eight massless gluons of spin Ih. Gluons carry a combination of colour with 

a different anticolour and are consequently coloured. Thus a quark changes colour 

when it emits or absorbs a gluon. The fact that gluons carry colour means that they 

can interact with each other. Detailed calculations show that this feature results in 

a decreasing strength of the strong interactions as the energy of the exchanged gluon 

increases (see for example. Ref. [3]). This behaviour is the opposite that one would 

expect if gluons did not interact with each other. In QED, where the photons do not 

car- electric charge and consequently no direct photon-photon interactions occur. 

the interaction strength increases as the energy of the exchanged photon increases 

[3]. The fact that gluons carry colour is also believed to be the cause for colour 

confinement. even though no rigorous proof exists within the framework of Quantum 

Chromodynarnics (QCD), the theory of strong interactions. A somewhat simplistic 

argument is that because there is flow of colour between two interacting coloured 

objects, the force between them does not decrease with distance. Consequently when 

two quarks separate, the potential energy of the colour field between them increases 

linearly with distance and it becornes large enough to create a quark-antiquark pair. 

Then it is energetically favourable to form combinations of quarks and antiquarks 

into hadrons. This process repeats until al1 quarks are confined into hadrons, or 

"hadronized". Only combinations of quarks (and gluons) that are colourless can be 

separated by more than -. 1 frn (a typical size for hadrons). Thus the range of the 
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strong interactions is - 1 fm. But colourless hadrons does not mean no strong inter- 

actions between them; for example, it is the residual colour field outside protons and 

neutrons that is responsible for binding t hem together in nuclei. This is analogous 

to the electrically neutral atoms combining int O molecules. 

The weak force is the only one capable of chacging the flavour of a particle. It 

is felt by al1 leptons and quarks a rd  it is mediated by three types of massive bosons 

with spin ln.  Two of these bosons are charged and are a particle-antiparticle pair' 

the W' and W-, and one is neutral, the Zo. When a quark or a lepton emits or 

absorbs a W boson, its charge, and consequently its flavour, changes. The IV and 

Z bosons are heavy with MW = (80.41 I 0.10) GeV/c2 and = (91.187 I 0.007) 

GeV/cZ. The range of the weak interactions is about 10 -~  fm. 

Transformations between quarks prefer to respect family boundaries? but inter- 

generation interactions occur. t hough wit h smaller probabilit ies. Inter-generat ion 

interactions can be explained if ihe quark eigenstates which participate in weak 

interactions, q', are different from the mass eigenstates. q, where q denotes any of 

the u,  d, c, s, t and b quarks. One set of eigenstates can be expanded in terms of 

another. It is conventional to "mix" the dom-type quarks only. since this is enough 

to allow inter-generation interactions. This mixing is summarized by the Cabibbo- 

Kobayashi-Maskawa ( CKM) mat rix: 

where the 90% confidence limits on the magnitudes of the elements of the CKSI 

matrix are [4]: 
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Note that the structure of the CKM matrix is such that the only direct couplings 

occur between up-type and down-type quarks. Flavour-changing neutral-currents 

(e.g., b -t sZo transitions) are suppressed by the GIM mechanism [5] of paired weak 

doublets of quarks: (u, d'), (c, s') and (t, b') . In t his scheme, d'd'zo, s'?Zo, and b ' & ~ '  

couplings result in a zero strength for d3Zo, skT0, and bdz0 couplings, through 

the expression of the mass eigenstates in terms of the weak eigenstates. In 1970. 

when only the up, down and strange quarks were known, Glashow, Iliopoulos and 

Maiani [5] postulated the existence a new quark (the "charm") as the weak partner 

of the strange quark and they wrote: d' = cosOW d + sinerv s and s' = -sinOLv d + 
s, where flrv is the Cabibbo "weak mixing angle" with sin20rv 2 0.73 [.LI. 

Thus. the neutral current couplings d ' b ~ ~  and s'rT'Zo between the weak eigenstates, 

result in a zero strength for the flavour-changing neutral current couplings d Z 0  and 

s&O between the mass eigenstates of the down and strange quarks. In this manner. 

the "mixing" of the mass eigenstates of the quarks explained the observed absence 

of flavour-changing neutral current transitions. 

Diagonal elements in the CKM matrix are large. favouring intra-generation tran- 

sitions. The niore family boundaries a transition crosses. the less probable it is. For 

example, a b i cCV- transition is lKbi2/lVubl2 c- 150 times more probable than a 

b -t uCV- transition, neglecting phase space factors. 

The CK41 matrix is a 3 x 3 unitary matrix with four independent parameters: 

three real and one imaginary. Therefore a time reversa1 operation (T), which in- 

troduces complex conjugation, results in violation of time invariance. In quantum 

field theories, like the Standard blodel, the combination of time reversal, charge 

conjugation (C), which changes particles into their antiparticles, and space reversal, 

r' + -6 also known as parity (P), leaves any state invariant. Thus, violation of tirne 

reversa1 invariance implies violation of charge-parity (CP) invariance. It is in this 

sense that the Standard Mode1 accommodates C P  violation. Should there be only 

two generations of quarks, the CKM mixing matrix would have been a 2 x 2 matriv 
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with one real parameter only; and the absence of irnaginary parameters means no 

violation of time reversal invariance, and consequently no CP violation. 

Experiments demonstrate that W bosons interact with left-handed fermions. or 

right-handed antifermions only. The handedness refers to the helicity of the fermions, 

i.e. the orientation of their spin with respect to their momentum. Thus weak inter- 

actions are not invariant under space reversa1 or charge-conjugation. Xevertheless, 

they rarely violate the combined CP invariance, even though there are systems where 

CP violation has been observed (e.g., in the kaon system). 

As mentioned above, the existence of an imaginary parameter in the CKSI ma- 

trix allows for CP violation in the Standard Model. The CKM matrix elements are 

not predicted by theory, but are fundarnental parameters of the theory; rneasure- 

ment of the CKLl paranieters should determine whether the Standard Mode1 can 

accommodate the estent of CP violation observed. Measuring al1 the C U I  rnatrix 

elements independently can also test the Standard Model by determining whether 

al1 couplings are consistent with the unitarity of the matrix and thus checking the 

t hree-generat ion structure of the t heory. 

For leptons only transformations within the family boundaries have been ob- 

served. But if neutrinos have m a s ,  the m a s  eigenstates could no longer be degen- 

erate and similar behaviour to the quarks might then be anticipated. 

1.2 The b quark 

In 1977. a fked target experiment at  Fermilab which collided -400 GeV protons on nu- 

clei observed an enhancement in the rate of p7p- production [6]. The enhancement 

occurred for pyp- pairs with invariant masses -- 9.5 GeV/c2 and was interpreted as 

a bb bound state which, in anaiogy to the ce charmonium states (@ states), was called 

bottomonium (ï). The result was confîrmed by experiments a t  DESY and more T 

resonances were subsequently found [7, 8, 9, 10, 111. Since then, the lowest mass 
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bflavoured hadrons (i.e. bound states containing a b quark and a lighter antiquark, 

or two lighter quarks) have been found2: B: = bd, B,t = bu, BI = 6s1 B,' = bc, 

and A: = bdu. Higher mass states decay strongly to these ones, whereas these low 

mass states decay weakly. Hadrons containing the b quark are the heaviest ones 

experimentally accessible, because the top quark is so heavy that it decays before it 

is able to hadronize3. 

Since B mesons decay weakly, they provide opportunities to study the CKM 

matrix, in particular the elements in the third column and the third row. Elements 

in the third column (Vubt Kb)  c m  be accessed from b -t u W -  or b + cCV - transitions 

with the partner antiquark in the B meson being a mere spectator of the 6 quark 

decay: t y  exchanging a W boson between the b quark and the lighter antiquark 

partner; or by "fusing" the b quark and the partner up-type antiquark into a LI' 

boson. 

Elements in the third row ( K d ,  Kr and K6) can be accessed via "box" diagrams. 

where 6 + qCV- transitions! with q being any of the up-type quarks (i.e. ut c. or t ) .  

result in the partner antiquark (qpartner = a or 3) getting involved. The result is that 

b -i (u, C. t or Wu) -t 6 and i. (u, C, t or W -) -+ qporlncr transitions occur 

simultaneously, with the box diagram with the heaviest quark (i.e. the top quark) 

being the dominant one. Consequently B "miung" occurs, with neutral B mesons 

*'oscillat ing" into t heir antiparticles ( B) and vice versa. 

Information about elements in the third row of the CKM matrix can also be 

obtained from "penguin" diagrams where the partner quark remains a spectator. 

Emission of a W boson from the 6 quark (6 + tW-)  is followed by the W boson 

being reabsorbed by the quark line from which it was emitted, thus forming a tCY- 

loop. Consequently, tCV- + s or tW- + d transitions occur, yielding the effective 

'Throughout t his dissertation reference to a specific charge state implies the charge-conjugate 

state as weU, unless noted ot herwise. 
3Using the typical size of a hadron, - 1 fm, as an estimate for the range of the strong interactions, 

we infer that strong interactions occur within - - 10-23 5, where c denotes the speed of light. 
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Figure 1.1: b -t se, transition in the Bo + K * ' ~ ,  Rmo + K-rr- decay channel. 

flavour-changing neutral-current transitions b -+ s or b + d, with gluon, photon. or 

Zo boson emitted frorn the loop. In Fig. 1.1 we see an "electromagnetic penguin" 

process resulting in a B: -t K * ' ~  decay. 

As seen above, the weak force governs the decays of bflavoured hadrons. It is the 

strong force though that is responsible for the hadronization of b quarks into colour- 

singlet hadrons, while in hadronic collisions, it is ais0 responsible for the b quark 

production in the first place. The b quark is heavy compared to the scale parameter 

of QCD, AQCD, which is of the order of 200 MeV. Roughly speaking, a t  energy 

scales higher than AqcD one can expand a transition amplitude in powers of the 

QCD coupling strength in a perturbation series, and this allows for calculations for 

production and decays of bflavoured hadrons to be performed perturbativeiy. The 

coupling strength of the strong interactions becomes srnaller as the energy scale of a 

process increases, so that it is more reliable to apply perturbative QCD calculations 

in the B system than in lighter mesons. Consequently, experimental measurernents 

on the B system should provide a more stringent test of the theory. Furthermore, the 

heaviness of the b quark facilitates experimental work, because there is significant 

energy given to its decay products, which are significantly lighter than the b quark. 
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Another feature of the b quark that facilitates experimental work with B mesons is 

its long lifetime which is long enough to be directly observed as a displacement of 

the B meson's production and decay points. Given the fact that the ratio of bto- 

c quark masses is - 3, one would expect the ratio of bto-c quark lifetimes to be 

- (113)~ = 4 x  IO-^. The fact that the lifetimes are comparable, is a demonstration 

of the difficulty the b quark has in crossing a family boundary in order to decay to 

a c quark, as opposed to the "easiness" of the intra-family c -t s transition. The 

factor that "restores" the b lifetime to be comparable to the c lifetime is rnostly the 

CKM factor IV,, 12/IVcb12 - 600. 
The distance L a B meson travels before it decays is proportional to its momen- 

tum: L = cts -37 = dB -ps /ms ,  where t g  is the decay time of the B meson in 

its rest frame, pe is its momentum, and m g  is its m a s .  Thus, more energetic B 

mesons travel further in the laboratory frame. However, the resolution of the B flight 

distance worsens with energy, due to the B decay products traveling at smaller an- 

gles relative to each other. 'u'onetheless, the signal-to-background ratio can t hen be 

enhanced significantly by requiring that the candidate decay products not originate 

from the B production point. 

The subject of this dissertation is b -t sî transitions. studied via the decays 

B: + K * ( ~ 9 2 ) ~ - /  and BI -t 4(1020)y reconstructed with the Collider Detector at 

Fermilab (CDF). The primary motivation for doing b physics at a hadron collider is 

that the cross section for producing b quarks is very large. .At the Fermilab Tevatron 

collider pp collisions at fi = 1.8 TeV yield the b quark production cross section of 

cz 50 pb, which is enormous compared to the b production cross section in e -e -  

collisions; this is .- 1 nb at the CESR (e -e -  + T(4S)) and - 6 nb at the LEP 

(e-e- -t Zo)  colliders. Thus the yield of b6 pairs at  the Tevatron is - 10' times 

higher than at  ete- colliders. However, less than one out of a thousand inelastic pp  

collisions result in b quark production at the Tevatron, whereas this fraction is -. 111 

for the eTe- colliders (see Table 1.3 [12]). The low signal-to-background ratio for b 
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rp Collider type II PP I eie- 

Accelerator 11 Tevatron CESR, PEP II, KEKB 1 LEP 

fi 
abfi 

06 1 ~ ~ 0 ~ ~ 1  
bflavoured hadrons produced 

Average ,& boost 

1800 

-- 50 pb 

-- 10-~  

al1 

- 2 - 4  

Tabie 1.3: Cornparison of pa~ameters important for B physics for  ensting p p  and 

e'e- colhders. 

10.58 

- 1 nb - 0.26 

quark production at  a hadron collider poses significant experimental challenges. 

The fact that the transverse momentum' of the quarks produced at pp collisio~is 

scales with the quark mass, results in higher average transverse mornenta for heavy 

quarks than for light quarks. As a result, B mesons have an average transverse 

rnomentum of 4 - 5 GeV/c. Kinematic requirernents can improve the signal-to- 

background ratio for event containing b quarks; when we consider al1 momenta. b 

production is 5 0.2% of the total pp cross section, while for high momenta. jets of 

hadrons originating from the hadronization of b quarks comprise almost 2% of the 

total jet production. Consequently, the kinematic requirements at the trigger level 

are geared towards selecting events wit h energetic b quarks, typically wit h mornenta 

above 8 GeV/c at  CDF. Moreover, the long lifetime of B mesons allow for further 

improvement of the signal- to-background ratio for energetic B rnesons. 

The CDF collaboration has taken full advantage of the high b production cross 

section at  the Tevatron to carry out a rich B physics program. The installation of 

4tVhenever the characterization "transverse" characterizes a quantity, it refers to the plane 

transverse to the proton and antiproton beams. 

91.2 

- 6 nb 

- 0.22 

B,+ and Bd only 

- O (same beam energy) 
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the silicon vertex detector in 1992 improved the B physics capabilities of the CDF 

detector significantly, due to its ability to measure the distance of closest approach 

of a charged particle to the pp collision point with a precision of - 15 Pm. The CDF 

collaboration has performed measurements of b production cross sections, determi- 

nation of the fragmentation fractions of b quarks into B;, Bd, B: and Ab hadrons, 

and measurements of the lifetimes and branching fractions of b-flavoured hadrons. 

It has established the existence of the Bc meson, pursued searches for rare B decays 

as hints for new physics, and measured the time-integrated Ba mixing parameter, 

d l  allowing an extraction of the mass difference, Amd, between the two m a s  eigen- 

states which are mixed to occur as the CP-conjugate Bd and B: mesons. Recently 

it presented the first direct hint for CP violation in the B system. For a summary of 

measurements of bflavoured hadron lifetimes, mixing parameters and CP violation 

at CDF, see Ref. [12]. In brief, in the 1990's CDF has established hadron collider 

experiments as important players in the field of B physics. 

1.3 Production of b hadrons in pp collisions 

1.3.1 Productionofbquarks 

The colliding beams of protons and antiprotons at  the Tevatron can be thought as 

beams of partons: the uud ( c d )  %alence" quarks, gluons and various "sea" quark- 

antiquark pairs. The collision of a proton and antiproton can then be thought as the 

collision between one parton from the proton and one parton from the antiproton. 

We are interested in collisions that result in the production of b quarks: 

where X denotes the b quark produced in association with the b quark and the 

"underlying event" resulting from lower-energy interactions between the proton and 

antiproton partons which did not part icipate in the "hard" scattering resulting in 
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the bb production. 

In QCD the "partonic" cross section âij for a parton i with momentum xipp to 

interact with a parton j with mornentum X j P p  and create a b quark with momentum 

ph, is calculable as a perturbation series in powers of the strong coupling strength, a,. 

The momentum of the proton (antiproton) is denoted by p, (pp) and xi is the fraction 

of the hadron momentum carried by parton i. The energy scale of the process. p? is 

usually set equal to the four-momentum transfer Q and it is a t  least equal to the. 

relatively heavy, mass of the b quark, mb. Thus, the coupling strength a, is small 

enough to allow application of perturbation theory [13]. Apart from the factors 

mentioned so Far, the partonic cross section âij depends also on an experimentallu- 

determined energy scale A? because the value of a, at  some energy scale p cannot 

be calculated unless its value at  some other energy scale, A, is known. 

For a given b momentum, the calculation of interest is the differential hadronic p+ 

P + b + 8 + ~  cross section, opg, which can be obtained by integrating the differential 

partonic cross section for al1 possible mornenta of partons i and j. Integrating again 

over the momentum of the b quark, pb,  yields the total cross section for the production 

of a b quark from proton-antiproton collisions at  center-of-mass energy fi. The 

mornenta of the hadrons (protons and antiprotons) are not necessarily divided equally 

among the partons. This sharing is described by the parton distribution function 

F;(xi, Q2) which is the number density of parton i carrying a momentum fraction 

xi of the hadron a when probed at a momentum transfer Q. 

At leading order, 0(cr:), b quark production resuits from $2 -+ 2'' processes of 

quark-antiquark annihilation, q + t j  -t b + 6: and gluon-gluon fusion. g + g + b + 6. 

Such processes result in b quarks with transverse momenta, pr(b), that are on average 

of order of their mass, mb, and have a distribution which falls rapidly for m(b) > mb. 

The average transverse momenta of b quarks is therefore around 1 - 5 GeV/c. These 

processes also result in b quarks preferably traveling a t  large angles with respect to 

the proton and antiproton beam directions, while the average separation of b and 6 



quarks in rapidity is of order unity. The rapidity is a measure of the polar angle of 

the b quark and it is defined as: 

where p z @ )  is the momentum component of the b quark along the proton beam 

direction (2 direction) and Eb is its energy. The rapidity is very useful in descriptions 

of particle production at high energies, because a boost along the z avis to a different 

reference frame results in a uniform shift of al1 the y values in the old reference 

frame. Thus distributions of particle-rnultiplicities as a function of rapidity, diV/dy? 

are invariant under such reference frame transformations [4]. 

Yext-to-leading order, O(aS), contributions can contribute significantly to the b 

quark production cross section [14]. For example, the g + g i g i g proctsses occur 

almost a hundred times more often than g + g i b i 6. The fact that a final state 

gluon can subsequently "split?' into g -t 6 + 6 with a probability of - a,, means that 

the O(aS) process g + g + 6 + 6 + 9 are cornpetitive with the production of b quarks 

through the O(oi:) 2 + 2 processes. Other O(a)) processes can result from emisçion 

of gluons from one of the final state b quarks in the 2 + 2 process. 

In Fig. 1.2 we see the differential hadronic cross section for b quarks with p r ( b )  

above some minimum mtmjn and 1 ybl < 1. The theoretical prediction shown is 

based on parton distribut ion functions by Martin, Roberts and Stirling [15] and 

the Nason-Dawson-ElIis calculation of the inclusive differential cross section for b 

quark production as a function of p r ( b )  and yb up to next-to-leading order in a, 

[16]. If the cross section calculation had been performed at  al1 orders of a,, the 

theoretical prediction would be independent of the energy scale p chosen to evaluate 

a,. Consequent ly, the large de pendence of the t heory on the "renormalization scale" 

implies that processes of higher order in a, are important. 
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- NLO QCD: m,=4.75 GeV, A,=215 MeV 
MRSDO. k=p,,=u'(ml+p:) 

t ----. b / 2 < ~ < 2 ~ ,  4.5<m1<5.0 GeV 1 

Figure 1.2: Diffe~ential  cross section fo r  pp i bx? i .e .  ~ T O ~ U C ~ Z O ~  of a b quark p h  

anything else at pp collisions at fi = 1.8 Te V. 

1.3.2 Hadronization of b quarks into b-flavoured hadrons 

Once b quarks are produced from the initial hard scattering of proton and antiproton 

partons, they hadronize within a time frame of 10-23 sec and appear as colourless 

hadrons in the CDF detector. This process can not be calculated with perturbative 

QCD because it is low Q2 and a, is large. Semi-empirical arguments like the one 

made in Section 1.1.2 are used to describe this hadronization (or "fragmentation" ) 

process. The particles produced in this process, the bflavoured hadron included, 

are usually referred to as fragmentation products. The fraction of the initial b quark 



momentum carried by the bflavoured hadron is described by fragmentation functions, 

EBCpii(B),  where pII (B) is the projection parameterized in terms of the variable z = 
Eb+pb 

of the b-hadron momentum on the b quark direction before hadronization; EB is the 

energy of the bhadron; and Eb and p b  are the energy and momentum respectively of 

the b quark before hadronization. Peterson, Schlatter, Schmitt and Zerwas (17; have 

provided a fragmentation function for B mesons of the following form: 

where ~b is the *'Peterson parameter" related to the ratio (mq/mb)'. with rnq denoting 

the mass of the light antiquark combined with the b quark to form the B meson. 

The Peterson parameter is an experimentally determined parameter. Chrin has 

estimated = 0.006 rt 0.002 based on data from e -e -  collisions [la]. In Fig. 1.3 

we see the differential p p  cross section for production of a B meson with m(B) 

above some minimum p~ value and IgB( < 1. From such rneasurements we infer the 

production cross section of b quarks. which are not observed in the detector. In order 

to achieve that we rely on fragmentation functions like the one rnentioned above. 

Thus, measurements that improve Our understanding of the b quark fragmentation 

are important to test the perturbative QCD predictions of the b quark productions. 

CDF has reported measurements on the fraction of the time a b quark hadronizes 

into a B t  , B:, BI or Ab hadron [19, 201. 

1.4 Penguin decays of B mesons 

As mentioned in Section 1.2, the subject of this dissertation is b -t s 7  transitions. In 

Section 1.1.2 we saw that by construction, flavour-changing neutral currents (FCHC) 

are forbidden in the Standard Mode1 at the tree level; e.g., no b -t sZo or b i 

dZo transitions are allowed. However FCNC transitions can be induced by higher 

order processes. For example, the so-called "penguin" processes result in effective 
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Figure 1.3: Differentzd cross section for pp -t B X ,  i.e. production of a B meson 

p b s  anything ekie ut pp colizsions at fi = 1.8 Te V. 

flavour-changing neutral current b + s or b i d transitions with the emission and 

reabsorption of a W boson from the b quark line, as showo in Fig. 1.1. When 

such a transition is accompanied by the emission of a photon (gluon). we refer to 

it as an "electromagnetic" ( "gluonic" ) penguin decay. Since the CKM-favoured5 b 

quark transition b -t t is not kinematically allowed, penguin decays are a relatively 

important option for the b quark decays. Penguin processes are also possible in 

decays of the charm and top quarks, but these have CKM-favoured decays c + s 

'A CKM-favoured transition has its rate depending on a CKM matrix elernent with large mag- 

nitude (see Eq. 1.1 and 1.2). 
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and t -t b which are kinematically allowed. Thus the importance of penguin decays 

for charm and top quarks is suppressed. This work deals with electromagnetic b + sy 

transit ions. 

The lowest order amplitude for b + qy transitions, with q denoting an s or d 

quark, is written as a sum of three terms, each describing the involvernent of one of 

the charge +; quarks in the penguin loop. Each one of these terms is proportional 

to V&iFZ ( x i )  , where i = u,  c, t and xi is the square of the qua,rk-to-l.V mass ratio, 

x, = rn:/rntv 1211. The function F2(x) is: 

x 
F2(x) = 

24(x - 1)' 
[6x(3x - 2) lnx - (x - 1)(8x2 + 5x - 7)] 

Because the u and c masses are small, F2(xt) is much larger than Fz(x,) and F2(xc). 

Furthermore, jvbV,J2 is large for i = t, c compared to u quarks. Thus the b + q7 

amplitude is dominated by the presence of the t quark in the loop. In addition. 

measurements of the penguin transition rates are sensitive to contributions from 

heavy non-Standard-Mode1 particles, such as heavy charged Higgs or supersymmetric 

particles. Therefore, measurements of loop processes constitute the most sensitive 

low energy probes for such extensions to the Standard Mode1 [22]. 

Feynman diagrams containing the W and t propagators, like the b + se/ transition 

depicted in Fig. 1.1, describe the situation at energies of the order of the W m a s .  

For the decays of bflavoured hadrons the appropriate energy scale is set by the mass 

of the b quark which corresponds to relatively large wavelengths. The W t  loop of 

Fig. 1.1 is then replaced by a point-like interaction where the b quark enters an 

effective vertex frorn which the s quark and the photon originate. Such vertices are 

represented by "local operators", each one describing a specific class of interactions 

(e.g., b i sy, b + sZo, etc.). This picture is a generaiization of the Fermi theory 

where the coupling strength of weak interactions mediated by CV bosons. g i ~ ,  is 
*/2g2 described by the Fermi constant GF at  low energies, with GF = d. In the unified 

electroweak theory gw = e / s i d w ,  where e is the charge of the positron and Orv is 

the Cabibbo angle describing the d and s quark mixing in the case of two quark 
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generations only. The measurement of sin2ûw z 0.23 [4] indicates that the weak 

interactions are not that "weak" in principle, but that it is the heaviness of the 

W boson which results in a low effective strength for the weak interactions at low 

energies. 

QCD corrections to the partonic b + sy picture have to be taken into account, 

because the b quark decays while being part of a b-flavoured hadron, a system bound 

by the strong force. These corrections are incorporated in an effective low energy 

theory with five quarks, where the heavier degrees of freedom, i.e. the top quark 

and the W bosons, are not explicitly present. The information about these higher 

degrees of freedom is included implicitly in the effective coupling strengths and the 

so-called Wilson coefficients describing the effective strength of the operators at a 

given energy scale p. In this frarnework, the amplitude for a B -+ X,îi decay, with 

X, denoting an s-ffavoured hadron resulting from the B meson decay, can be written 

as [23! 241 

where QJp)  is the relevant local operator describing the interaction type i involved in 

this decay. The strength with which a given operator enters the effective Hamiltonian 

31, is described by the CKM factor V&,, and the Wilson coefficients Ci ( p ) .  For 

the case where the top quark is involved V&KM = &&;. The expansion of the Hamil- 

tonian in terms of operator products allows the calculation to be performed into two 

distinct parts. The calculations of the Wilson coefficients involve the short distance 

(i.e. high energy) interactions, while the operator matrix elements ( X J  l Q i  ( p )  i B) 
describe the long distance (Le. low energy) interactions. For example, contributions 

of the top quark and other heavy particles (CC' ,  2, charged Higgs, supersymmet- 

ric particles, and ot her non-S tandard-Mode1 particles) are included in the Wilson 

coefficients. The dependence on these heavy particles can be evaluated from the ap- 

propriate diagrams and the p-dependence has to be properly estimated. Technically, 

the Wilson coefficients are calculated at  some high energy scale (e-g., p -- mw) and 
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they are "evolved" to  a low energy (e.g., p .- mb) using renormalization equations. 

These equations essentially transfer the physics information a t  energies higher than 

p from the operator matrix elements into the Wilson coefficients and guarantee that 

the p dependence of Ci(p) is canceled by the p dependence of (X, y lQi(p) 1 B) , leading 

to observables that do not depend on p [23]. Therefore, the value of p separates the 

physics contributions into short distance and long distance and so it is a matter of 

choice what belongs to the Wilson coefficients and what belongs to the operator ma- 

trix elements. Although the choice of p is in principle arbitrary, it is usually chosen 

to be of the order of the m a s  of the hadron. Since these calculations are performed 

perturbatively, truncation of the perturbative series results in inexact cancellation of 

p dependencies. Inclusion of higher order terms minimizes the p scale dependence. 

1.4.1 Inclusive B + X, y decays 

The inclusive B -t X,y branching fraction, where X, represents a collection of s- 

flavoured hadrons, is usually expressed in terms of the inclusive semileptonic B - 
X,e& branching fraction [?5]:  

with the theoretical calculation for the rates (!. . .],,,,,) performed along the lines 

discussed above. Unlike the Wilson coefficients, the operator mat rk  elements can- 

not be obtained perturbatively due to the large value of a, at  low energies. For 

inclusive transitions though, it has been shown [?6] that the branching fraction can 

be approximated by the branching fraction of the relevant quark transition, which 

can be calculated eaçily. The first corrections to this approximation are of order 

l /mi  and are small due to the relatively heavy b quark m a s ;  including or neglecting 

these corrections makes a difference of only .- 1% in B(B -t X, y) [?II. However, 

the evaluation of the Wilson coefficients introduces larger uncertainties. So leading- 

order al1 perturbative contributions can be absorbed into a single effective coefficient, 



1.4. PENG UIN DECAYS OF B hIESONS 23 

@ I e f f  ( p ) ,  which allows the inclusive B -t Xsy branching fraction to be written as 

[2 71 : 

where a., is the electromagnetic coupling strength and f (2) is a phase space factor 

for the semileptonic bdecays with z = s. For p = 5 GeV, m, = 170 GeV/c2 and 

a,(rnz) = 0.118, cYleff (P) = -0.300, whereas in the absence of QCD corrections 

c?''~ ( p )  = c?' (mw ) = -0.193 (271. Thus QCD corrections enhance the inclusive 

B + X,y branching fraction by a factor of - 2.4. Note that the perturbative 

evolution of the Wilson coefficients from p -- mw to p - rn* results in the effective 

coefficient cyleff ( p )  depending on other Wilson coefficients as well, even though the 

contribution of c?) is still the dominant one. The sensitivity of B(B -t XS7) to the 

rnass of the top is not large, but it is present: G'r)'lf (5 GeV) = 0.254 (0.313) for 

m, = 100 (200) GeV/c2. A 200 GeV/c2 rnass for the top quark would thus result 

in an inclusive branching fraction 1.5 times higher than for the m, = 100 GeV/c2 

case. Due to the dependence of CP)'~ ' (~ )  on the p scale, B(B -t X,Î) estirnates 

change by - 20% when p is varied by a factor of 2 in both directions around p = 5 

GeV. Inclusion of next-to-leading order terms reduces this uncertainty significantly. 

yielding a t heoretical prediction of (241 

where the first uncertainty is the result of p scale dependencies and the second 

uncertainty is due to uncertainties in the input parameters like B(B + XCeQ. 

The CLEO [?SI and ALEPH [?9] collaborations have rneasured B(B -t X,?) t o  

be: 

(3 .15k0 .3510 .41)  x IO-' (CLEO) 

(3.11 k 0.80 k 0.72) x IO-'' (ALEPH) (1.11) 

in excellent agreement with the Standard Mode1 prediction given above. The first 

uncertainties are statistical and the second are systematic. Unless the experimental 



and theoretical uncertointies are reduced dramatically, no contributions from new 

physics can be seen in this decay. In fact, these results have placed significant 

constraints on non-Standard-Mode1 contributions (see for example, Ref. [30]). 

Alternatively, using the measured value of B(B + X,?) and next-to-leading 
ivtbv' 1' 

order Standard Mode1 predictions, one can determine the CKàI factor from 

Eq. 1.9. For example, Ali [25] uses information available to him at  the time to report 
\VtbVW l 2  = 0.84 f 0.10. Using IKbl = 0.99 + 0.15 and lV&l = 0.0393 + 0.0028 [31], he 

obtained: 

It is clear though that determinations of the CKM matrix elements from loop pro- 

cesses are subject to uncertainties due to possible participation of new physics in the 

loop. The determinations given above assume the Standard Mode1 description onl';. 

In exactly the same manner as described above, b + da! transitions lead to 

B + X o  decays, where Xd represents any d-flavoured hadron. A measurement 

of the ratio of the inclusive branching fractions B(B + X , y ) / B ( B  + &A/) will 

then determine (I&/V,, 1 with many theoretical uncertainties cancelling in the ratio 

of branching fractions. The unitarity of the CKBI matrix is represented on the 

complex plane by a "unitary triangle" which results from the orthogonality of the 

fint and third CKM matrix columns. The lengths of the sides of the unitarity 

triangle are given by the magnitudes of the CKbI matrix elements, and one of the 

sides has a length proportional to IKdJ [?4]. Penguin decays can therefore be used to 

extract information about CP violation in the Standard Model. Note though that 

b -t d y  transitions are suppressed by 1 V,d/V,, l 2  and rejection of the dominant 6 + s? 

decays requires very good particle identification. The experimental signature of such 

decays is less ambiguous, when exclusive decays like Bd -t Km0y and Bd -t are 

considered. When the spectator quark in the Bo meson of Fig. 1.1 is an 3 instead of a 

4 b -+ sy transitions lead to B: -t &y decays. We discuss exclusive electromagnetic 

penguin decays in the following section . 
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1.4.2 Exclusive B: + K * * ~  and B: + $7 decays 

The distinctive signature of a high energy photon and two oppositely charged tracks 

from exclusive decays like Bz + K'Oy, K'O -r Kin- and BI + hl 4 + K i K - ,  

makes such decays experimentally accessible. Unlike the inclusive decays though, 

the operator matrix elements cannot be obtained easily. The branching ratios are 

then written in terms of "form factors" which exhibit strong mode1 dependence. 

Extraction of CKM parameters from the measured branching fractions in a fash- 

ion similar to the one described for the inclusive decays, would require trustworthy 

determination of these form factors. Consequently, experirnental determinations of 

the rates for exclusive electromagnetic penguin decays will initially be used to select 

amongst the various theoretical approaches. 

A good quantity to test the mode1 dependence of the form factors for the exclusive 

decay is the ratio of the exclusive-to-inclusive decay widths RK* 3 U(Bd + K*On/) /B(B + 

X,-t). The CLEO II collaboration has measured B(Bj + fYmoy) = (4.0 f 1.9) x IO-' 

and B(B -t K'y )  = (4.2 k 1.0) x 10-~ including both B t  + Km'? and Bd -t K o 0 ?  

decays [32]. As always, charge conjugate decay chains are also included. This result 

in conjunction with the B(B -+ Xs$ = (3.15 10.35 f 0.41) x 10-~ measurement, 

results in RK- = (13.313.9)%. It is interesting to note that before the measurements 

by CLEO, theoretical predictions for RK-  ranged from 5% - 30% [33, 341, whereas 

more recent calculations agree well with the CLEO measurernent [27]. Therefore. 

the experimental input has been used to distinguish arnongst theoretical models. 

The theoretical uncertainties introduced in the form factors can be significantly 

reduced when considering the ratio B(B -t p-f)/B(B + K'y) .  This ratio is propor- 

tional to 1 V,d/&s 1 2 .  Significant long distance effects on these decay channels could 

result in the proportionality factor not being purely due to phase space and the deter- 

mination of 1 K d / K s  l 2  could be subject to large uncertainties. Taking account of long 

and short distance effects, Ali [35] calculates B(B: -+ = (0.65 + 0.35) x 10-~. 

where the uncertainty is mainly due to the poor knowledge of the CKM matriv ele- 



ments. Therefore experimental measurements of these branching ratios will provide 

significant information on 1 1. 

So far, b + dy transitions have not been observed and only upper limits on the 

Bd -t par, Bd + woy and Bi -t pi? branching fractions have been reported [30]. 

From these limits the CLEO collaboration obtains 0.45 < i 1 < 0.56, where the 

range is mainly due to t heoret ical uncertainties. 

Alternatively, determination of the relevant CKM matrix elements by other means. 

e.g., from Bo - Ëo mixing involving t quarks in "box" diagrams, can be used to guide 

theoretical approaches for the determination of long distance effects. This informa- 

tion can be applied to ot her decay modes involving the same t heoretical uncertainties. 

For example, determination of the appropriate mode1 to use in Bd + ~ ' n -  decays. 

can reduce the uncertainty on the CP asyrnrnetry to be measured with this channel. 

by providing reliabie estimates of penguin contributions to Bd i a'x- decays [Z]. 

This dissertation describes searches for the decay chains Bd + h"'7, Ka' + K-rr- 

and BI -t &, 4 + Ki K ü s i n g  a data sample of J Ldt = 28.9 f 1.2 pbdl of proton- 

antiproton collisions a t  fi = 1.8 TeV collected with the CDF detector a t  the Fermi- 

lab Tevatron collider. We attempt to measure the branching fractions of these decays 

and we exploit the topological similarity between the B + e- DoX y Do + K-iiTand 

these penguin decays, by forming ratios of branching fractions between the penguin 

and the B -t e -DoX channels. Recall that on the theoretical side, uncertainties on 

B meson decays were reduced by forming ratios of branching fractions. Similarly on 

the experimental side, uncertainties associated with the B meson production cross 

section, common efficiency corrections and ot her systematic effects are minimal in 

the ratio of branching fractions. 

Chapter 2 describes the accelerator used to produce B mesons and the detector 

used to record their decay products. Monte Carlo techniques employed in the de- 

termination of the efficiency for collecting the decay chains of interest are discussed 

in Chapter 3. The requirements implemented a t  the time of the data collection (i.e. 



"on-line" ) in order to collect the penguin decays, are described in Chapter 4. The 

additional requirements imposed on the data off-line, and the final sample of events 

satisfying al1 selection criteria are presented in Chapter 5. The efficiencies of al1 the 

on-line and off-line selection requirements imposed on the data, and the effect of 

systematic uncertainties on them is the topic of Chapter 6. With the information 

presented in the previous chapters, the calculations of upper limits on the the ratio 

of branching fractions and on the absolute penguin branching fractions are described 

in Chapter 7. The last chapter summarizes the results and discusses the prospects 

for studies of electromagnetic penguin decays in the forthcoming data-taking period 

in the Tevatcon. 



Chapter 2 

The Experiment 

LVe try to identify events where a B: (BI) meson decays into KoOnt (h) from a 

sample of events produced in proton - antiproton ( p p )  collisions at a center-of-mass 

(fi) energy of 1.8 TeV. 

The accelerator that brings the protons and antiprotons into such energetic colli- 

sions is the Tevatron collider located at the Fermi National Accelerator Laboratory. 

generally known as Fermilab, located at Batavia, Illinois, USA. The detector that 

measures properties of the particles that are produced in these collisions is the Col- 

lider Detector at Fermilab (CDF). 

In this chapter 1 will describe the basic steps of the acceieration process of the 

protons and the antiprotons to 900 GeV of energy and the CDF detector, giving 

more emphasis to the parts and functions of the detector that are important to the 

topic of this research project. 

2.1 The Fermilab Tevat ron Collider 

The Tevatron collider [36] brings 900 GeV protons into collision with 900 GeV an- 

tiprotons. Therefore the center-of-rnass energy of a colliding proton-antiproton pair 

is 1.8 TeV. The acceleration of the protons (antiprotons) to this energy is a process 
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SIain Ring 

Figure 2.1: Left: Flow chart of the proton accele~ation path. Right: The accelerator 

cornplex at Fermilab and the location of CDF arovnd the Tevatron ring. 

that involves five (six) accelerators. In Fig. 2.1 a flow chart of the proton acceleration 

process is given, along with the layout of the Fermilab accelerator cornplex. 

CVe start by putting an extra electron in the hydrogen atoms and thus having the 

gaseous H2 molecules converted into negatively charged hydrogen ions (H-). We 

do t his inside a Cockcroft- Walton electrostat ic accelerator which accelerates the H- 

ions across an electric potential difference of 750 kV. Thus the H- ions obtain an 

energy of 750 keV. 

After leaving the Cockcroft- Walton accelerator, the H- ions enter a linear accel- 

erator (Linac) which is approximately 500 feet long. The Linac consists of a series 

of drift tubes spaced further and fun her apart wit h the electric field applied to the 
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tubes repeatedly reversing in direction (Le. oscillating) . The particles t rave1 t hrough 

the drift tubes when the electric field is in the direction that would slow thern down 

and emerge into the gaps between the drift tubes when the field is in the direction to 

speed them up. In this fashion the H- ions are accelerated to energies of 400 MeV 

in the Linac. 

As the beam of H- ions enters the third accelerator, the circular Booster. it 

passes through a carbon foi1 where both electrons of each ion are stripped off leaving 

a beam of protons. Located nearly 20 feet below ground, the Booster is a rapid 

cycling synchrotron 500 feet in diameter. As al1 synchrotrons, it uses magnets to 

deflect electrically charged particles in a circular path so that they experience the 

repeated action of accelerating electric fields during each revolution. The protons 

travel around the Booster about 16000 times and their energy is raised to 8 GeV. 

The Booster normaliy cycles twelve times in rapid succession, loading twelve bunches 

of protons (pulses) into the Main Ring, the next stage of the acceleration process. 

The Main Ring is another proton synchrotron which is 2 1 km in radius. A 

tunnel ten feet in diameter. 20 feet underground, houses 1014 conventional copper- 

coiled dipole and quadrupole magnets which continually bend and focus the protons. 

Under the operating conditions of the period 1985-1996, the Main Ring accelerated 

protons to 150 GeV. Work is currently being done to replace the Main Ring s i t h  the 

Main Injecter. a synchrotron located tangentially to the Tevatron. The main goal of 

this new accelerator is to be able to provide the Tevatron with more hefty bunches 

of protons and antiprotons and to simultaneously provide a beam of protons to the 

Tevatron collider as well as to the fked target experiments. 

The same tunnel that houses the Main Ring also contains the - 1000 supercon- 

ducting magnets (772 dipole bending magnets and 224 quadrupole focusing magnets) 

which comprise the proton synchrotron known as the Tevatron because of its abil- 

ity to accelerate protons to nearly 1 TeV. The superconducting niobium-titaniurn 

(Nb-Ti) magnets form a ring directly below the Main Ring magnets and operate 
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in the temperat ure range of liquid helium (4.7 degrees Kelvin). Superconduct ing 

rnagnets are used because of their ability to produce larger magnetic fields at  a lower 

operat ing cost t han conventional magnets. 

To produce the antiprotons, protons are first accelerated to an energy of 120 

GeV in the Main Ring, extracted, transported to a target area, and focused on a 7 

cm thick nickel or copper target. Almost 3.3 x loL2 protons every 2.4 seconds are 

used for antiproton production. The collisions in the target produce a wide range 

of particles including rnany antiprotons. Antiprotons of momenta -. 9 GeV/c are 

selected and transported to the Debuncher ring where the dimensions and energy 

spread of the beam are reduced using the debunching technique and a processes 

known as stochastic cooling. They are then transferred to the Accumulator ring for 

storage. Finally, when a sufficient number has been accumulated, the antiprotons 

are reinjected into the Main Ring, they are accelerated to 150 GeV and passed 

down into the Tevatron, where there is already a counter-rotating beam of 150 GeV 

protons; both bearns are then accelerated simultaneously to an energy of 900 GeV 

in 86 seconds. 

Having an energy of 900 GeV and traveling along a path - 60 Pm wideo proton 

and antiproton bunches circulate around the accelerator's z 6.28 km track 45 thou- 

sand times every second. Each proton bunch has around 230 billion protons. whereas 

each antiproton bunch has around 55 billion antiprotons. When al1 six bunches of 

protons and 6 bunches of antiprotons are in the Tevatron collider and at maximum 

energy, we Say that the store has started. 

There are 12 possible regions around the Tevatron where the two beams can be 

made to collide with each other. Collisions in ten of these regions were avoided in the 

1993-96 run by the use of electrostatic separators to keep the proton and antiproton 

beams apart. The CDF detector surrounded the BO interaction region and the DO 

detector surrounded the DO interaction region. Due to the large number of particles 

in the bunches and the large probability of pp interaction, there are around 2.5 pp 
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interactions per beam crossing a t  the beginning of a store. In Table 2.1 we show some 

of the parameters that describe the operational conditions of the Tevatron during 

the 1993-1996 period. 

The number of bunches circulating around the Tevatron along with the number 

of particles per bunch and the size of each bunch determine how often a particle 

of one kind "meets" another particle of the oncoming bunch. The parameter that 

combines this information is the luminosity, L, which is defined as follows: 

where f is the revolution frequency of the proton and antiproton bunches, na is the 

number of bunches in each beam, Np (Np) is the number of protons (antiprotons) 

in each bunch, a, (q) is the proton (antiproton) beam size at the interaction point. 

and F iç a form factor that depends on the ratio of the bunch length, oc, to the .3 

function a t  the interaction point, p'. The 3 function describes the amplitude of the 

beam particle oscillations as a function of their position s around the collider ring. 

The size of each beam depends on the ,8 function as . ~ e l l  as on the emittance, e ,  which 

describes the phase-space available to the circulating beam particles; o(s) = dm. 
From Eq. 2.1 we see that the units of luminosity are area-' x lime-', the common 

units being ~ r n - ~ s - ' .  If we multiply the luminosity with a cross section o (units of 

area) which describes the probability to observe a certain outcome of the pp collision. 

we can calculate the rate R at which this outcome occurs. Therefore: 

Using the total pp cross section of = 80.O3f 2.24 mb at  fi = 1.8 TeV [37], 

we fînd that the rate of pp interactions is .- 1.3 MHz at the beginning of a store ?. 
- - 

'One barn, b, is a unit of area equal to 10-'~ cm2. 
'The rate cf inelastic interactions is around 800 kHz, since the cross section for inelastic p@ 
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RF frequency II 53 1 MHz 1 
Peak magnetic field in SC. magnets / 1 3.4 1 Tesla 1 

Units Parameter 

Acceleration period 

1993 - 1996 Run 

1 Proton and antiproton bunches i 

1 Antiprotons/ bunch 11 5.5 x 1oLo 

/ Antiproton production rate 11 6 . 0 x l o L o  hr-L 1 
1 hlau. number of P in accumulation ring 11 2 x 10L2 

1 Injection tirne !I 2.5 

1 Duration of a store II 12 1 hr / 
1 Percentage of antiprotons at end of store II 73% 

1 Percentage of luminosity at end of store 11 i / e  

1 p* (at interaction point) I I 35 I cm I 

Beam radius 1 
1 

Proton transverse emittance 

Antiproton transverse emittance 

1 Bunch length (rrns) II 60 1 cm 1 
/ Bunch spacing (time) 11 - 3.5 

-30 1 Pm 1 

1 Typical initial instantaneous luminosity 11 1.6 x 103' 1 cm-'sec-' 1 

23n 

13n 

mm mrad 

mm mrad 1 

Table 2.1: Purameters for the F e n i l a b  Teuatron during the 1993-1996 run period. 

Integrated luminosity 

Inelastic interactions/crossing 

- -  - 

3.3 - 2.5 

pb-l/week 1 
, 
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CDF Intognîmâ Lumlnorlty - Run 1 ( e l )  

. +-- 

End d Run t (hb. 19,1996) 
200 . - --- 

%'.. 

Figure 2.2: The integiated lurninosity delzve~ed to the BO collision point by the Teua- 

tron colfidez and the conesponding luminosity that was actually "seen" by CDF. 

The rate of pp interactions, and thus of any specific class of events that cornes 

out of a pp interaction with a given probability (e.g., production of B rnesons or 

top quarks), increases proportionally with luminosity. As we can see from Eq. 2.1, 

the more populated the proton and antiproton bunches and the smaller the beam 

sizes are. the higher the luminosity of the pfi collider is. The main limiting factor 

to increased luminosity in the 1993-96 run was the number of available antiprotons 

in the collider. The luminosity of any store continually decreases from its initial 

value as protons and antiprotons take part in pp interactions or are lost to beam- 

gas interactions and as the size of the beams increases because of the beam-beam 

scatterings; typically it drops to half after 7 hours and to l / e  of it original value 

after about 12 hours. 

The total number of pfj interactions is given by the time integration of the rate 

given in the above formula; therefore the integated luminosity J Ldt multiplied by 

the cross section for any process gives us the number of times this process should have 

coiüsions is u,,,i 2 50 mb [38]. 
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occurred during the data-taking period. In Fig. 2.2 we see the data taking periods 

and integrated luminosity delivered to and accumulated by the CDF detector during 

the years 1992 - 1996, a data taking period labeled "Run 1". The difference results 

from the non data-taking periods for the detector while the beams were colliding 

at  the Tevatron (technical problems, etc.). During 1992 - 1996 CDF collected data 

within three sub-periods that are evident in Fig. 2.2; Run lA ,  Run 1B and RunlC. 

The data used in this thesis were collected during the last quarter of Run 1B and 

the last half of Run 1C. 

2.2 The Collider Detector at Fermilab (CDF) 

The Collider Detector at  Fermilab (CDF) surrounds the BO collision point of the 

Tevatron collider. It is a complex detector made up  from many subsystems, each 

having a complementary role in the detection of the particles emerging from the 

pp collision. Being in the complex yet very rich pp  physics environment. the CDF 

detector was designed to be a "general purpose" detector able to trigger on and 

measure as many individual elements of each event as possible. The main goal of the 

CDF detector is to trigger on, identify and reconstruct the kinematics (and charge 

where applicable) of electrons, muons, photons and jets. Emphasis is also placed on 

the precise reconstruction of charged particle trajectories (usually called "t racks'' ) 

and measurement of their momenta. 

Since the particles produced at the high energy pp collisions are uniformly dis- 

tributed in the space described by the rapidity (see Chapter 1)  and azimuthal angle. 

CDF has a cylindrical geometry with the beam-line being the a i s  of the cylindri- 

cal symmetry and it has a uniform segmentation in the pseudorapidity - azimuthal 

angle space. In the CDF coordinate system, û is the polar and 4 is the azimuthal 

'As we saw above, the rate of -@ interactions is around 1 MHz at the beginning of a store. Since 

it is impossible to record them ail, the detector's first task is to decide which collisions are wort h 

recording. Therefore, it has to "trigger" ody on the events that look interesting. 
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angle, with respect to the proton beam direction, which is the z direction. The radial 

distance from the z axis is denoted by r .  The coordinate system is right-handed with 

the x axis pointing radially outwards in the plane of the Tevatron ring and the y 

axis vertically upwards. The pseudorapidity >I is defined as - ln[tan(O/2)]. When we 

describe the direction of a particle its pseudorapidity approximates its rapidity to 

the extent that the mass of the particle is negligible with respect ro its energy. The 

transverse momentum of a particle is p~ = p .  sin O ,  where p is its momentum. The 

analogous quantity using calorimeter energies, defined as ET = E --sin 8 ,  is called 

transverse energy, where E is the energy of the particle or the jet that is measured in 

the calorimeters. Missing transverse energ& is defined as - E+&, where are 

the unit vectors (in the transverse. i.e. r - d, plane) pointing from the interaction 

point to the energy deposition in the ith calorimeter cell. A large& indicates unde- 

tected energy in the transverse plane mainly due to energetic neutrinos escaping the 

detector volume undetected. 

2.2.1 Overview 

The CDF detector [39] is a magnetic spectrometer which covers up to 98% of the 

soiid angle. An isometric view of the CDF detector is shown in Fig. 2.3: a cross 

sectional view of one quadrant of the detector is shown in Fig. 2.4. !doving radiallp 

outwards from the beam line, the basic units of the CDF detector are: 

At the heart of the detector is a part of the Tevatron; the beryllium beam pipe, 

where the proton and antiproton bunches collide. with the nominal collision point 

being at the cecter of symmetry of the CDF detector. The beryllium beam pipe is 

3.8 cm in diameter and 0.5 mm thick and is! by definition, along the z axis of the 

CDF coordinate system. 

A system of tracking detectors, used to measure charged particle t rajectories, 

surrounds the beryilium pipe. The tracking detecton are surrounded by a solenoidal 

coi1 of 1164 turns made of superconducting Nd-TifCu material. The coi1 is 4.8 m 
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CENTRAL DETECTOR 

CENtRAL W0X UPGRADE 

C E m L  WON EXTEh'SION 

STEEL TOROiDS 

FORWARD MAGNE? 12ED 
StEEL TOR0 t DS BACKWARD EL&CTFOSC\CNET l C LSD 

UDRONtC CALORIMETERS 

1 \ 
1 ', 

1 
FORWARD ELECTROMAGSET 

LOU BETA QUADS - HADROS 1 C CALOR IYETERS 

Figure 2.3: -4 isometnc v i e v  of the CDF detector. The pp beam ans is the a n s  of 

the cylindrical symmetry of the C o k d e ~  Detector at F e n i l a b .  

in length, 1.5 m in radius, and produces a 5 1.4 Tesla magnetic field parallel to the 

beam-line. The charged particles prodiiced at the pp collision point curve as they 

travel through this magnetic field; the measurement of the curvature of their tracks 

allows a measurement of their momenta. The tracking detectors are described in 

Section 2.2.2. 

A "preradiator" detector (CPR) made of proportional drift chambers surrounds 

the solenoid and measures the early part of electromagnetic showers that start when 

electrons and/or photons pass through the - 0.85 radiation lengths of the solenoid. 

A system of calorimeters surrounds the tracking volume, the solenoid and the 

preradiator detector. Their purpose is to measure the energy of electrons and pho- 

tons as well as of 'yets" of particles. Since the electromagnetic showers of particles 

induced by electrons and photons are contained within a depth of - 20Xo '' in the 

qThe radiation Iength, Xo, describes the average distance an electron has to travel before losing 

l/e of its energy. 
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FORWARO 
MUON 
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BEIMflNE SILJCW VERTEX OETECTOR 

CENTRAL MffiRONIC C~VORJMEIEA I 

Figure 2.4: A quadrant uiew of the CDF detector. The pp  beam a n s  is the an's of 

the cylindrical symmety of the ColLider Detector ut Fennilab. 

calorimeter material, whereas the showers induced by hadrons continue deeper in 

the calorimeter volume, the calorimeters are separated into two main components 

which can be viewed as hollow cylinders coaxial with the beam line. The components 

closest to the beam avis are designed to detect photons and electrons by measuring 

the electromagnetic shower that originates when such a particle enters matter. Such 

calorimeter devices are called "electromagnet ic" calorime ters. The "outer" compo- 

nents, called "hadronic" calorimeters, serve in the detection of hadrons by virtue 

of their energy deposition due to the strong interaction with the detector material. 

Since the particles originating from the pp collisions are uniformly distributed in 71 - 4 

space and it is essential to reconstruct jets in the CDF detector, the calorimeters are 

segmented into projective divisions (called towers) in q - 4 space that point towards 

the nominal pp interaction point. 

The CDF detector is divided into a central (171 < 1.1), two plug (1.1 < Iql < 2.1) 
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1 system II coverage 1 (Aq x A@) 1 o ( E ) / E  1 l 1 materiai / material 1 

Caiorim. 

Table 2.2: Characteristics of the electromagnetic (zEM) and hadronic (rH.4) 

calorimeter systems in CDF. "Scint. " ("Cas") indicates the usage of plastic scintil- 

CEM 

PELI 

FEM 

CHA 
r 

WHA 

PHA 

FHA 

lator (gas chambers) to detect the energy deposited in  the calorimeter volume. 

191 

and forward-backward (1q1 > 2.5) regions. Each region has an electromagnetic and 

Thickness 

, 

a hadronic calorimetric component. All the CDF calorimeters are sampling devices 

Granularity 

wit h the active material being scintillating plastic for the central electromagnetic 

(CEM), central hadronic (CHA) and wall hadronic (WHA), while it is gas for the 

plug electromagnet ic (PEM), plug hadronic (PHA), forward elect romagnet ic (FEiLI) 

and the f o m r d  hadronic (FHA) calorimeters. The absorbing materials are lead 

for the electrornagnetic and iron for the hadronic calorimeters. Table 2.2 summarizes 

Resolut ion Active 

O - 1.1 

1.1 - 2.4 

2.2 - 4.2 

0-0.9 

0.7 - 1.3 

1.3 - 2.1 

2.1 - 4.2 

some characteristics of the CDF calorimeters. Due to its relevance to this thesis. the 

CE31 is described in more detail in Section 2.2.3. 

Absorber 

'Absorbing matenal must have smaii radiation (Xo )  and interaction (&) lengths so as to contain 

the showers in as smaii a depth as possible. One interaction length is the average distance a charged 

pion has to travel in a material before Iosing l / e  of ~ t s  initial energy. 

0.11 x 15" 
2 &%) s ( 2%)* 18 Xo 

0.09 x 5' 

0.1 x 5' 

~ c i n t .  1 ~b 

18-21Xo 

25 Xo 

/ ( ~ ) ~ + ( 2 % ) 2  

2 ( )  + (2%)' 

0 . 1 1 ~ 1 5 ~  

0.11 x 15" 

0.09 x 5' 

0.1 x 5' 

Gas 

Gas 

Pb I 

Pb/Sb 

2 1 /(") + (6%)2 5.7 ho Gas 

J(-%)' + (3%)2 

Fe 1 
7.7 Aa 
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Farthest away from the interaction region, outside of the hadronic calorimeters, 

are drift chambers dedicated to the detection of muons. ~ 1 u o n s  are the most Pen- 

etrating of the massive particles and therefore most of the particles reaching the 

muon detectors wiil indeed be muons. There are three subsystems dedicated to 

muon detection in the central CDF region ( 1 ~ 1  < 1): 

(i) The central muon detector (CMU) covers the region 171 < 0.6 and is located 

immediately outside the CHA detector (at r = 347 cm). There are -- 5.4 interaction 

lengths (5.4A0) of material (most of it in the CHA calorimeter) between its face and 

the pp interaction point, which means that only one out of 220 hadrons will make it 

through the CHA calorimeter and reach the CMU detector. CVe cal1 such hadrons 

"punch-through" hadrons and they are present in many samples of 'imuons" as a 

background. 

(ii) The central muon upgrade detector (CMP) covers the same rl region as the 

CMU, but it is located outside the return yoke of the solenoid which means that 

particles have to go through an additional -. 2.4 interaction lengths of material to 

reach the CMP. Therefore only one out of .- 2400 hadrons can reach the CMP 

detector and the purity of the muon samples collected by the CbIP is dramatically 

increased compared to the corresponding CbIU samples. The CLIP detector does 

not have the typical cylindrical geometry of the CDF subsystems, but is a "box"-like 

structure as can be see in Fig. 2.3. 

(iii) The central muon extension detector (CMX) covers the region 0.65 < 171 < 

1.0. In order for a particle to reach this detector it has to travel a t  smaller polar 

angles than when it is heading towards the CMU detector. Therefore, it has to go 

through -- 6.2 interaction lengths of material (at 0 = 55') in order to reach the C'rIX 

chambers. The geometry of the CMX detector is a surface slice of a cone that has 

the beam line as its axis (see Fig. 2.3). 

For the reconstructionof the B: -t K'Oy, K'O -t K+T- and BI + h, 4 + KiK- 

decay channels we clearly need good tracking and calorimetry in order to  reconstruct 
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the two charged particles and the photon that are the final decay products. Only 

photons that were detected in the CEM calorimeter are of concern in this analysis, 

thereforé only the CEM calorimeter and the tracking systems are described below. 

2.2.2 The Tracking Devices 

The CDF detector has four main tracking devices that are cylindrical in geometry 

with the beam axis being their main symmetry a i s .  In increasing order of radius. 

t hey are: the silicon vertex detector (SVX), the vertex time projection chamber 

(VTX), the central tracking chamber (CTC), and the central drift tube array (CDT) 

which is not described here, since it is not used in this analysis. 

The Silicon Vertex Detector (SVX) 

The main goal of the SVX detector [40, 411 is the identification of the decay points of 

the long lived b quarks traveling away from the pp  collision. This detector provides 

information about the travel path of charged particles but only in the x - y (Le. 

"transverse") plane. It is essential in this analysis aince its precise tracking close to 

the beam line can help us distinguish the tracks from the B decay products from the 

plethora of tracks originating from the pp  interaction point. 

The SVX detector consists of two barrels (Fig. 2.5) that are made of four con- 

centric cylindrical layen located at radii 2.9, 4.3, 5.7 and 7.9 cm. The SVX covers 

the region 0.5 < Ir1 < 25.55 cm, with one barre1 covering the positive and the other 

the negative z side. Since the pp collisions are distributed in a rather long region 

(Gaussian distribution with D 2 30 cm; see also Table 2.1), only around 60% occur 

in the SVX fiducial volume. 

Each layer is segmented into twelve Bat ladders that cover 30" in azimuth (see 

Fig. 2.6). Each ladder has t hree single sided silicon wafers t hat are elect rically bonded 

together and lie on a light-weight (Rohacell foam) substrate. Thus each ladder has 

25.5 cm of silicon as an active detector region. The silicon wafers are 300 pm thick 
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Figure 2.5: O n e  of the two identical barreki of the SVX detector. The two barrels are 

connected to the "dummy ears" of each ladder and they leave a g a p  of 2 0.5 cm on 

each side of the x - y plane that passes through z = 0 .  

n-type semiconductors that have ptype strips on one side (thus we talk about "single 

sided silicon detectors"). The strips are 60 pm apart in the inner three layers and 

55 pm apart in the outer layer. When a charged particle passes through the silicon. 

it releases electron-hole pairs via ionization of the material. The electrons and holes 

t rave1 towards the positive and negat ive elect rodes respect ively and the elect ronic 

signal caused by t hem gives information on the position where the traveling charged 

particle hit the silicon. The average position resolution is around 12 pm and the 

average impact parameter (distance of closest approach to the beam line) resolution 

for high tracks is 13 Pm. 

The electric signal generated in the strips are read by 128 channel chips which 

are mounted on the "readout ear" of each ladder (see Fig. 2.6). Each chip can read 

128 channels and since the width of the ladders increases as we move from the inner 

to the outer layer (each ladder covers 30' in #), there are two chips per ladder in 

the inner iayer cornpared to six chips for each of the outer layer ladders. The total 

nurnber of channels read out of the SVX detector is 46080. The readout chips of the 
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Figure 2.6: A typical ladder module of the SVX made of three single sided silicon 

microstrip detectors bonded together. The dumrny ear of each ladder is connected to 

the corresponding ear of the ladder that is part of the opposite 2 SVX barrel. 

SVX detector are manufactured using radiation-hard 1.2 pm CMOS technology and 

they have an absorption dose limit of -- 10 kGy. 

The Vertex Time Projection Chamber (VTX) 

The VTX detector [42] reconstructs the tracks of charged particles in the r - 2 plane 

up to lql < 3.25. Its primary task in this analysis is to locate the pp  interaction 

point along the z axis. This is essential in order to calculate the kinematics of the 

reconstructed B decay. The resolution of the determination of the p p  interaction 

point is around 1 - 2 mm, depending on the number of charged tracks going through 

the VTX 6 .  

This time projection chamber covers the region -136 < 2 < 132 cm with 18 

drift modules that have an outer radius of 22 cm and are connected together along 

the z axis. In Fig. 2.7 we see two halves of two drift modules, with their end-caps 

'Recall that the pjj interactions are distributed normally with a standard deviation of 30 cm. 
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connected along the z axis. Each drift module is divided into two drift regions; the 

electrons resulting from the ionization caused when a charged particle traverses the 

gas of the chamber drift away from the high negative voltage aluminum grid in the 

center of the module ("H.V. grid" in Fig. 2.7) until they pass through a cathode 

grid not shown7. Subsequently, the electrons enter the proportional chamber region 

where they move towards the anode sense wires at the end-cap of the drift module. 

The end-plates of each module are segmented in octants that have 16 anode sense 

wires in the r - 4 direction (see Fig. 2.7). The modules that are in the extreme z 

positions have 24 sense wires on each octant, since they have a smaller inner radius 

(see Fig. 2.4). 

The electronic signal induced in the sense wires by the arriving electrons provides 

r information about the track that caused the ionization of the gas. Knowing the 

time of the pp interaction and the time of the arriva1 of the ions at  the end-plates 

provides the r information as well. The electric field is around 1.6 kV/cm and the 

gas used is 50% argon and 50% ethane. 

The signals in the VTX sense wires are read with a preamplifier rnounted on the 

detector itself with the strategy being similar to that of the central tracking chamber 

read-out system (see below). 

The Central Drift Chamber (CTC) 

The central drift chamber is the main tracking device of the CDF detector 1431. It 

is the only tracking device that can perform three dimensional reconstruction of the 

tracks of charged particles and thus it is the only CDF tracking system that can 

perform stand-alone tracking. It is absolutely essential in this analysis since some of 

the decay products of the penguin decays are charged particles. 

The CTC is a drift chamber which has a cylindrical geometry with an inner 

'This grid has a higher algebraic voltage than the central H.V. grid, but less than the anode 

sense *es. 
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Figure 2.7: Cross section view of the VTX detector and i ts  operation principle. 

(outer) radius of 27.7 (138) cm and a length of 320 cm. It contains 84 concentric 

layers of gold-plated Tungsten sense rvires with a diameter of 10 Pm, with a total 

of 6156 sense wires. These 84 layers are grouped together into 9 "superlayers" as 

shown in Fig. 2.8. Five of these superlayers are made of twelve layers that have 

their wires parallel to the ,- axis (so-called "axial superlayers" ). The remaining four 

superlayers have their wires tilted at a 3" angle with respect to the : avis ("stereo 

superlayers" ). Moving radially away from the VTX we meet alternating axial and 

stereo CTC superlayers with the inner superlayer being an axial one a t  a radius of 

30.9 cm. The outermost superlayer extends to a radius of 132 cm. As a charged 

particle deflects in 4 in its passage through the axial magnetic field, the axial layers 

provide position information in the r - Q view, whereas the stereo layers can provide 

information in the r - r view as well. Thus we can reconstruct the path of a charged 

particle through the CTC in al1 three dimensions. 

The superlayers are arranged in such a way that they form open drift cells with 

12 (6) anode sense wires alternating with 13 (7') potential wires in the axial (stereo) 

superlayers. The use of multiple sense wires in a single ce11 allows us to look for 

correlated information in neighboring sense wires in order to take care of corrupted 

or ambiguous information. Each cell is bounded on both sides of the sense wires by 

steel field wires, which along with field shaper wires keep the - 1350 V/cm electric 
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Figure 2.8: One end-plate of the CTC. The grouping of the sense wires into 9 "su- 

perlayers" is apparent. The chamber is placed such that the magnetic field is peven- 

dicular to this end-plate and points inura~ds. 

field uniform at  the 1.5% level. 

The size of each ce11 is large enough to minimize the number of wires required, yet 

small enough to have a maximum drift distance of less than 40 mm. corresponding 

to about 800 ns of drift time Including the sense, potential, field and field shaper 

wires, we have a total of 36504 wires in the CTC which translates to a total aire 

tension of 25 tons. 

Drift electrons travel at an angle with respect to the electric field, because they 

move in the region of the axial magnetic field. This "Lorentz angle" depends on 

the strength of the electric and magnetic fields, as well as the choice of gas for the 

drift chamber. For the choice of gas (49.6% argon, 49.6% ethane and 0.8% alcohol), 

electric (1350 V/cm) and magnetic field (- 1.4 T), the Lorentz angle is 45'. The 

BRecall that pfj collisions occur every 3.5 p. 
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drift cells are thus tilted 4 5 O  with respect to the radial direction, as can be seen in 

Fig. 2.8, achieving an azimuthal travel path for the drift electrons. The tilted drift 

cells facilitate the resolution of the left-right ambiguity problem and they provide 

large overlap (10%) between the superlayers for redundancy. 

The signais from the sense wires are read with preamplifiers mounted a t  the end- 

caps of the CTC. The analog pulse is then transmitted to an intermediate circuit 

(mounted on the solenoid return yoke) that shapes and amplifies it and produces a 

time over threshold logic signal. It is then transmitted to the counting room where 

it goes through time-to-digital-coverters (TDC) that have an accuracy of < 1 ns and 

are able to record more that 7 hits per wire per event. The resolution of the CTC 

for a single hit is 5 200 pm per wire in the azimuthal direction, whereas the double 

track resolution is less than 5 mm (i.e. 100 ns) and the resolution in the ,- direction 

is 2 4 mm. Io The momentum resolution of a charged particle measured in both the 

SVX and the CTC is o(m)/pr = J ( o . o o o ~ ~ ) ~  + (0.0066)*, with pr in GeV/c. 

2.2.3 The Central Electromagnetic Calorimeter (CEM) 

Since neutral particles can not be detected with the tracking devices, situated at the 

heart of the CDF detector, the calorimeters are the only means of measuring their 

energy and getting information about their direction. The central electromagnetic 

calorimeter in particular is of great importance in this analysis, since it is the tool 

used to look for photons from the penguin decays. 

The CEM calorimeter 1411 has a cylindrical geometry with an inner radius of 

173 cm and a radial depth of 32 cm (2 18&), enough to contain the show- 

ers of electrons and photons ( "electrornagnetic showers") created by virtue of the 

brernsstrahlung and pair production processes when an energetic photon or electron 

'Whenever there is a pulse on a sense wire, we do not know if the avalanche that induced it, 

approached from the "left" or the "right" of the sense wire. 

"200 pm/sin(3O). 
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Figure 2.9: One of the wedges of the CEM calorimeter with the t o w e ~ s  that f o n n  

it. Also s h o w  are the wauelength shifter and the lzght guides that cany  to the 

photomvltiplàers the photons produced in the plastic scintillators. 

enters the CEM volume. The CEM provides full azimuthal coverage and, in order to 

make mechanical construction easier and to be able to roughly locate incoming par- 

ticles, it is divided into 48 wedges, each covering 15* in #. The wedges are grouped 

into four arches; two arches of 12 wedges each cover the positive z region, with the 

remaining two arches covering the negative z region. Each wedge is segmented in ten 

towers, each extending 5 0.11 units in q and 15' in 4, as can be seen in Fig. 2.9 ". 

The towers have a projective geometry pointing back to the nominal interaction re- 

gion, since we want to contain the energy deposition of photons and jets flying out 

llEach wedge houses a CEM component, which is closer to the beam line, and a CHA (central 

hadronic calorimeter) component. 



2.2. THE COLLlDER DETECTOR AT FERMEAB (CDF) 49 

of the pp collision point in as few towers as possible and avoid losing energy in the 

tower-boundary regions. As seen in Fig. 2.10, due to the same projective geome- 

try, the central hadronic calorimeter (CHA), which is located behind the CEM, has 

8 towers per wedge. Therefore there is a need for a "wall" hadronic calorimeter 

(WHA) to cover the region behind the CEM towers a t  rl > 0.8. The CEM towers 

connect smoothly to the towers of the plug electromagnetic (PELI) calorimeter and 

so there is no need for a "wall" electromagnetic calorimeter. 

The central electromagnetic calorimeter is a sampling calorimeter (like al1 the 

CDF calorimeters) , which means that it does not measure al1 the energy of the 

electromagnetic shower as it develops through the volume of the CEM, but it rather 

samples it periodically with plastic scintillators. The towers are sandwich structures 

of 31 layers of 5 mm thick polystyrene scintillator interieaved with 30 layers of 0.318 

cm thick lead. Lead is chosen for its high density and atomic number? which ensures 

that the radiation length in the CEM is small (around 1.8 cm) and therefore results 

in a reasonable size calorimeter. In order to maintain a constant radiation length 

thickness as polar angle varies, acrylic is substituted for lead in certain layers of the 

q > 0.2 towers. 

The electrons of an electromagnetic shower excite molecules in the scintillator 

material which consequently emit blue light that is collected in 3 mm thick acrylic 

wavelength shifter (WLS) sheets. There is one WLS sheet a t  each 4 side of a tower. 

collecting light from al1 31 scintillator layers in that tower and transporting it through 

light-guides into the two photomultiplier tubes per tower (see Fig. 2.9). The (total 

of 956) photomultipliers operate at  1 kV giving a gain of about 10'. Twelve-channel 

charge-integrating amplifier modules are used to read out the photomultipliers; thep 

saturate a t  about 350 GeV and have a high gain for good pedestal systematics 

for minimum ionizing particles (muons deposit about 300 MeV of their energy in 

the CEM). Requirements to accurately measure energy losses of minimum ionizing 

particles a t  the 0.5 to 5 MeV range force the readout electronics to have a dynarnic 
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Figure 2.10: A quadrant vzew of the CDF detector with the r) segmentation of 

calorimeters shown. The pp beam azis is the azis of the cyizndrical symrnetry of 

the Colfider Detector at Fennzlab. 

range of 20 bits, with 16 bits resolution. 

Each 4 side of a wedge is covered by 4.76 mm of steel skin and between the 

wedges there are gaps of 6.4 mm in #. WLS sheets, steel skins and gaps represent 

4.8% of the azimuth. In order to avoid having photons and electrons traverse the 

Q gaps escaping detection, there are "crack detectors" in front of the # boundaries, 

each consisting of a preradiator (9 radiation lengths thick uranium bar which forces 

the incoming particles to shower) and a proportional chamber which detects particles 

going through the cracks. The information from the crack detectors is used for veto 

purposes. 

Note that the CEM design, with the steel skins and # gaps between wedges, 
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does not allow electromagnetic showers to  have a significant fraction of their energy 

shared between neighboring wedges. The transverse development of electromagnetic 

showers is characterized by the "Molière radius" Ru, with 95% of the shower energy 

contained within a radius of 2Rb1. For the CEM material Rn[ z 3.53 cm, resulting 

in electromagnetic showers mostly contained in a single CEM tower 12. This fact, 

along with the very good CEM hermeticity for the longitudinal development of the 

showers (depth of 18 Xo) and the good scintillator and WLS characteristics, results 

in the CEM measuring the energy of electromagnetic showers with a resolution of 

2.2.4 The Central Strip Chambers (CES) 

Proportional strip chambers are inserted inside the CEM wedges between the eighth 

lead layer and the ninth scintillator layer; a depth corresponding to the rnavimum 

average transverse development of electromagnetic showers (5Xo from the CE31 face 

or 6 x 0  from the pp interaction point). The task of the CES [44] is to determine the 

shower position and the shower transverse development as a means to distinguish 

elect romagnetic showers induced by elect rons or photons from neutral pions. There- 

fore the CES chambers are essential to the reconstruction of photons and electrons 

for this analysis. 

The CES chambers are proportional chambers with wires running along the 2 

direction and strips along the 4 direction, i.e. perpendicular to the wires, thus 

enabling the CES to locate an electromagnetic shower along both the 4 (from wire 

information) and r (from strip information) coordinates. The gas used is 95% A r  

and 5% CO2 and the high voltage (1420 V conesponding to a prompt gain of 103) 

'"est beam studies lead to the determination of the appropriate "response mapsn for the CEM 

towers; they are used to estimate the energy of the incoming electron/photon as a function of the 

detected energy and the location of the shower in the tower. 
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is set up to give an occasional (few %) channel saturation for 150 GeV/c test beam 

electrons near normal incidence. 

A right-handed local coordinate system ( xcEs ,  y c ~ s ,  zcEs) is defined for each 

CEM wedge as follows (see also Fig. 2.9). The z c ~ s  axis is parallel to the global 

CDF z a i s  with points on the r < O wedges having Zc~s < O as well. The ZCES = O 

point is at q = O, exactly as the z = O point. The X c ~ s  axis is parallel to the face of 

the CES, perpendicular to the z c ~ s  avis and has the X c ~ s  = O point such that half 

of the wedge has X c ~ s  > O and the other half has x c ~ s  < 0. 

The CES chambers are segmented in z into two pieces per wedge, one a t  6.2 < 

lzcEsl < 121.2 cm (i.e. towers O to 1) and the other at 121.2 < IzcEsl < 239.6 cm 

(towers 5 to 9). Each CES segment has 32 wires spaced 1.45 cm apart, covering 

the region -22.5 < X c ~ s  < 22.5 cm. There are 128 strips per wedge, each of width 

z 0.159 cm; 69 (59j of them are in the lrcEsj < 121.2 cm (izcEsi > 121.2 cm) CES 

segment, spaced 1.67 (2.01) cm apart. 

The response of the CES as a function of the incident energy is not linear, since 

the depth a t  which the transverse development of an electromagnetic shower reaches 

its maximum increases with the energy of the incident photon or electron. The 

shower position measurement in the strip view has a resolution of 3 mm for 10 GeV 

photons/electrons and reaches a plateau of 2 mm at 50 GeV. The response of the 

CES (both in energy and in position) is also a function of sin9 due to the widening 

of the showers in the strip view, as can be seen in Fig. 2.11. Applying systematic 

corrections based on test beam and cosmic ray measurements result in a resolution 

of f 10% or better in strip to wire pulse height correlation. 

The shape of the transverse development of the electromagnetic shower can be 

used to distinguish between showers induced by a single electron/photon or a neut ral 

pion. Since ?ros predorninantly decay to two photons, there should be two separate 

electromagnetic showers developed for each no. The more energetic the T* is though. 

the closer the daughter photons are, resulting in two overlapping electromagnetic 
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Figure 2.11: a) The 11 sin 0 widening of the showers in the strip view. b )  The origin 

of the asymrnetry in the strip profile zs schematically illustrated. 

showers, which makes the electron/photon vs. xo distinction very difficult. 

2.2.5 Beam-Beam Counters (BBC) 

A plane of scintillator counters on the front face of the forward (and backward) elec- 

tromagnetic calorimeters, called the beam-beam counters (BBC), signals the collision 

of proton and antiproton beams. The counters are arranged in a rectangle around the 

beam pipe covering angles 0 . 3 2 O  to 4.47" in both the x and y directions, corresponding 

to the region 3.24 < 171 < 5.88. The BBCs have excellent timing properties (a < 200 

ps), providing the best measurement of the time of the pfj interaction. Coincident 

hits in both the ; > O and z < O BBCs serve as a "minimum-biased" trigger, as well 

as the luminosity monitor for CDF. The rate of the coincidences in these counters. 

divided by the effective cross section to which the counters are sensitive. provide the 

instantaneous luminosity. The number of these coincidences (which is actually the 

time integration of the rate) leads to the integrated luminosity. The cross section to 

which the BBC counters are sensitive is measured to be a e ~ c  = 51.2 d~ 1.6 mb, and? 

after accounting for background processes, we get a total uncertainty of 4.1% on the 

integrated luminosity. 
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2.3 Triggering at CDF 

The proton and antiproton bunches collide every 3.5 ps, corresponding to a crossing 

frequency of 286 kHz, with more than one pp interactions per beam crossing, as 

Eq. 2.2 and the subsequent discussion indicate. The amount of information the CDF 

detector collects to describe the result of a single beam crossing (usually called an 

"event") is typically around 170k bytes. Therefore there is an enormous arnount 

of data to be read and stored properly each second, and writing the data reliably 

on 8 mm tapes could be done a t  a rate of -- 10 Hz only. This means that we 

have to pick one out of 5 30000 events to write on tape. Which ones should we 

pick? Since only one out of 40000 pp interactions results in b quark production at 

fi = 1.8 TeV [4], not al1 beam crossings give interesting processes for investigation 

(at least not interesting enough for this thesis). Clearly then. we should not pick 

randomly; we should "trigger" on interesting events and write them on tape. If we 

were to implement a naive trigger where the decision would be made in one step only, 

more than 1 ms would be spent to write the interesting event on tape, during which 

time the detector could not gather information from any of the subsequent 285 pp 

crossings 13.  In order for the detector to be able to consider as many beam crossings 

as possible, we have to decide on accepting or rejecting the event in more than one 

step. Thus each "trigger level" deals with lower and lower event rates. allowing the 

last trigger levels to perform more sophisticated (and thus more time consuming) 

analysis wit hout introducing significant dead-t ime. 

At CDF we have a three level trigger system [39, 451. Each successive layer 

uses more detailed requirements and consequently takes more time to decide. At 

each level the decision is based on a logical "OR of these requirements, which are 

designed to select different physics processes. In the second and third level of the 

trigger these requirements are programmable, which allows control of the output 

13This means that the detector would operate with 99.65% "dead-the" if no trigger was present. 
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rates of each trigger level in the course of different running conditions. 

Preamplifiers on some of the detector readout channels provide two outputs: a 

"fast output" for use by the first two levels of the trigger system a d  the other for 

temporary data storage a t  the front-end electronics to be used for the third level of 

the trigger and to eventually put the event on tape. 

2.3.1 Levell 

The first level trigger ("Level 1") makes a decision within the 3.5 ps between beam 

crossings, thus introducing no dead-time. It achieves this speed by basing its deci- 

sion on the fast analog outputs from the calorimeters and the three central muon 

detectors. 

The calorimeter information is summed, separately for the electromagnetic and 

hadronic parts, into logical "trigger towers" , each encompassing enough physical 

towers to extend to 0.2 units in q and 15" in #. Thus the entire detector is rep- 

resented as a 42 (in q) by 24 (in 4) array of calorimetric "trigger towers!' with an 

electromagnetic and a hadronic component each. 

The fast outputs of the photomultipliers that read out the central electromagnetic 

(CEM) and the central and wall hadronic (CHA and WHA) calorimeters, or the 

pads that read out the plug and forward calorimeters, are brought to the "trigger 

counting room" individually, through dedicated cables. These signals are summed 

and weighted by sin û to form the electromagnetic and hadronic transverse energy 

(ET = E sine) deposited in each of the trigger towers. The transverse energv of 

each trigger tower is then compared to a programmable minimum-energy threshold 

(e-g., 1 GeV). The energies of al1 trigger towers above threshold are summed to 

form the grand total sums of electromagnetic, hadronic and total (i.e. the sum 

of electrornagnetic and hadronic) transverse energy in the detector, as well as the 

corresponding sums for each of the calorimeter subsystems (i.e. CEM, CHA, etc.). 

The Level 1 trigger accepts an event if there is any trigger tower with energy above 
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the preset programmable threshold, different for each of the calorimeter subsystems 

(for the CEM it was set to 8 GeV during Run lB, and to 5 GeV for Run 1C). Lower 

thresholds were set for a similar Level 1 calorimetry trigger that was "prescaled" 

by a factor of 40 14, collecting events that could be used to study the efficiencies of 

higher-threshold triggers. 

The Level 1 trigger components that look for muons require the presence of "track 

segments" in the CMU andior CMX chambers. A track segment is a pair of hits 

on the radially aligned wires of the CMU or CMX drift cells. The arriva1 times of 

the drift electrons on these two sense wires determine the deflection angle of the 

traversing charged particle due to the magnetic field and thus provide an estimate 

of its a. 

Level 1 muon triggers can require any combination of such track segments that 

makes sense. For example, one could require a track segment in the CMU with 

> 6 GeV/c with coincident hits in the CMP; or two track segments in the CMU 

system with pr > 3.3 GeV/c each; or a track segment in the CMX with > 10 

GeV/c with coincident hits in the scintillators placed on both sides of the chambers. 

etc. 

At an instantaneous luminosity of L = 5 x 1030 cm-* s-', the Level 1 trigger had 

an acceptance rate of approximately 1 kHz [46]. This means that only - 0.5% of the 

events were considered interesting enough for furt her investigation. 

2.3.2 Level 2 

Once Level 1 signals an accept, the second level trigger ("Level 2") deals with the 

event. Otherwise, the signals stored in the CDF components are cleared and the 

detector is ready to consider the next pp crossing. The Level 2 takes around 20 - 30 

ps to decide if the event should be considered further or not, and the detector is 

'% other words, this component of the trigger was accepted for the Level 1 decision only one 

out of 40 times that the condition was actually satisfied. 



2.3. TRIGGERING AT CDF 

"blind" to the outcome of the 6 - 9 beam crossings happening meanwhile. Thus 

Level 2 introduces - 10% dead-time. 

The information obtained at Level 1 is passed to Level 2, which has more tirne to 

deal with it in a more sophisticated manner, thus looking for topological features of 

the event, such as clusters of electromagnetic or hadronic energy, tracks in the CTC, 

which can be associated with energy depositions in the CEM or track segments in the 

muon detectors, missing transverse energy, &, indicative of undetected neutrinos. 

etc. 

Level 1 hands the list of trigger towers above threshold, along with the corre- 

sponding energy depositions, to Level 2. A dedicated board (called the "Cluster 

Finder") looks for towers above some "seed tower" threshold (typically 5 or 8 GeV) 

and makes a list cf "seed towers". Trigger towers that are above a lower %houlder 

tower" threshold (typically 1 GeV less than the seed tower threshold) are kept in a 

separate list. Starting from the seed tower with the srnallest r)  and d, the Cluster 

Finder checks which of the four nearest neighbors (the "diagonal" neighbors with 

different r )  and 4 are not considered) are in the "shoulder tower" list and includes 

them in the cluster. The nearest neighbors of each of the newly included towers 

are checked and so on, until no more contiguous towers are found. Once a tower 

is included in a cluster it is not considered for any of the subsequent clusters. The 

process is repeated until no new seed towers exist. The energies of al1 the towers in 

a cluster are summed to form the total ET and the ET-weighted q and 4 position, 

as well as cl, and a#, of the cluster. Separate sums are kept for electrornagnetic 

and total (electromagnetic plus hadronic) energies. The time needed for the energy 

clustering process is - 200 ns per cluster. Finally the Cluster Finder treats the 

whole detector as one cluster and calculates the global sum of energies for all towers 

above threshold, exactly as Level 1 did. This gives a more accurate measurement of 

missing transverse energy than Level 1, which is used by components of the Level 2 

trigger looking for neutrinos. 
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The tilted drift cells in the CTC guarantee that every high p ~ .  track (moving 

almost along the radial direction) passes through at  least one sense wire plane in 

every superlayer. This fact is exploited by the hardware central fast track processor 

(CFT), a track-finder [47] that checks the axial CTC superlayers for fast ("prompt") 

signals, within a time gate of < 80 ns after the p p  interaction. The CFT also looks 

for two "delayed" hits (within a time gate of 500 - 650 ns after the pp interaction), 

in the same axial superlayen, on either 4 side of the prompt hit. The drift times 

of the electrons towards the sense wires provide information about the direction 

and curvature (hence the pr) of the track. Different time gates for the delayed hits 

allow the CFT to select tracks above various minimum-pr thresholds. The CFT uses 

the recorded prompt and delayed hits to reconstruct tracks in the CTC, classiking 

them in different pp bins. It starts from prompt hits in the outer axial superiayer 

and works its way towards the interaction point at  r = O. looking for hits within 

the limits of a "road" defined by the geometrical acceptance of the prompt and 

delayed hits expected by a track in the desired range. For each sense wire in the 

outer axial superlayer there is a total of 32 such roads defined in a look-up table. 

These are divided into eight pr bins and two 4 bins, one for each sign of curvature, 

covering the entire pr > 2 GeV/c range. The resolution achieved by the CFT is 

o(pr)/m z 0.035. pr, with pr in units of GeV/c. The time needed for the CFT to 

find tracks in the CTC is - 10 p. 

The list of calorimetric energy clusters and muon track segments is handled by 

the commercially available programmable Alpha processors. that look for an asso- 

ciated track found by the CFT. The muon track segments in the CMU, CMP and 

CMX detectors must be matched by an extrapolated "CFT track" within AQ 5 5'. 

The parts of Level 2 that look for electrons require that the CEM cluster is also 

matched by an extrapolated CFT track. Since the CFT reconstructs tracks in the 

r - 4 plane only, this matching can lead to the association of a CFT track ni th an 

electromagnetic cluster in the same # but in a completely different 9 region, thus 
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At an  instantaneous luminoçity of L = 5 x 1030 cm-* s-', the Level2 trigger had 

an acceptance rate of approximately 12 Hz [46]; only - 1.5% of the events checked 

by Level 2 were t hen considered further. 

2.3.3 Level 3 

Once an event is accepted by Level 2, the data acquisition system (see Section 2.4) 

digitizes the signals obtained from al1 the detector channels and feeds them to the 

next trigger level ( "Level 3"). This takes more than 1 ms, resulting in more than 

285 subsequent pp beam crossings to go by undetected. 

The event is read into 64 commercially available processing units (Silicon Graph- 

ics machines running under a UNIX operating syçtem trade-rnarked as IRIX by the 

cornpany) with a combined processing power of approximately two billion instruc- 

tions per second. The processors reconstruct the event using algorithms identical to 

the ones used in the "off-line" reconstruction, i.e. after the finally accepted event 

is written on the magnetic tape. Most of the execution time is used to reconstruct 

t hree dimensional t racks in the CTC. 

The algorit hms that look for electrons dernand t hat the electromagnetic energ- 

cluster be matched within a few centimeters in both the r - q5 and r - 2 view 

to a three dimensional track found in the CTC and extrapolated to the face of 

the calorimeter. The p ~ .  of the track should also match the electromagnetic ET of 

the cluster. For both electrons and photons, the algorithms further demand that 

the fraction of energy deposited in the neighboring physical calorimeter towers be 

consistent with that expected for electrons/photons. The same is true for the fraction 

of energy deposited in the hadronic towers behind the electromagnetic ones. Final13 

the energy profile of the transverse development of the shower, rneasured in the CES, 

should also be consistent with the assumption that the shower was induced by an 

electron or a photon. 
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The algorithrns that look for muons require that a track segment in the muon 

chambers be matched, in both the r - 4  and T - z planes, to a three dimensional track 

reconstructed in the CTC and extrapolated to the muon detectors. The difference 

between the position of the muon track segment and extrapolated track must be 

smaller than a few standard deviations, taking into account multiple scattering and 

rneasurement uncertaint ies. 

Some of the algorithms combine information from such "physics objects" as the 

electrons, photons and muons ment ioned above, to calculate invariant masses, rela- 

tive directions, etc. This ability of the Level 3 (and to some extent of the Level 2) 

systern is exploited in the design of the specialized "penguin trigger" discussed in 

Chapter 4. 

At an instantaneous luminosity of L = 5 x 103* cm-* s-', the Level 3 trigger had 

an acceptance rate of approximately 5 Hz [46], rejecting about half of the events it 

considered. 

2.4 Data Acquisition (DAQ) 

The CDF detector has around 150k channels recording an event. Around 46k of 

those read out the signals created in the silicon vertex detector, -- 60k deal with 

the calorimeters, and the bulk of the remainder deal with the drift chambers. These 

channels have their analog signals in the "front-end" (i.e. detector mounted) elec- 

tronics preamplified, transmitted to intermediate circuits that shape and further 

amplify them, and finally brought up frorn the collision hall to the counting room to 

digit ize t hem wit h analog- to-digital or t ime-to-digital convert ers, depending on the 

origin of the analog signal. 

A schematic drawing of the CDF data acquisition system is @en in Fig. 2.12. 

Level 1 and Level 2 use a subset of the event information, sent to thern through 

dedicated cables. Once Level 2 accepts an event, it communicates its decision to a 
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Fastbus module called the "trigger supervisor". The communication is done through 

another Fastbus device, known as FRED. Fastbus readout controllers (FRCs), sig- 

naled from the trigger supervisor, read out the data from the front-end electronics 

and guide them to six scanner CPUs (SCPUs), which are VME-based Motorola 

68030 processors. The SCPUs, running the VxWorks operating system, "build" the 

received information into data banks which are organized by detector component 

and have the same format expected by the tape logger and the consumer processes. 

Another VME-based Motorola 68030 processor, called the %canner manger". con- 

trols the flow of data through a commercially available Ultranet distributor to the 

Level3 system, making sure that al1 information from a given event is handed to one 

Level 3 node, with the help of a reflective memory network (Scramnet). A "trigger 

supervisor interface'' was necessary to establish communication between the Fast bus 

based trigger supervisor and the scanner manager. 

Ultranet is also used to transfer the information of events accepted by Level 3 

to the consumer server. This is a dedicated Silicon Graphics machine that run data 

logger programs to write events on local disk and subsequently to tape. In parallel, 

the consumer server provides event information to consumer processes for on-line 

diagnostic applications; monitoring of luminosity condit ions, trigger rates, detec- 

tor performance, rates of well established physics processes (e.g., J / I ~  production). 

graphical representation of the current event , etc. 
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Chapter 3 

Monte Carlo Simulations 

In order to devise the necessary strategy to extract the Bd + Km0-/: K'O + K-îi- 

and BI -t 97, 4 -t K W -  decays from the large number of events that were ac- 

cumulated by the CDF detector. we simulate these processes. The use of random 

numbers to simulate stochastic (statistical) processes, results in calling them hIonte 

Carlo (MC) simulations. 

This chapter describes the simulation procedure. which involves several stages: 

the generation of b quarks, their hadronization into B mesons, the decay of these B 

mesons into the final state particles, the response of the detector to these particles 

traversing its volume, and finally the reconstruction of the event aloag with the 

information relevant to the trigger. 

In this analysis, the design of the specialized trigger (see Chapter 4) to search 

for penguin decays? relied heavily on such simulations. For the estimation of the 

fraction of the penguin decays that survived the vanous selection criteria, we relied 

on both Monte Carlo simulations as well as data. 
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3.1 Production and decay of the B mesons 

We start by generating single b quarks with a rapidity and momentum distribution 

based on a next-to-leading order QCD calculation by Nason, Dawson and Ellis [16] 

that used the MRSDO parton distribution functions [15] and a renormalization scale 

of p = po i \lm: + p$, with rns = 4.75 GeV/cZ for the mass of the b quark and 

for its transverse momentum. 

We generate 6 quarks with pr > 5.5 GeV/c in the rapidity range - 1.1 < y < 1.4. 

In Fig. 3.1 we see the transverse momentum and rapidity distributions of b quarks 

generated with pr > 4 GeV/c and -4 < y < 4 in the Monte Carlo. CVe note that 

the resulting B mesons tend to have lower transverse rnomenta (the B mesons carry 

on average 80% of the transverse momentum of the b quarks) and are more "central" 

in rapidity than the parent b quarks; 44% of the B mesons with -4 < y < 4 are 

contained in the -1 < y < 1 region. The corresponding fraction for the b quarks is 

40%. 

These b quarks were subsequently hadronized into B mesons using the Peter- 

son fragmentation function [17] with a fragmentation parameter es = 0.006. The 

hadronization process is b -t Bq, where q is the light quark created from the vacuum 

in a pair with the that combined with the b quark to form the B meson. The 

energy transfer AE = EB + Ep - Eb of the hadronization process is described in 

terms of the fraction of the b quark energy carried by the B meson and the frag- 

mentation parameter €6 that describes the ratio m,/rnb, i.e. the ratio of the q to b 

quark masses. Fits to experimental observations in e'e- collisions have resulted in 

the estimate eb = 0.006 k 0.002 [18]. 

The Nason-Dawson-Ellis calculation used in conjunction with the Peterson frag- 

mentation model, is found to describe the shape of the digerential cross section for 

B meson production (see Fig. 1.3 and Ref. [48]). This is especially true for B mesons 

with > 10 GeV/c which are of interest to us in the search for penguin decays in 

the RunlB data (see Section 4.3.1). 
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Figure 3.1: - Left: Transverse momentum (m) distnbutzon of b quarks generated with 

> 4 Ge V ' c  and -4 < y < 4 in the Monte Carlo, as well as the pp distribution of 

the resulting B mesons. Right: Rapidity (y) distribvtions of those b quarks and B 

mesons. 

The resulting B mesons are then decayed to a photon and a strange meson 

(h7*0 or &) according to the CLEO Monte Carlo program. QQ [49], in order to 

mode1 the phase-space, helicity and angular distributions of the decay products. 

The penguin processes were included into the QQ decay options, without allowing 

t hem any longitudinal polarization, since the photon is massless. The masses, widt hs 

and lifetimes of the generated particles match the world average values [4]. This way 

we generated the penguin (B: -t Kooy,  K'O + K C r -  and BI + 4 + KiK- ) 

decay chains. Similarly we generated the B + e - D o X ,  Do + K-ri  decay c h a h  
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3.2: - Lefi: Momen tun  resolutzon for Monte Carlo tracliî. Right: Cornparison 

of nomentum resolution between data id61 and kfonte Cario trucks. 

3.2 Detector simulation 

The response of the CDF detector to the final decay products (yK-ir- and 7 K - s - )  

traversing its volume is handled by another Monte Carlo program. which uses a 

parameterized mode1 of the detector response tuned on data. The response of the 

calorimeter and the strip chambers, for example, has been parameterized based on 

electron test beam data. This Monte Carlo simulation only produces the final ob- 

jects. For example, given a charged particle, the Monte Car10 simulation does not 

generate the electronic signals in the tracking detectors, but rather skips this step 

and generates the parameters of the particle's track. 

The pr resolution for pion tracks and the energy resolution for electrons measured 

in the CEM compare well between data [46] and Monte Carlo simulations. This is 

demonstrated in Figures 3.2 and 3.3 and in Equations 3.1 and 3.2. 

We compare the generated momentum of the pion in the B -t e-DoX, Do + K-T- 

decay chain, with its momentum after the simulation of the detector response and 
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Figure 3.3: Energy resolution (measured in the CEM) for Monte Carlo electrons. 

after the decay was reconstructed. The pion and kaon tracks were constrained to 

pass through a common point (presumably the Do decay vertex). sornething that 

improves the resolution by almost a factor of two. In data, the track resolution is 

rneasured with cosmic ray muons that traverse the tracking volume leaving two track 

segments separated by - 180" in 4. The cornparison of the momenta obtained frorn 

the two differeot 4 sides leads to the momentum resolution. The resolution improves 

considerably when the two track segments are constrained to meet each other'. The 

resolution quoted for tracks in data refers to such "constrained" tracks. The relevant 

momentum range is up to 8 GeV/c for the kaons and 

B -t e - D o X ,  Do -r K-R' channels. The resolutions 

are found to be: 

pions in the penguin and the 

(with pr in units of GeV/c) 

o ( p r ) / ~  = d(0.0009 - pr)* + (0.0066)2 (tracks in Data) 

4PdlP~ = 0.0009 -pr + 0.0019 (Monte Carlo trucks) ( 3 . 1 )  

'This requirement reflects the fact that both track segments are due to the passage of a single 

particle through the tracking volume. 
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For the energy resolution of the CEM, we compare the energy of the electrons 

as generated, with the energy deposited in the CEM, after the detector response is 

simulated. In data, the energy deposition in the CEM is compared with the momen- 

tum of the track, found in the CTC and SVX, that points towards the calorimetric 

energy cluster. The relevant energy range is from 8 GeV up to .- 30 GeV for the 

photons and electrons of the penguin and the B + e-DoX channels. The resolutions 

for electrons (with ET in units of GeV) are found to be: 

a ( E ) / E  = , / ( 0 . 135 /~~ )*  + (0.0?0)* (eledrons in Data) 

<r(E)/E = J(0.133/ET)2 + (0.017)* (Monte Carlo electrons) (3.2) 

Furthermore, we firmly establish Our faith to the detector simulation for the en- 

ergy and the momentum measurernents, by verifying that the E / p  distribution for 

electrons reconstructed in the B + e - D o X ,  Do i K-x' channel compares well be- 

tween data and Monte Carlo events, which are signal only (see Fig. 3.4 and Eq. 3.3). 

E is the energy of the electron measured in the CEbI in units of GeV and p its 

momentum measured in the CTC and the SVX in units of GeV/c. The E l p  dis- 

tribution from data corresponds to signal only (Le. e= only); the possible non-e= 

background contribution was subtracted using the events that have a K - R I  m a s  

in the sidebands of the reconstructed Do m a s  peak. The average ET for the Monte 

Carlo electrons matches that of the signal electrons in the data ( 12.89 and 13.05 GeV 

respect ively ) . Fit t ing the E / p  distributions wit h Gaussian shapes we get: 

c E / p  >= 1.0102 i 0.0056 and o(E/p )  = 0.0677 i~ 0.0051 (eledrons in Dota) 

< E l p  >= 1.0132 f 0.0012 and cr(E/p) = 0.0652 k 0.0012 (MC electronsX3.3) 

The z and the transverse (x - y) positions of the @ interaction point are also 

parameterized as Gaussian distributions that approximately match the distribution 

observed in the data. A Gaussian of width 30 cm was used for the z location of the 

pp  interaction. The z and y location of the pfj interaction was fked to (O, O )  in the 
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Monte Corlo (B + e- DO X, 0' + K- n*) 
2 5 0 . . . . ;  . , -  

Figure 3.4: - Left: E / p  distribution, Le. energy (measvred in the CEM in units of 

Ge V )  over ronzentvm (measured in  the CTC and SVX in  units of Ge L'/cl, for 

electrons in the Run lB  data. The electrons used here are from the B -t e- D o X ,  

Do + K-r' channel. The distribution shown has possible non-e' background con- 

tributions removed by using the sidebands of the K - r T  mass around the Do mass 

peak. The superimposed fit is a Gaussian distribution. Right: E l p  for elect~ons from 

the l? + ed D o X ,  Do + K-r' Monte Carlo sarnple, which is signal only. 

Monte Carle! since the x - y distribution in data is a perfect line for each of the pD 

beam stores, a demonstration of the accurately known "beam optics" . 

The simulation produces data structures almost identical to the ones produced 

by an event resulting from a pp collision. This allows us to follow nearly2 the sarne 

procedure in the processing and analysis of real data and Monte Carlo events. Thus 

both Monte Carlo and data events are subject to the same reconstruction biases. 

- - - - -- - - - - -- - 

=E.g The corrections for non-uniformities of the magnetic fieLd are not applied in the Monte 

Carlo case. 
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3.3 Trigger simulation 

3.3.1 Electromagnetic energy clustering in the CEM 

Having simulated the response of the CDF detector, the simulation of trigger deci- 

sions that are based on energy depositions in the calorimeters uses algorithms sirnilar 

to the ones used on data. The clustering of the energy into trigger towers and the 

application of lower energy thresholds in the first and second levels of the trigger (see 

Sections 2.3.1 and 2.3.2) are performed by such algorithms. Note though that the 

Level 1 trigger efficiency for energy deposition in the CEM is not explicitly simulated 

in either the penguin or the B + e-DoX channels, because the Level 1 requirement 

is reasserted again a t  Level 2. Any remaining inefficiency due to the Level 1 trigger 

will cancel when we consider the ratio of the penguin vs. the B -t e -DoX branching 

fractions (see Chapter 6 ) .  

3.3.2 CES information in Level 2 

Information from the CES strip chambers was available a t  Level 2 in Run 1B. 

This was accomplished with the use of the "XCES bitn,which was set for the en- 

tire calorimeter wedge whenever there were more than - 3500 ADC counts in four 

adjacent CES wires, corresponding to more than - 4.5 Ge\' of energy in the electro- 

magnetic shower3. This means that the trigger was generous in the sense of accepting 

events where the XCES bit was set by an unrelated energy cluster, as long as it was 

in the same CEM wedge. Thus the trigger accepted events that should have failed, 

but it tried to not reject events that should be accepted. Nevertheless, this require- 

ment reduced the Level2 electron trigger rate by a factor of two, while retaining high 

efficiency for real electrons4 and photons: as it is shown in Fig. 3.5. the efficiency 

'In RunlC the threshoId was lowered to - 2335 ADC counts . 
'For electrons it was &O required that a track found by the CFT points to the energy deposition 

in the CEM. 
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Figure 3.5: E ' c i e n c y  of the XCES bit requirement for ET > 6 GeV electrons. The 

eficiency was studied with electrons from photon conversions bf -t e-e - ) ,  which 

yielded a hzgh purity electron sample. The solzd curues are the central values and the 

dashed curues represent shifis of the function parameters by one standard deuiation 

(detemined from fitting the functional f o m  to the electron data). For electrons in 

Run 1B (Run IC) of ET = 10.5 (7) GeV the eficiency is 90%, reaching the plateau 

uahe  of (97.7 k 0.5)% at - 22 (- 15) GeV. 

of the XCES bit requirement in Run 1B was .- 80% at  ET 2 8 GeV, rising to 90% 

for electrons with ET 2 10.5 GeV [50]. Before the use of the XCES bit requirement. 

the electron trigger looking for electrons with ET > 8 GeV had to be prescaled in 

order to keep the trigger rate within the Level 2 budget. The use of the XCES bit 

requirement in Run 1B and Run 1C allowed the experiment to collect more than one 

million additional electrons from b quark decays. 
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Run 10 (last quarter) 

Figure 3.6: - Left: Eficiency of gndzng a non-muon tmck *with the Level 2 CFT pro- 

cesser as a fimctron of the p~ of the conszdered truck for the lowest-pi. CFT ban (btn 

O ) .  The 50% (90%) eficiency point is at 1.9 (2.4) Ge V/c. The dotted curue is the 

central value of the eficiency and the solzd curues represent shifts of the function 

parameters by one standard deviation (determined f ~ o m  fitting the functional form to 

the data). Right: Same eficiency but for electrons in  the fifth CFT bin (bin 4) .  The 

50% (90%) eficiency point is at 6.0 (10.0) GeV/c. For the deteninat ion of these 

eficiencies see discussion in  the text (Section 3.3.3). 

3.3.3 Tracks in Level 2 

The part of the Level 2 trigger that dealt with tracks in the CTC (i.e. the CFT) 

is simulated using parameterizations of the measured efficiency with which the CFT 

detected tracks. In Fig. 3.6 we see the efficiency of finding a track in the lowest-rn 

CFT bin (bin O). This efficiency was determined as a function of the track pr using 

non-muon tracks in the vicinity of "non-conversion" electrons (Le. electrons not from 

y t eie- conversions) reconstructed in the SVX [!il]. For each CFT bin there exists 

a different efficiency curve, due to the different a threshold. 
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The specialized trigger that looks for penguin decays (see Chapter 4) required 

two tracks in the lowest-6 CFT bin. The main trigger that looks for electrons 

(used later to reconstruct the B + e -DoX decay) required the energy deposited 

in the CEM to be more than 8 GeV and to be matched by a track found in the 

fifth CFT bin (bin 4). This efficiency, shown in Fig. 3.6, was determined with 

electrons collected with a lower energy trigger that did not require CFT information. 

The efficiency of the CFT did not only depend on the transverse momentum of a 

track. It also depended on its charge, its pseudorapidity (7) and azimuth (Q),  as well 

as on the integrated and instantaneous lurninosities. Positively charged particles 

were detected more efficiently by the CFT, since they bent in such a way that they 

"hit" more wires in each CTC superlayer as they traversed the CTC volume (see 

Fig. 2.8 for the orientation of the CTC superlayers and the direction of the magnetic 

field). The efficiency of the lowest CFT bin was found to plateau at a value of 

(92.2 2 l.?)%. This efficiency represents the average value for positive and negative 

tracks. Since these tracks were reconstructed in data collected in parallel with the 

Run 1B penguin data (refer to Section 4.2.3), and since most of the non-conversion 

electrons collected by the trigger corne from b quark decays [XI]. these tracks were 

embedded in sirnilar environments as the daughter tracks of the penguin decays: this 

means that the efficiency determined from such tracks can be applied to the penguin 

daughters with confidence. The CFT efficiency decreased during the data taking 

period, rnainly due to aging of the CTC5 and increased instantaneous luminosities 

achieved as the run progressed6. The CFT algorithm was changed towards the end of 

Run lB, by relaving the requirement on the number of hits in the inner CTC axial 

superlayers (i.e. superlayers 0, 2 and 4) associated with a candidate track. This 

"The aging of the CTC, described in terms of the accumulated integrated luminosity, led to a 

drop in the CTC single bit efficiency, especially in the inner superlayers. 
6This caused an increase in the number of hit CTC wires. The presence of extra hits increased 

the rate at which the CFT accepted "fake" tracks, but it also led to a loss in real track finding 

efficiency due to unrelated hits assigned to the real track (thus altering its pr, for example). 
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change compensated for some of the inefficiency due to CTC aging and increased 

instantaneous luminosities. Using the same method as for Run lB, we determine the 

efficiency of the lowest CFT bin to be (92.2 f 1.6)% during Run 1C. The efficiency 

of finding electrons in the fifth CFT bin (bin 4), shown in Fig. 3.6, plateaus at 

(91.3 + 1.0)% for the last quarter of Run 1B and (92.3 k L0)% for Run 1C. The 

efficiency for tracks at  high 171 was observed to be higher than for tracks at low /BI, 
due to the fact that high-lql tracks had longer traveling paths through the CTC gas, 

depositing more charge on the CTC wires and increasing the efficiency to detect the 

resulting pulses. The # dependence was not uniform either; it was observed to have 

a sinusoidal pattern, due to the fact that the CTC assumed that the pp collisions 

happened a t  (O,  O) in the x - y plane, something that was not generally the case since 

the beam avis did not coincide with the z axis of the detector. This resulted in the 

CFT assigning a false curvature to the tracks, which introduced an inefficiency that 

depended on the 4 of the track. In this analysis we use the pT-dependent efficiency 

curves taking into account the corrections for the aging of the CTC and increased 

instantaneous Luminosities, but we treat the other "non-pr!' dependencies of the CFT 

efficiency as sources of systematic uncertainty in the final result. 

3.3.4 Level 3 

Since the information arriving a t  Level 3 was organized in terms of "objects" (e.g., 

tracks, photons, electrons) for both the data and the Monte Carlo events, we use 

the same algorithms to simulate the Level 3 trigger decision as the ones used on-line 

during the course of the data collection period. Thus any biases introduced by these 

algorithms are common to data and Monte Carlo events. 
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3.4 Reconstruction efficiencies 

The resolutions of the detector response are reproduced adequately in the Monte 

Carlo, as was demonstrated in Section 3.2. However, the Monte Carlo simulation only 

produces the final objects without reconstructing them from the electronic signals in 

the detector channels; this means that the Monte Carlo does not take into account 

the inefficiencies in the track reconstruction, for example. Such inefficiencies arise 

frorn the non-100% efficiency for the hits in the CTC wires to be detected and the 

inefficiencies in correctly reconstructing the track, given the many hits in the CTC 

wires ("pattern recognition" problems). The efficiency of reconstructing tracks in 

the CTC has been estimated by embedding Monte Carlo generated tracks into real 

JI,$ events. The average efficiency for positive and negative tracks was found to be 

(92.8 1 2.6)% and the efficiency for reconst ructing two oppositely charged tracks was 

(88.1 & 4.3)% 1531. We apply the efficiencies for reconstructing one or two tracks as 

a correction factor at the end, after the detector simulation and al1 selection criteria. 

This approach is followed in other places as well. For a full account of the efficiencies 

refer to Chapter 6. 



Chapter 4 

The "penguin'' Trigger 

In this chapter we investigate the way penguin events can be selected by the CDF 

trigger system and the need for a specific "penguin trigger" will become clear. We 

then present the design of this trigger with the help of Monte Carlo simulations (see 

Chapter 3).  Finally, we describe the implemented penguin trigger and its perfor- 

mance, and the expected event yield. 

4.1 The need for a specialized "penguin trigger" 

4.1.1 Number of penguin events expected to be produced 

From CDF measurements we know the cross section for the process pp + B:X to be 

o ( p p  -+ BdX; rn(B:) > 6 GeV/c. Jy(B:)l < 1) = (2.392 i 0.544) mb [48]. Given the 

integrated luminosity, we can calculate the number of pp collisions that are expected 

to lead to events containing Bd mesons. 

The branching fraction for B: + Ke0y was measured by the CLEO collaboration 

to be B(B: + Ko0y) = (4.0 f 1.9) -10-~ [32], using data collected in the CESR e-e- 

collider '. The number of B: -t K'Oy events produced at the BO collision point 

' Any branching fractions used hereafter are taken from Ref. [4], unless specified othetwise. 

76 
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of the Tevatron for a given integated luminosity, can then be estimated with the 

straight-forward calculation: 

nrhere N(B: + Keoy)  is the number B: -t Ko0y events produced; J Ldt is the 

integrated luminosity; O(@ + B:X)  is the cross section for producing a Bd meson 

plus anything else; and B(B: -t Keoy)  is the branching fraction of the penguin 

process. 

When we account for both B: and B: production2 (rnultiply the quoted produc- 

tion cross section by 2) and use the fact that the Keo meson decays to charged kaon 

and pions two thirds of the time (i.e. B(Ko0 -+ K 3 - )  = ?/3), we estimate the 

number of B: + KWoy, Km* + K+T- events produced from B mesons with pr > 6 

GeV/c and Iy1 < 1, to be: 

N(Bd + K.'?, K*' + K'x-) = 12757 i 6718 events per Ldt = 100 (4.7) i 
Only a small fraction of these decays are observable though; in Fig. 4.1 we see how the 

number of "detectable" B: + KmO*,, Kso + KK'n- decreases as the requirements on 

the transverse momentum of the decay products increase. The Monte Carlo samples 

of B: + K807, Keo -t K'T- events were generated as described in Chapter 3. 

4.1.2 Photon triggers 

The CDF trigger system accepts events with an energetic cluster in the calorimeters 

(see Sections 2.3.1 and 2.3.2). Therefore it is able to trigger on the photon from a 

penguin decay. 

In Run 1B the lowest energy "photon trigger" (called Cm-1OXCES) required 

the event to have an electromagnetic energy cluster in the CEM (Iql < 1.1) with 

ET > 10 GeV measured by the calorimeter, and more than 5 4.5 GeV of energy in 

21n what foUows reference to one state or decay chah implies the charge conjugate as weti. 
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0," + K* y ,  K* + K' n'    on te Cario) 0: + Kd y .  K~ + K' TT- (Monte Carlo) 

(and charge canjugate) (ond charge con jugate) 
, 1 r '  r \ l 
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Figure 4.1: - Left: Number of penguin decays per 100 pb-' of data as a junction of the 

minimum Er of the photon, starting with B mesons having p, > 6 GeV/c. jyl < 1. 

Notice that the expected number of pengvins has a - 50% uncertainty mainly due to 

the vncertainty in the CLEO measurement of the B(B: -t K'*fit). Right: As before. 

but as a function of a minimum pr repuirement on the kaon and the pion. 

the shower, measured in the CES (XCES bit requirement, see Section 3 .32) .  From 

the B: + Kaoy, IVo -t Kfn- Monte Carlo we expect - 460 penguin events per 100 

with the photon having ET > 10 GeV, 171 < 1.1 and the kaon and pion tracks 

having pr > 0.1 GeV/c and < 1.1 when generated. The 171 < 1.1 requirement 

on those tracks restricts them to the CTC fiducial volume. Nevertheless, the high 

rate of such events forced a big prescale factor (- 200) for this trigger which implies 

that we expect only 5 2 such events in the whole Run 1B data sample (z  100 pb-'), 

even before we consider any detector, trigger or off-line reconstruction efficiencies. 

The 16 GeV photon triggers (called CH-16-1 SO and CH-16-ISOXCES) require 

isolated photons (i.e. no CFT track should point to the same wedge as the photon3) 

=Keep in mind though that the more energetic the photon, the more energetic the parent B 
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and they were also prescaled in Run lB, by factors varying from 8 to 256 depending 

on the instantaneous luminosity4. Most of the time the prescale factors were 8 (for 

CM-16-ISOXCES) and 16 (for ~EM-16-1S0). If we require the photon from the penguin 

decay to have ET > 16 GeV, I V (  < 1.1 and the kaon and pion tracks to have pr > 0.4 

GeV/c and It)( < 1.1 when generated, we expect - 12 penguin events in 100 pb-l of 

data, assuming the lowest prescale factor of 8. This is the estimate before applying 

the requirement that the energy deposition in the CEM is isolated and the XCES 

requirement on the photon and without taking into account any detector or trigger 

efficiencies. 

The 23 GeV photon trigger (called CEM-23) was prescaied by 20 most of the 

time, and by 40 at  high instantaneous luminosities. The number of penguin decays 

expected in this sample is .- 1 event in 100 pb-' of data, if we were to require the 

photon from the penguin decay to have ET > 23 GeV, /ql < 1.1 and the kaon and 

pion tracks to have PT > 0.4 GeV/c and 1111 < 1.1 a t  the generator level. assuming a 

prescale factor of 20. 

The lowest energy unprescaled photon trigger (called CEM-23-ISOXCES) required 

an isolated photon in the CEM with ET > 23 GeV. If we require the photon from the 

penguin decay to have ET > 23 GeV, Iql < 1.1 and the kaon and pion tracks to have 

pp > 0.4 GeV/c and < 1.1 at the generator level, we expect * 21 penguin events 

in 100 ~ b - l  of data, before applying the isolation and the XCES requirement on the 

photon and even before any detector or trigger efficiencies are taken into account. 

The efficiency of this trigger is O for ET < 23 GeV photons, 50% around 25.5 GeV 

and it reaches its plateau value for ET > 30 GeV photons. This, in conjunction wit h 

the fact that the number of penguins expected drops rapidly with photon ET (see 

Fig. 4.l), means that w do not expect this trigger to have collected any significant 

meson is expected to be and so the more collimated the B decay products and the smaller the 

chance of the photon to be isolated. 
'There are three luminosity regions that c m  be assigned diBetent prescaie factors for each 

trigger: < 11. 1030 cm-2s-1, (11 - 21). 1030 nn-*s-', and > 2 1 . 1 0 ~ ~  m-2s-1 
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number of penguin events. 

The integated luminosity collected during Run 1C is too small (5 6 pb-') for 

the photon triggers to collect any significant number of penguin events. 

4.2 The dedicated Penguin trigger 

4.2.1 Available information at the trigger level 

Since existing photon triggers were not able to select enough penguin events, our 

strategy was to have the trigger use information about the kaon and the pion as 

well. This approach attempts to avoid high prescale factors by designing a specialized 

trigger to select penguin-like events. 

At Level 1, the trigger Li-CALORIMETER accepted an event if there was a CESI 

trigger tower5 with energy above 8 GeV (5 GeV) in Run 1B (Run lC), resulting in 

an acceptarice rate that corresponds to a cross section (see Eq. 2.2 and Fig. 4.3) of 

5 20 (- 30) pb in Run 1B (Run 1C)% 

There were two clustering algorithms used at  Level 2; the first required that the 

seed tower have more than 5 GeV of energy and the shoulder towers more than 4 

GeV to be considered part of the cluster; the second required a seed tower above 8 

GeV and shoulder towers above 7 GeV. There were four available energy thresholds 

for photons in the trigger. The two lowest in energy (10 and 16 GeV for Run 1B. 

6 and 10 GeV for Run 1C) were formed using the first clustering algorithm. Al1 

5A CEM trigger tower consists of two adjacent physical CEM towers (see Section 3.3.1). When- 

ever we talk about a calorimeter "tower" at Level 1 or Level 2, we mean a trigger tower. 
6Expressing a trigger rate as a cross section, rnakes it, in principle, independent of the instan- 

taneous luminosity since it is related to the probabiiity to get a specific kind of event out of a 

collision: one that satisfies the trigger requirernents. The trigger cross section multipiied by the 

integrated luminosity, gives the number of events that satisfied the specific trigger criteria. There- 

fore, colleethg 90 pb-l during the course of Run 1B means that this tngger accepted - 90 pb-' 

-20 pb = 1.8 - log events for hirther consideration. 
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the electromagnetic clusters a t  Level 2 were put in the photon list. If there was any 

CFT track pointing to the same &lice as the wedge of the photon cluster, then the 

"stiff-track" bit was set and the associated cluster was characterized as an electron 

candidate and it was put in the electron List as well. Since the CFT dealt with the 

axial CTC superlayers only, it had no information on the I /  of the track it considers. 

Thus, a cluster of energy in the CEM could be located at  q > O and put in the 

electron list due to a CFT track that points at  g < 0, but in the same # slice as the 

CEM wedge of the cluster. Again the trigger was generous in this respect, making the 

electron list longer than it should be. The lists of electromagnetic clusters contain 

the following information: 

i) the transverse energy (ET), measured in bins of 0.5 GeV assuming a pp  collision 

point at  (x, y, z) = (0, 0, O),  

ii) the q and 4 of the seed tower, 

iii) the energy fraction leaking into the hadronic calorimeter 

iv) the XCES bit, and 

v) the "stiff-track" bit. 

Level2 also holds a list of tracks found by the CFT with the following information: 

i) the a in CFT a bins, 

ii) the charge (assumed to be either +1 or - l), and 

iii) the 4 at the outer superlayer ( "superlayer 8") of the CTC. 

Knowing the energy spectra and the topology of the decay products from our 

Monte Carlo, we can use the avaiiable information to build a penguin trigger for 

Level 2. At Level 3 we can form quantities like the ones used off-line, since al1 the 

information is available and t here is enough t ime to complet ely "reconst ruct " the 
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event. Among others, we can then reinforce the Level 2 requirements and apply 

loose invariant m a s  cuts for the K r  and the +yKn candidate combinations. 

4.2.2 The penguin trigger requirements 

We used a Bi + Kmoy. Km' -+ K f n -  Monte Carlo sarnple to investigate the cuts 

for quantities that could be formed with the available information a t  Level 2. In 

Fig. 4.2 we see distributions of some of these quantities, at the generator level, for 

the signal events. We then devised requirements that kept as much of the signal as 

possible, while keeping the acceptance rate for this trigger a t  reasonable levels. 

The resulting Level 2 trigger (named KSTAR-GAMMA) required': 

1. A photon cluster in the CEM with ET > 10 GeV (> 6 GeV) in Run 1B (Run 

1C). These were the lowest phoron thresholds available at Level 2. The cluster 

was required to have less than 12.5% of its energy deposited in the CHA. 

II. The XCES bit must be set for this cluster. 

III. The stiff-track bit must be off for this cluster in order to reject electromagnetic 

clusten from electrons. This was also the easiest way to reduce the acceptance 

rate of the trigger dramatically without sacrificing too many signal events. 

> IV. At least two oppositely charged tracks, found in the lowest pp CFT bin (pr - 2 

GeV/c). 

V. The two CFT tracks should point one or two wedges away from the seed wedge 

of the photon cluster (the # of the tracks a t  superlayer 8 of the CTC! their 

charge and their momentum, were used to extrapolate them to the face of the 

strip chambers with the help of look-up tables). 
- 

'The sophisticated physics cuts at Levei 2 would not be possible without the Alpha processors 

( s e  Section 2.3.2), which were instded in the last half of the Run 1B period. Therefore, the 

penguin trigger started collecting data towards the end of Run IB. 



4.2. THE DEDICATED PENGUIN TRIGGE;iR 

Bd0 + K'* y, K'O + K' .sr- (Monte Corlo) 

E r ( 7 )  (GeV) Minimum track (K.-n) p, (GeV/c) 

Min. ~ ~ p ( y .  K / n )  (in 15' slices) Mox. A q ( y ,  ~ / n )  (in 15" slices) 

Figure 4.2: Monte Carlo signal quantities relevant at Level 2 for B rnesons with pr > 6 

GeV/c ,  lyl < 1.25, and photons in the CEM f lq( < 1.1) with & > 10 GeV .  411 quantitaes 

shoum are j o m e d  from generator level information (befom the detector and trigger sim- 

ulation). (a)  &(Y) dishibution; (b) Minimum tmck ( K ,  x )  p~ distribution; ( c ) / (d )  The 

distance between the photon and the kaon/pion tracks, i n  slices of 15' in b for trucks with 

p~ > 2.0 GeV/c ,  < 1.1. If the kaon/pion points towards the CEM wedge of the photon 

(couering 15O in 41, then &(Y, KIT)  = 0. In  (c) we plot the A@(?, K / n )  for the tmck 

(kaon or  pion) thot i s  closest in 4 to the photon, whereas in (d)  we consider the truck that 

i s  furthest away from the photon in 4. The 4 of the trucks has been calculated ut superloger 

8; (e )  4 sepuration (A41 between the kaon and the pion at superlayer 8 with the same cuts 

as for insets (c) and (d) ;  and (fJ A4 between the kaon and the pion ut  supeilayer 8 &th 

the e z t m  requirernent that the kaon and the pion point 1 or  2 wedges away from the seed 

wedge of the photon, i.e. A$(r, KIT) = 1 or 2 ( in  units of 15' in 4). 
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VI. The two CFT tracks should be within 18' in 4 from each other a t  superlayer 

8. 

At Level 3, we implemented a trigger (named ELEBXSTAR-GAMMA) which required 

the event to have passed the KSTiül-GAMM trigger a t  Level 2. This trigger also 

required: 

VII. A cluster in the CEbI with E > 7 GeV (> 5 GeV) in Run 1B (Run 1C). 

VIII. Knowing that the CEM has a sufficient depth (18 Xo) to  contain most of the 

longitudinal development of an elect romagnet ic shower , we require the energy 

deposited in the CHA ( E H A D )  to be less than 15% of the energy deposited in 

the CEM ( E E b f ) .  

The lateral profile of the energy spread of the cluster should be consistent with 

expectations based on test beam results for elect rons. This was accomplished 

using both the calorimeter and the strip chambers. The comparison based on 

the energy measurements in the CEM is expressed in terms of the variable 

LSHR. This is the excess of the measured compared to the erpected energy in 

the two 'bshoulder" CEM towers adjacent to the seed, over the characteristic 

energy fluctuation, which is partly due to the finite resolution of the CEM 

energy measurement (see Eq. 3.2) and partly due to the uncertainty on the 

expected fraction of energy to be deposited in the shoulder towers. At the 

trigger level we required LsHR < 0.6, which was satisfied by almost al1 electrons 

and photons. The comparison that was based on the CES is expressed in terms 

of two x2%; XItr ipa and x:,,,, , corresponding to the measurements performed 

by the strips and wires of the CES. Each of these X2's characterize the fit 

of a parameterization of the energy profiles obtained in test bearn data, to 

the measured energy profile along 11 strips or wires. At the trigger level we 

required &,, < 40 and < 45. More than 97% of electrons and photons 

satisfied the requirements on X& and 



X. At least two oppositely charged tracks measured in the CTC with: 

- p ~ .  > 1.6 GeV/c for each track, 

- a t  least one hit in superlayer 8 for each track, 

- matching CFT tracks for the two charged CTC tracks; the extrapolated 

CTC track to superlayer 8 (at radius r = 128.1 cm) should be no more 

than 0.02 rad (- 1.159 away in # frorn the closest CFT track, 

- The # separation between the two matching CFT tracks at superlayer 8 

should be A9 < 0.35 rad, and 

- The two tracks should point one or two wedges away from the seed wedge 

of the photon cluster (the 4 of the tracks at superlayer 8 of the CTC are 

used) . 

XI. Calling 20 the z position of a track at the point of closest approach to the 2- 

suis, we required the arithmetic mean of the zO1s of the two tracks to be within 

70 cm from the nominal interaction point at z = 0. 

XII. Assigning kaon and pion masses to the two candidate tracks, we imposed two 

loose invariant mass cuts: M ( K r )  < 3.5 GeV/c2 and M(7Klr) < 10 GeV/c2. 

The event was also accepted if M ( K K )  < 3.5 GeV/cZ and M(-,KK) < 10 

GeV/c2 in order to accept BI -t h events. 

4.2.3 Trigger tests and performance 

The Run 1B set of requirements were tested on data (taken at luminosity - 3 . lo30  

n - 2 s - L )  that had the Level 2 and Level 3 triggers reporting their decision without 

actually applying it. This gave a sample of events that had al1 the quantities formed 

a t  Level 2 for the usual triggers, including the photon and CFT track lists that were 

of interest to us. The fraction of events sa t i sgng  the penguin trigger requirements 

indicated that the expected cross section of this trigger was - 65 nb (corresponding 
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Figure 4.3: - Left: Trigger mtes as a functzon of instantaneous luminosity (running 

average) for the requirements used in Run IB. Right: Sarne, but for Run 1 C. 

to a rate of - 0.2 HZ at  an instantaneous luminosity of 3 loJO cm-%-') at Level 2 

and .- 14 nb (a  rate of - 0.04 Hz) at Level 3, within the total budget of the Level 2 

and Level 3 trigger rates, as seen in Fig. 4.3. This prediction was verified when the 

penguin trigger algorithms were built and tested as autonomous blocks of the trigger 

logic (see Fig. 4.3 and 4.4). 

The complete penguin trigger was installed on April 13, 1995 under the names 

KSTAR-GAMMA (Level 2) and ELEBKSTARAAMMA (Level 3). As we see in Fig. 4.1, the 

Level 2 penguin trigger cross section was a stronger function of the instantaneous 

luminosity than the Level 3 penguin trigger cross section. Since the trigger tried 

to find the elements of the event that satisfied its criteria without "knowing" if the 

event was the outcome of a multiple pp collision in the given beam crossing, its 

acceptance rate was not really independent of the instantaneous luminosity. Having 

more strict requirements a t  Level 3 decreased the probability for unrelated elernents 

originating from different pfj collisions to satis@ the Level 3 requirements. Thus al1 
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Runn~nq orcroqe ot inst~ntoneorrr iuminasity (1p cm-' J*') 
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Figure 4.4: Left: Trigger rates and cross sections as a fimction of instantizneous lumi- 

nosity (running auemge) for the Run 1 B and 1 C leuel 2 pengvin tr igge~s.  Notice that 

the trigger cross section hus a weaker dependence on the instantaneous hminosity, 

compared to the trigger rate. Right: Sume, but for the ievel 3 penguin triggers. 

the elements (i.e. the photon and two oppositely charged tracks) that satisfied the 

Level 3 requirements usually came from the same pp collision. This fact made the 

Level 3 cross section weakly dependent on the instantaneous luminosity. 

Because of the high acceptance rates at  Level 2 the trigger was prescaled by a 

factor of two whenever the luminosity was above - 21 -10~' n - 2 s - 1 .  However. the 

data loss due to the prescale was minimal; this trigger considered - 22.3 pb-l out 

of the -. 23.0 pb-' of data available. 

The lowering of the electromagnetic energy threshold in Run lC, increased the 

trigger cross section as a consequence. The Level2 and Level 3 rates for the Run 1C 

trigger were - 8 times higher than the ones for the Run 1B trigger, as can be seen 

in Fig. 4.4. The penguin trigger collected 22.3 + 0.9 pb-' of data in Run 1B and 

6.6 f 0.3 pb-' in Run 1C. 
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4.3 Trigger efficiency 

The number of signal events satisfying the penguin trigger is equal to the number of 

such events produced at the BO collision point of the Tevatron, scaled down by the 

efficiency to retain these events in Our sample: 

We can classify the trigger requirements such that its efficiency, Clrimero includes: 

Topology and kinematics: Efficiency of topology and kinematic cuts (e.g., the 

requirement that the photon enters the CEM volume and the requirements on 

the proximity of the penguin decay products), 

EM: Electromagnetic clustering efficiency for a photon in the CES1 with ET > 10 

GeV (> 6 GeV for Run lC), 

XCES: XCES bit efficiency for such a photon, 

CFT: CFT efficiency for the two tracks, and 

L2 isolation: Efficiency of the requirement that there be no CFT track pointing 

to the seed wedge of the photon. From here on ive refer to this as the "L2 

isolat ion" requirement . 

4.3.1 Efficiencies derived from Monte Carlo 

The kinematics and topology of the event are believed to be described adequately 

by the Monte Carlo. For the simulation of the electromagnetic energy clustering 

(both on the trigger level and off-line) we used algorithms similar to the ones used 

on data. Since the simulation has been tuned on the response of the detector to 

real test-beam electrons, we believe that the simulation models the electromagnetic 

energy clustering reliably (see also Sections 3.2 and 3.3.1). 



We generated and simulated Bd + K80y, K'O + K+a- and BI + @y,# + 

K C K -  events with pr(B) > 12 GeV/c (> 6 GeV/c) and ly(B)I < 1.25 in order to 

study the Run 1B (Run 1C) sample. The thresholds on the momenta and rapidity of 

the B mesons were imposed in order to avoid simulating events that had no chance 

meeting the trigger requirements. 

4.3.2 Efficiencies measured wit h data 

For the efficiency of the CFT requirements on the two charged daughter particles 

(K%- or K i K - )  we use the parametric forms derived for non-muon tracks in Run 

1B and Run 1C (see Section 3.3.3 and Fig. 3.6). We simulate the CFT requirement 

for each track by generating a random number between zero and one and. given the 

of the track we consider, we compare the random number with the CFT efficiency 

for this track. If the random number is lower, the track is said to meet the CFT 

requirement . 
Considering al1 the Level 2 and Level 3 efficiencies, except the XCES and the L2 

isolation requirements on the photon a t  Level 2, we see in Fig. 4.5 and 4.6 how this 

part of the trigger efficiency depends on the transverse momenturn of the B meson 

and the photon, for Bd + K'Oy, Ko0 + K'a- events. 

In Fig. 4.7 we see how the lower energy threshold for photons in Run 1C. allows 

the penguin trigger to increase the signal yield substantially. In Table 4.1 we see 

the decrease in the number of Monte Carlo penguin events as a result of the trigger 

requirements. 

The effect of the XCES requirement is determined with the use of the parame- 

terization of this efkiency as a function of ET derived from electrons in Run 1B (see 

Fig. 3.5). Given the ET spectra of the photons in the penguin channels, we obtain 

the XCES efficiencies shown in Table 4.1. 

The fact that any CFT track in the event could cause the stiff-track bit to be 

set for the wedge of the photon, makes our signal-only Monte Carlo inappropriate 
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8; + ~ " y ,  K" + K ' f  (Run 18 trigger) 
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Figure 4.5: a) Monte Carlo events as generated (solid histogram) and after detector 

and Run 1B trigger simulation (dashed histogmm) as a fvnction of generator level 

pr(B) .  The detector and trigger simulation w e d  here do not include the XCES and 

the L2 isolation ( i e .  no CFT truck ut the same wedge as the photon) requirements. 

Theiefore the trigger eficiencies s h o w  here are rnzssing these two efements. b )  Par- 

tial trigger eficiency us. genemtor leuel pT(B) .  c) Monte Car10 events as gene~uted 

(solid histogram) and a jhr  detector and trigger simulation (dashed histogram) as a 

fvnction of genemtor level ET(?). d )  Partial trigget eficiency us. generutor level 

ET(Y)- 
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E3,O + K'O y ,  K" + K* .rr- (Run 1 C trigger) 

As generated - -L - - -  After detector and - ' trigger simulation 
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Figure 4.6: a) Monte Carlo euents as generated (solid hzstograrn) and after detector 

and Run 1C trigger simulation (dashed hzstogmm) as a function of generator level 

pr(B) .  The detector and trigger simulation used here, does not include the XCES 

and the L2 isolation requirements on the photon. The~efore the trigger eficiencies 

s h o m  hem are missing these two elements. b )  Partial trigger eficiency us. genemtor 

leuel a@). c) Monte Cado events as genemted (solid histogmm) and after detector 

and trigget simulation (dashed histogram) as a function of genemtor level ET(r). d )  

Partial trigger eficiency us. genemtor Level ET ( Y ) .  
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0; + K@ y .  K" + K* .rr' (Monte Corlo) 

h(%) (GeV/c) [ as generated I € , ( y )  (CeV) i as generoted 1 

Figure 1.7: - Left: The trigger eficiencies for the Run  1B and Run  1 C implementations 

as a fvnction of the p~ of the B meson. The trigger eflciencies shown do not 

include the XCES and the L2 isolation (2.e. no  CFT track ut the same wedge as the 

photon) requirements. The spectrum of the transverse momentum of the B rnesons 

as calculated by  Nason, Dawson and Ellis [16] is shown as a solid line. Right: 

The (partial) trigger eficiencies foi the Run  IB und Run  1C implementations as a 

function of the transverse energy of the penguin photon. The abilzty to collect lower 

energy photons in Run  îC allows the trigger to reach B mesons at lou~er rnomenta and 

thus increase its signal yzeld substantially due tu the rapidly fallzng pr(B) spectrum. 

to estimate the efficiency of the L2 isolation requirement on the photon. CVe then 

estimate the efficiency of this requirement using the decay l? + e - D o X ,  Do + K-r- 

observed in a sample of events containing electron candidates with ET > 8 GeV. ive 

reconstruct this decay with the cuts mentioned in Section 6.3, making sure that 

the momentum spectra of the B mesons in this channel, match the corresponding 

spectra for the penguin channels. This guarantees that the environment around the 

B mesons is similar between these channels and thus the efficiency for the L2 isolation 
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data. This guarantees that the same luminosity, detector, etc. biases are present in 

both samples. 

We look for any CFT track (other than the electron and the possible kaon and 

pion CFT tracks) that falls on the seed wedge of the electron and thus would have 

set the stiff-track bit to be on. Comparing the resulting number of events with the 

number of events before the L2 isolation requirement, we estimate the efficiency of 

the L2 isolation requirement to be (59.2 & 7.4)% in Run 1B and (84.6 + 12.2)% 

in Run 1C for B + ë D 0 X ,  Do + K-ri  decays. (see Fig. 1.8 and 4.9). The 

reconstructed events from this decay chain result mostly from Bc mesons, whereas 

the penguin decays originate from Bi and Bf mesons. These B mesons result from 

the hadronization of b quarks, which at the fragmentation process combine with u ,  

d or s quarks respectively. Differences in the fragmentation processes could result 

in different isolation efficiencies between the B -t e-Do X ,  Do + K-n' and the 

penguin channels. Furtherraore, contrary to the penguin channels, + e - D o X .  

Do + K r +  is not a fully reconstructed decay and the extra particles could result in 

lower L2 isolation efficiency compared to the penguin channels. CVe use the PYTHIA 

Monte Car10 program [54] to generate these decays along with the rest of the pp 

collision outcorne. The resulting particles are then fed through the detector and 

trigger simulation (see Sections 3.2 and 3.3) and the L2 isolation efficiencies are found 

to be higher for the B: and BI penguin channels by (4.7 k 2.0)% and (6.8 i Tl)% 

respectively. From the L2 isolation efficiencies rneasured with the B + e- DoX. 

Do + K-RI channel, mentioned above, we infer the ones appropriate for the penguin 

channels, shown in Table 4.1. 

Including the efficiencies for the XCES and the L2 isolation requirements, we 

estimate the combined efficiency for the Level 2 and Level3 Run 1B penguin trigger 

to be (1.72 k 0.22)% for B: mesons of pr > 12 GeV/c and ly( < 1.25 subsequently 

decaying to Ke0y. The corresponding efficiency for Run 1C is (0.941::::)% for B: 

mesons of > 6 GeV/c and 1 y1 < 1.25. 



Run 16 16.2 pb-' 

Figure 4.8: Run 1B M ( K n )  distribution with the kaon having the same charge as 

the electron, indicating the reconstruction of the B + e - D o X ,  Do -t K-r i  decay 

chain. The solzd histogram shows the events that satisfy al1 the cuts mentioned in 

Section 6.3, before the application of the requirements (rn) and ( p )  i n  that section (i.e. 

the isolation requirement on the electron ut L2 and the B isolation requirernents). 

The dashed histogram shows the events that survive the L2 isolation requirement. 

The signal was reconstructed with data that required an electron with ET > 8 GeV 

at the trigger level. Due to different prescale factors, the trigger that looked for such 

electrons collected a smallet frBction of the available events, than the penguin trigger 

did; the penguin trigger collected - 22 pb-' of data i n  Run IB, uihile the ET > 8 

GeV electron trigger collected - 16 pb-l d ~ n n g  the same time pen'od. 



Run 1C 

- Al cuts ercept L2 and B isolation 
- - - - All cuts except 8 isolation - 

N(signai) = 40.9 f i 0.9 events : 

Figure 1.9: As in Figure 4.8, but for  Run 1 C data. 

In exactly the same way, the combined eficiency of the Level 2 and Levei 3 Run 

1B penguin trigger is found to be (2.58 * 0.33)% for BI mesons of pr > 12 GeV/c 

and lyl < 1.25 subsequently decaying to @y. For Run 1C the trigger efficiency is 

(1.36?::$;)% for BI rnesons of p~ > 6 GeV/c and lyl < 1.25. 

The trigger efficiencies as well as the number of signal events expected to meet 

the t rigger requirement s are summarized in Table 4.1. 
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4.4 Expected signal yield of the penguin trigger 

In order to get a feeling for how many penguin events are expected to be recorded by 

this trigger we first calculate the number of penguin decays expected to have been 

produced with pr(B)  > 12 GeV/c (> 6 GeV/c) and ly(B)I < 1.25 during the data 

collection in Run 1B (Run 1C). We first get the measured cross section of [48]: 

Then, we use the rapidity spectrum of B mesons as calculated by Nason, Dawson 

and Ellis [16] (see Fig. 3.1) to obtain the fraction of B mesons with 1 < < 1.25 

and we calculate: 

The nurnber of penguin events expected to be produced from both Bd and B: 

decays, assuming the CLEO branching ratio of (4.0 I 1.9) for B: + h"'7 [32] 

and B(Kmo -t PT-) = 213, is then estimated to be: 

2 370 k 196 events per 22.3 f 0.9 of Run 1B data 

(originating from B: and B: mesons with p~ > 12 GeV/c, / y1 < 1.?5), 

and 

= 1024 f 541 events per 6.6 rt 0.3 ~ b - '  of Run 1C data 

(originating from B: and @ rnesons with > 6 GeV/c, 1 y1 c 1.25) (4.4) 

Assuming the production cross section of BI mesons to be 113 of that for the 

production of Bd mesons [48], the unmeasured branching fraction B(B: -t @/) to be 



98 CHAPTER 4. THE "PENGUIN" TRlGGER 

equal to the branching fraction B(B: + K"?), and B(4 + K'K-) = (49.1 osa)% 
[4], we estimate: 

2 91 f 48 events per 22.3 k O.Spb-' of Run 1B data 

(originating from B: and mesons with pr > 12 GeV/c, lyl < 1.25), 

and 

E 251 rt 133 events per 6.6 I 0.3 of Run 1C data 

(originating from B: and B,O mesons with pr > 6 GeV/c, 1 y1 < 1.25) (4.5) 

Combining the number of penguin events expected to be produced with a > 12 

(> 6) GeV/c and 1 y1 < 1.25 and the efficiencies calculated in the previous section 

(see also Table 4.1), we expect that the 22.3 (6.6) pb-' of data collected during Run 

1B (Run lC), should contain 6.4 3~ 3.5 (9.6 k 5.3) B: + Ka'-,, K'O + K - R -  events. 

The number of Bf + h, @ + K f K -  events is expected to be 2.3 k 1.3 (3.41::;) in 

the 22.3 (6.6) pb-' of data collected during Run 1B (Run 1C). 

The number of signal events expected to meet the trigger requirements are sum- 

marized in Table 4.1. 



Chapter 5 

Data Select ion 

In the previous chapter we described the specialized trigger that collected "penguin- 

like" events. We conciuded that we expect around 6 Bd + Kg*-/ events and - 2 

B: + events in the Run 1B sample of 22.3 pb-' of integrated luminosity In 

the 6.6 of data collected during Run 1C we expect that the penguin trigger 

collected -- 10 B: -+ K'Oy events and -- 3 Bb -t events. These signal events are 

a very small fraction of the events collected by the penguin trigger though; almost 

.- 3 x los (- 5 x los) events were collected by the penguin trigger in Run 1B (Run 

1C). Recall that the Level 3 penguin trigger accepted events at a cross section of 

- 13 nb (5 85 nb) in Run 1B (Run 1C). 

In this chapter we will first describe briefly the standard manipulation of data 

after they were stored on tape. Subsequently we will describe in detail the require- 

ments imposed on the data in the effort to extract the events containing penguin 

decays Erom the plethora of non-signal ("background") events. The ability of the 

requirements to enhance the signal-to-background ratio will be demonstrated wit h 

the invariant mass plots of the B meson candidates. 
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5.1 "Production and splitting" of data 

Following an acceptance signal from the third level of the trigger (Level 3), the data 

acquisition system mites the data on 8mm tape. The data were then processed by 

"production" progams t hat reconstructed physics objects (electrons, photons, etc.) 

from the electronic signals of the detector in a way similar to Level 3. The produc- 

tion stage was initiated some time after the event was written to tape. Therefore it 

is an "off-line" process, as opposed to the "on-line" manipulation of data from the 

trigger. At the production stage the information about the condition of the detector 

(calibration and alignment constants) was more precise than the information avail- 

able a t  Level 3. Furthermore, since the processing time was not as big a constraint 

at the production stage as it was at the trigger level, the time-demanding tracking 

algorithms used a t  the production stage were more sophisticated than the Level 3 

ones. 

The production programs were executed on a "farrn" of Silicon Graphics Inc. and 

IBM cornputers that also ran "splitting" programs which classified and stored the 

events into different, but not mutually exclusive. data sets, according to different 

analysis criteria (e.g., events that contain at least one high energy electron. events 

that contain high energy jets, etc.). Usually these criteria were the logical "OR" of 

the decisions of a subset of the Level 3 triggers. The production and splitting farrn 

processed events a t  a rate of approxirnately 1.3 million per week. 

The events that satisfied the penguin trigger were put on a separate data set 

named KSGB, derived from KStar Gamma at stream B. There are three bLstreams'' of 

data at CDF, indicating the priority at which events were put through the production 

and splitting procedure. Stream A marks events that were processed shortly after 

they were collected because of their high priority, such as the events that had a high 

energy electron or muon, missing energy and jets; these events were used to look for 

production of top quarks. There are around 3.3 million events in stream A. Stream 

C contains almost 27 million events that were collected with low energy thresholds 
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and high prescale factors. These events had the least priority and were processed 

several months after they were collected. Stream B contain most of the events (-. 65 

million) and were processed typically about a month after t hey were collected. Most 

of the analyses done on B mesons use stream B data. The KSGB data set is part of 

the stream B data set. 

5.2 General strategy for signal reconstruction 

Clearly the signal events are a very small fraction of the total number of events 

collected by the penguin trigger. Nevertheless, there are some characteristics of the 

signal events that can be exploited in our effort to identify t hem and reject most of 

the other (i.e. "background") events. 

We start by selecting reasonable photon candidates and good quality tracks re- 

constructed in the SVX and the CTC. We also make sure that the photon candidate 

and the two tracks meet the penguin trigger criteria. In Section 5.4 we discuss 

the means for discriminating signle photons in the calorimeter against multi-photon 

showers, mainly from r0 + yy decays. 

We then require the tracks to be consistent with the hypothesis of originating 

from a common point (called "secondary vertex" ), which should be the case for 

tracks originating from a common parent particle (e.g., Ko0 or 4). In addition, the 

mass of the combination of these two charged particles is required to be close to the 

m a s  of the hypothesized parent particle (e.g., the mass of the K-K- pair must be 

close to the mass of 4 meson). 

If the photon and the two charged particles selected so far are indeed the penguin 

decay products of a B meson, the mass of this three body system should be close to 

the B meson mass. We ask for this to be the case for the three body system selected 

so far. 

Apart from the requirements on the masses of the two-body and three-body com- 
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binations we have some extra handles to reduce the background. The long lifetime 

of a B meson1 gives it a good chance to travel away from its production point before 

it decays. This means that its decay products originate from a "secondary7' ver- 

tex which is separated from the "primary" pfj interaction vertex (in the vicinity of 

which the B meson was created). On the other band most of the particles traveling 

through the detector volume originate from the "primary" pp interaction vertex. We 

therefore place some requirements that select events where the decay point of the B 

meson is detached from the pp interaction point. 

Since we reconstruct al1 the B decay products, it is expected that the momentum 

of the three-body system points along the B flight path, from the primary and the 

secondary vertices. On the contrary, the combinatoric background should show no 

such "alignment", and should be easily discriminated from the signal events. 

Furthermore, it is expected that b quarks fragment in a way that the resulting B 

mesons carry most of the available energy ([55]). Therefore a B meson is isolated from 

activity around it and we exploit this fact in order to further reduce the background. 

5.3 Backgrounds 

The general strategy outlined above is designed to select B-like events. Nevert heless. 

apart from the non43 events and the combinatoric background, there are some B 

decay modes which can fake the penguin signals and it is more difficult to discriminate 

against them. 

However, the lack of significant number of penguin candidates in the present 

analysis (see end of this chapter) dictates the extraction of upper limits for the 

penguin branching fractions. In this case the conservative approach is to assume 

that the observed events be due to the signai process only. Le., no background 

subtraction is necessary. Nevertheless, we briefly discuss six sources of background 

' r (Bd)  = (1.56 k 0.04) ps and s (B:)  = (1.54 i 0.07) ps [4] 
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to the B: -t K'O y decays for cornpleteness: namely, B: -+ KI (1270)Oy, B: + K'On0 , 

B: -r po, BI -t Kooy, BI +- Kaono, and B: + py decays. 

For Bd -t decays a similar discussion can be held, but the level of background 

after al1 selection criteria is so small, that we do not go into details for this channel. 

B decays which result partly in y K' (892)O combinat ions (i.e., higher mult iplicity 

modes) can fake B: + Km0y decays, if we only reconstruct the 7 K ' ( ~ 9 2 ) ~  part. 

Naturally then, the reconstructed ?K0(892)0 mass will be lower than the Bj mass. 

Decays like Bj + K1 (1270)~y, K1 (1270)~ + K * ( ~ 9 2 ) ~ 7 r ~  are difficult to distin y i sh .  

if we fail to detect the xo. However, simulations of such decays show that the 

yKo(892)O mass resolution is adequate to reject this background; less than 15% of 

these events fa11 in a two sigma window around the B mass [56]. Furthermore. 

the branching fraction for Bj + K1(1270)Oy is expected to be less than that for 

B: + Km0y, and B(Kl(1270)0 -t K'(892)0r0) - 10%. Therefore, the contribution 

from this kind of background is expected to be small. 

Bd -t Kaos* and B: + p r o  decays occur less often than Bj + K'Oy decays: 

B(Bd + Kooy) - 4 x IO-=, while B(B: + K'Or0) < 2.8 x 1 0 - ~  and B(B: + 

p r o )  < 2.1 x 1 0 - ~  (41, so these decays do not dominate the electrornagnetic penguins. 

The neutral pion tends to be reconstructed as a single energy cluster in the CEM 

calorimeter, but, as explained in the n e b  section, the CES chambers measure the 

shower profile and they can be used to discriminate single photons from multi-photon 

showers. Because of the low level of signal and background, we impose ioose require- 

ments on the shower shape variables. However, should there be a substantial signal 

and background level observed, we can suppress the fraction of multi-photon showers 

sat isfying the selection crit eria by imposing tighter requirements on t hese variables. 

There are several reasons why BI + Ko0ro and B: -t Ka0y decays should not 

be a considerable background in the present analysis; ( i )  BI mesons are produced 

approximately three times less often than Ba mesons [4, 201, (ii) such decays result 

from b + t + d, instead of b + t -t s transitions and they are suppressed by the 
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CKM matrix element ratio ( I & d l / l & ,  1 ) 2  < 14% (see Eq. 1.2, and (iii) the Kaor and 

Koono combinations will yield the BI mass, which is = 90 MeV/c2 higher than the 

Bd m a s  [4]. Even if the mass resolution of - 100 MeV/c2 in this analysis is not 

adequate for an event-by-event separation, a stat istical separat ion can be performed. 

Rirthermore, the shower shape variables can be used to suppress a large fraction of 

Bf + K'Oro decays, as discussed in the next section. 

B: -+ po y followed by po + T+K decays, result in K r  and y K n  mass distribu- 

tions resembling the corresponding distributions from B: -t K'Oy decays, when one 

of the pions from the decay is misidentified as a kaon: the KT mass peaks - 100 

MeV/c2 higher than the K0(892)0 mass with a sigma of .- 50 LIeV/c2 and the  KT 

mass peaks .- 100 MeV/c2 higher than the Bd mass with a sigma of - 100 hleV/cz. 

Furthermore, the d E / d x  energy loss in the drift chamber can provide separation be- 

tween kaon and pions at the la levei in the momentum range we are triggering on. 

Therefore, a statistical separation can be performed between the B: + Keo7 and 

B: + poy decay modes, i.e., the relative contributions can be extracted. In addition. 

since B: -t decays result from b -+ t -+ d, instead of 6 + t + s transitions, they 

are suppressed by the CKM matrix element ratio (I&(/l&,1)* < 14%. Thus, they 

are not expected to dominate the BI: -t Ko0y decays. 

5.4 Photon criteria 

Out of al1 the energy clusters in the central calorimeter we select the ones that are 

consistent with being electromagnetic showers. Since electrons and neutral pions 

produce electromagnetic showers as well, we require t hat the candidate clusters are 

inconsistent with being electrons and we apply cuts which are as efficient as possible 

and also enhance the fraction of single photons in the sample of selected photon 
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candidates2. The requirements to select single-photon candidates follow the standard 

CDF photon selection criteria [57] and are listed in detail below for completenesç: 

We first reinforce the penguin trigger requirements on the candidate photon 

clusters: e.g., requirements on minimum cluster energy, XCES information, 

lack of energetic tracks pointing to the çame 15' #I slice as the calorimeter wedge 

of the photon candidate etc. (refer to Section 4.2.2). We then discard electron 

candidates by demanding that there is no three-dimensional track associated 

with the electromagnetic cluster. T'racks found in the CTC are extrapolated 

to the face of the CES; if they extrapolate to a cluster of energy in the CEM, 

this cluster is classified as an electron candidate, otherwise it is called a photon 

candidate. 

2. We correct the energy of the cluster for detector effects according to the re- 

sponse maps of the calorimeter towers (58, 591. Correction are also applied to 

compensate for gain variations which could result from changes in the photo- 

multiplier gain or from a decrease in the transparency of the scintillator plates, 

and thus a deterioration of the light collection efficiency. The transverse energy 

of the cluster was then required to be ET > 10 GeV in Run 1B data and ET > 8 

GeV in Run 1C data. Recall that due to limitations a t  the trigger bandwidth. 

we have required the decay products of the B meson to be quite energetic. 

This means that we collect a reduced number of signal events but this is not 

necessarily a disadvant age; the charged part icles originating from penguin de- 

cays are more energetic than the random tracks collected by the trigger (see 

F i .  1 )  Thus cutting high on the of the candidate tracks enhances the 

fraction of signal events among the surviving ones. Xevertheless, even though 

higher energy requirements on them could get rid of more background events 

and would probably enhance the signal-to-background ratio on the events that 

'Electromagnetic showers can also originate fiom d' + ?y, q -t 77 or 37r0, and Ky -t 2rr0, 

foilowed by r0 -+ 77 decays. 
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Figure 5.1: Cornparison of pr and ET spectm for tracks and photons collected b y  

the penguin trigger in  Run ! B  (solid hzstograms) and from simulated penguin decays 

(dashed histograms). Pengvin decays result in photons that are as energetic as the 

photons collected by the trigger. Charged particles from penguin decays have on 

auemge 1 GeV/c higher pr values than the tmcks in data. Over the ET and pl. 

values shown. the tngger ejîciencies u a y  only slowly. 

survive, the number of expected signal events would be very small to claim any 

reliable observation of the penguin decay channel. Therefore we are not keen 

to raise the energy requirements on the decay products higher than the trigger 

requirements. 

For Run 1C though, we raise the ET threshold from 6 GeV to 8 GeV. The 

reason is that in order to reduce the systematic uncertainties in the penguin 

branching fraction, we will eventually form a ratio of branching fractions be- 

tween the penguin channel and the B -t e - D o X ,  Do + K-r' channel, which 

has a similar decay topology. Given the topological similarities between the 
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penguin and the B -t e-DoX channels, an appropriate choice of the various re- 

construction requirements will result in systematic effects affecting the ratio of 

branching fractions much less than the individual branching fractions. There- 

fore we require the photon candidate in the penguin decay to have ET > 8 

GeV because this is the lowest ET requirement that can be imposed on the 

electrons of the B + e-DoX decays; the energy requirement for electrons at 

the trigger level was ET > 8 GeV, during both Run 1B and Run 1C. 

3. As a t  Level 3, we place an EHAD/EEbf  cut (see Section 4.2.2 and Fig. 5.2) 

by requiring the cluster energy deposited in the CHA (EHt lD)  to be less than 

10% of the energy deposited in the CEM ( E E b f ) .  This requirement is geared 

towards rejecting energetic hadrons which usually have a substantial fraction 

of their energy deposited in the CHA, since hadronic showers develop with a 

much longer longitudinal scale t han electromagnet ic s howers. 

4. The photon candidates face more requirements t hat select "electromagnetic- 

tike" showers. First we ask that the energy sharing between the towers that 

contain the cluster be consistent wit h the expectations for an electromagnetic 

cluster. We require LseR < 0.2 (see Section 4.2.2 and Fig. 5.2). 

5. We also ask that the energy sharing between the wires and strips of the CES 

be consistent with the expectations for a single-photon shower. The compar- 

ison is expressed in terms of two x2's; each one corresponding to the mea- 

surements performed by the strips (X~,,ips) and the wires (xtire,) of tAe CES 

(see also Section 4.2.2). Naturally then, single photons yield Iow x2 values 

(see Fig. 5.2), while hadronic or multi-photon showers yield higher values. We 

require x : ~ ~ ~ ~ ~  < 10 and X~ir , ,  < 10 (see Fig. 5.2). 

These requirements have high efficiency in retaining single photons (- 89%) and 

rejecting hadronic showers ( e g ,  due to charged pions). They also retain a fraction of 
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O.? 

5.2: Cornparison of calorinteter based (EHAD/EEAI and LSHR) and strip Figure 

chamber based ( ~ f , , ~ ~ ~  and ~ i ~ ~ ~ ~ )  shower shape variables for electrons from 

B -+ e - D o X ,  Do + K-a' decays i n  Run 1B (open squares) with Monte Carlo (solid 

circles). The Monte Carlo events (pp + bb) were genemted with the PYTHI.4 

event generator and were subsequently fed thmugh the detector and trigger simu- 

lation. Sànce the electtornagnetic showers developed by electrons are uery sirnilar to 

the ones deueioped by photons, the distributions s h o w  serve as a justification for 

the cuts chosen for the photons and electrons frorn the penguin and B -t e - D o X ,  

Do + K-ri channeis. The arrows indicate the values below which candidate photons 

and electrons are accepted. 
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electromagnetic showers induced by neutral pions from no -t yy decays. Such multi- 

photon showers are the dominant background to single-photon showers, and they 

have, on average, higher values for the shower-shape variables and xiir,,) 
than showers induced by single photons [57]. However, the fraction of accepted 

mult iple-photon showers from neutral pions increases wit h the momentum of the 

pion because the separation of the resulting photons decreases. For example, the 

efficiency of the X:,i,, < 10 and x$,., < 10 requirements for pions relative to 

that of single photons is - 65% for ET = 15 GeV whereas for ET > JO GeV 

it is almost 100% 1571. Requiring lower &, and xLire, values provides better 

discrimination between single- and multi-photon showers; for example, requiring 

2 xStrip, < 5 and < 5 results in the efficiency for pions relative to that of 

single photons be 5 35% for ET = 15 GeV [57]. However, the level of background in 

the present analysis did not require such action to be taken. In Fig. 5.2 we show the 

cornparison between simulat ed single-electron showers and data from B + e - DoX 

decays. The plots serve as a justification for the requirements on single photons. 

because single electron showers resemble those of single photons. In Ref. (571 one 

can find a cornparison of the values of the shower shape variables for single- and 

multi-photon showers. 

6. In order to have a reliable measurement of the photon cluster propenies we 

require it to be located in the "good" fiducial volume of the central calorimeter 

The seed tower of the cluster should not be the highest jql tower (#9) which 

has a smaller dept h (in radiation lengt hs) than the rest of the CEhI towers and 

thus contains a smaller fraction of the cluster energy in the CEM Therefore 

we only consider towers O - 8. We also neglect the cluster if the seed tower is 

the "chimney" tower which is not fully instrumented, since the cooling system 

of the solenoid uses part of its volume. 

'Penguin photons in Run 1B (Run 1C) have an average ET of - 14 (12.5) GeV. 
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7. We also require the cluster to be away from the edges of the CES fiducial 

region by requiring 9 cm < lZcEsl < 230 cm and lXcEsl < 21 cm (refer 

to Section 2.2.4 for the CES coordinate system) as the minimal fiducial cuts 

necessary to get a t  least half of the photon shower profile measured by the CES 

and t herefore have some confidence in the resulting x2 's calculat ed. 

These fiducial requirements reject - 3% of the photons, and thus the overall 

efficiency of the photon quality criteria (cuts # 3 to 7) is -- 86%. 

5.5 Track Criteria 

The reconstruction of the trajectories of charged particles and a reliable measurement 

of their momenta, requires a knowledge of the rnagnetic field inside the tracking 

volume of the CDF detector. The nominal value of the magnetic field used for Run 

1B and Run 1C is 1.4116 T. This value was corrected with more than a thousand 

measurements of the magnetic field in the central detector during the course of data 

taking. The corrections were typically less than 0.17% [60] and each measurement 

had an uncertainty of 2 x 1 0 - ~  T [61]. 

We ask for two tracks which meet the standard CDF charged-particle reconstruc- 

tion criteria [53] and also satis& the topology imposed a t  the trigger level. The 

quality criteria on the tracks reduce the cases where a poor track measurement mis- 

leads us to consider an irrelevant track as a candidate penguin decay product. The 

criteria imposed on the tracks are listed below in detail for completeness: 

8. Each candidate track should be measured by a t  least two of the five axial CTC 

superlayers with at least four hits each. It should also be measured by at least 

two of the four stereo CTC superlayers with at least two hits each. 

9. In order to have al1 candidate tracks going through al1 of the CTC layers and 

thus being considered on equal footing, as far as the previous requirement is 



concerned, we require that the radius a t  which each track crosses the end-plate 

planes of the CTC be more than 130.0 cm. Recall that the outermost sense 

wire is a t  a radius of 132.0 cm and the mean radius of the last CTC superlayer 

layer is 128.1 cm. 

10. We then make sure that the candidate tracks have the characteristics required 

by the penguin trigger. Each track reconstructed so far (found "off-line" in 

the penguin data set) should have a matching track found on-line by the CFT; 

extrapolating the off-line track to superlayer 8 there should be a matching CFT 

track within AC$ < 0.008 rad (5 0.45*), i.e. the track should extrapolate no 

further than the immediate neighbors of the CFT seed wire. 

11. We require the matching CFT tracks to point towards the immediate or the 

next to the immediate neighbor of the seed wedge of the photon cluster. The 

4 distance is calculated in 15" bins and the # of the CFT track (at superlayer 

8) is required to be one or two bins away from the 4 of the seed wedge of the 

photon cluster. 

12. We then check the tracks selected so far in pairs and we require the matching 

CFT tracks to have A4(trackl,  track2) < 0.31 rad a t  superlayer 8. 

13. Each pair of tracks considered should consist of oppositely charged tracks. The 

charge of a track is assumed to be either +1 or - 1 depending on the direction 

the track bends in the magnetic field of the solenoid. 

14. Knowing the magnetic field in the tracking volume, we deduce the thee-momenta 

of the tracks from the parameters of their helical trajectories. The transverse 

momentum of each track is required to be above 2.0 GeV/c. This is around 

the 50% efficiency point for a track to be reconstructed a t  Level 2 by the CFT 

(see Fig. 3.6). 
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15. By default al1 the tracks are reconstructed using information in the CTC and 

the VTX. Their helical trajectories are then extrapolated back into the SVX 

and a road algorithm identifies hits in the SVX that are associated with the 

track. If more than two associated hits are found in the SVX, the track path 

is re-fit using the information available from al1 tracking detectors (SVX, VTX 

and CTC). The increase in the XZ of the track fit due to the inclusion of the 

SVX information is then calculated, and we cal1 it the SVX x2. Each track used 

in t his analysis is required to have at least two SVX hits and SVX y2/hit < 6.0. 

The SVX facilitates the reconstruction of tracks close to the beam line and we 

can thus tell if a track came from the beam line or not with an uncertainty of a 

few tens of micrometers (refer to Section 2.2.2). Due to the long lifetime of B 

mesons, the decay products of energetic B mesons have a high probability to 

not originate from the beam line. Later on we will use this fact to significantly 

reduce the background and the precision of the SVX information is essential 

for that. 

The efficiency to reconstruct a track in the SVX: meeting the quality criteria 

described above, is - 62%, mainly due to the incomplete coverge of the luminous 

proton-antiproton collision regioo (a 2 30 cm) by the sillicon vertex detector. Once 

one of the two penguin tracks is reconstructed, the second one meets the same 

quality criteria with 90% efficiency. The combined efficiency for both tracks is thus 

- 56%, and on top of this we have to consider the .- 88% CTC pattern recognition 

efficiency [53], which is included in the efficiencies quoted above. 

Apart from the quality critena imposed on the photon and the tracks, the off- 

line kinematic requirements' are not satisfied by al1 photons and tracks sunlving 

the trigger selection, because of the non-zero trigger efficiency for objects below the 

off-line energy cuts. For example, B: + Koo7 events survivng the off-line kinematic 

requirements with a -- 92% efficiency in Run 1B. 

' p r  > 2 GeV/c for the kaon and pion and &(r) > 10 (> 8) GeV in Run 1B (Run IC). 



5.6. K'O -t Kf n- AND -t Kf K -  RECONSTRUCTION 

5.6 K*O + K%- and 4 + K+K- reconstruction 

The CDF detector does not provide sufficient information to  identify a track as a 

pion or a kaon. Therefore we consider al1 candidate tracks and we assign the mass 

of a charged kaon (493.65 MeV/c2) or a charged pion (139.57 MeV/c2) [JI to them. 

LVe then combine the four-momenta corresponding to each pair of tracks. In 

cases where the two charged particles are the only daughters of a common parent 

and the mass assignments are correct, the mass of the combination should be near 

the mass of the parent particle. If the two tracks were unrelated, the mass of the 

combination is a random number within the constraints of the kinematics of the 

combined tracks. Since we do not consider al1 tracks as possible candidates, but 

only the ones with pr > 2 GeV/c, the fraction of signal to random combinatorial 

background is enhanced (refer to Section 5.4 and Fig. 5.1). 

In addition to this combinatorial background, the randorn mass assignment to 

each track, can result in significant increase of the combinatorial background. In our 

case, the 4 -t K +  K-  decay is reconstructed using al1 track pairs of opposite charge 

using only the K+ K -  mass assignment. We t hus have one possible assumption per 

track pair and just the random combinatorial background. On the other hand, Ne 

reconstruct the Keo -+ K'n- decay using al1 track pairs of opposite charge with both 

the Kin- and the r rK-  assurnptions, resulting in two possible combinations per 

track pair. In order to reduce the combinatorial background due to this KIT mass 

assignment ambiguity, we select the hypothesis that results in a combinat ion mass 

M ( K + r a )  nearest the K'(892)O world average mass [4]. We thus avoid increasing 

the combinatorial background by a factor of two, while we guess right for 83% of 

Keo -t K + n d  decays. The success rate increases to 88% once we coosider the track 

pairs with a combined K'K or niK- mass within 75 MeV/c2 of the world average 

Ke(892)0 mas.  

In Fig. 5.3 we see the mass of the KCr- and Kf K -  combinations after the track 

quality criteria were imposed on the penguin trigger data (KSGB data set). We 
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display both the Kf r- and r i  K- assignments per two-track combinat ion, since a 

selection such as the one described above would create an enhancement around the 

Ke(892)0 world average mass even if there was no K'(892)O + Kir- decays in 

the data. The K'(892)' resonance is quite visible in these plots, exactly where it is 

expected (see Fig. 5.4). 

In order to further reduce the combinatorial background, we constrain the two 

tracks to meet a t  a common point at which a possible parent particle decayed into the 

two charged particles under consideration. CVe cal1 this point the "secondary vertex" 

in contrast to the "primary vertex" which is the point where the parent pp interaction 

occurred. The track parameters are varied around their central values, within their 

uncertainties, in order to fit the common vertex hypothesis; the vertex with the 

lowest x2 is considered to be the secondary vertex of the two tracks. Combinations 

of tracks that are far away from each other are thus discarded and only combinations 

of two tracks that satisfy the secondary vertex hypothesis are retained. Furthermore 

we calculate the confidence level of the vertex constraint , C. L. (x2). Combinat ions 

of tracks that originate frorn a common parent should have the confidence ievels of 

the fit distributed evenly between zero and one, if their X 2  are distributed according 

to a true X2 distribution. On the other hand, combinations of tracks that have bad 

x2's for the common vertex hypothesis, have low confidence levels for the fit. We 

therefore require C.L.(X2)  > 0.01 as a mean to get rid of most of the combinations 

of random tracks. 

In Fig. 5.3 we see that the vertex constraint and the C.L.(x2) > 0.01 requirement 

improve the signal-to-background ratio for K'O + Kf n- and 4 -t K'K- decays. In 

Fig. 5.5 we see the distribution of masses for n f r -  combinations and the C.L.(x2) 

dis tributions for background, signal-plus- background, and signal-only r'r- vertex 

constraint fit. 

Since we look for the decays Keo + K+T- and # -t K'K-, we retain two-track 

combinations with masses in the vicinity of the hypothesized parent meson mass. 
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Figure 5.3: Mars of K+rr- (ZeflJ and K + K -  (nght) combznations for tmcks meeting the 

truck quality ~ R t e n a  an the KSGB data set. The enhancements amund 1 G ~ V / C *  in the 

Mass(K'rr-) distributions are due lo a-n- pairs h m  p(770) -+ nf n- deeays, where one 

of the pions was ussigned the kaon mass. The arrovs indicate the mass windows used for 

the identification of 4(1020) or ~ ' ( 8 9 2 ) ~  decays. 
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Figure 5.4: Mass of K + a -  and/or r 7 K -  combinations combinations for tracks 

meeting the tmck qvality criteria in Monte Carlo events. The arrows indicate the 

mass window used to identzfy K ' ( ~ 9 2 ) ~  -t K + x -  decays. 

Specifically, we require M ( K f  K - )  to be within a 20 bIeV/cZ window centered a t  

the world average #(1020) mass of 1019.4 &leV/c2 and M(Kon-)  to fa11 within an 

150 bIeV/c2 window centered at the world average K'(892)' mass of 896.1 'IIeV/c2 

[4]. These mass windows were found to be 86.5% efficient for 4 + K'K- decays 

and 84.3% efficient for K'O -t K+T- decays. Given the inefficiency of assigning 

the kaon and pion masses correctly to the K0(892)0 decay products, 74.2% of the 

K'O -t K'a- decays are reconstructed with masses within *75 MeV/c2 from the 

world average K'(892)O m a s .  The intrinsic widt h, l? = 50.5 MeV [4] dominates the 

line shape of the K0(892)* resonance, giving it a characteristic Breit-Wigner shape, 

with the experimental resolution being significantly less. The 4(1020) resonance has 

also a Breit-Wigner shape, since the experimental resolution is comparable wit h its 

intrinsic width of l? = 4.4 MeV (41. 

Apart from retaining only combinations that are consistent with the K ' ( ~ 9 2 ) ~  and 

4(1020) parent hypothesis, we reject combinations which are consistent with the more 

populous K o  -+ r+r- decay and contribute some of the background in the K'(892)' 
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the confidence levei requirernent for the cornmon vertex hypothesis. The arows  indicate 
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background subtmcted distribution takes carr of the different widths between the signai and 

sideband mass windows. 
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case. The reason is that a Ko -t n+r-  decay can have the two track combination 

resulting in KCx-  or n+K- masses inside the window used to select Ko0 + K + r -  

decays, whereas al1 K + K -  combinations result in masses outside the 4(1020) mass 

search window. We t herefore retain only combinations wit h M ( r i n - )  outside an 

approximately four sigma window ( I l 5  MeV/c2) centered at  the world average Ko 

mass of 497.67 MeV/c2 [4]. This requirement rejects 4.6% of the Km0 -t Kin- 

decays and none of the # + K + K -  decays. 

In surnmary then, we reconstruct K'O -t K%- and 4 -t K'K- decays using 

tracks that meet the track quality criteria described in the previous section and we 

enhance the signal-to-background ratio by the following means: 

16. We constrain each pair of candidate tracks to intersect at  a common vertex 

and require the confidence level of the constrained fit to be C.L.(x2) > 1%. 

17. We retain only two-track combinations that are consistent with K'O + K'rr- 

and q5 + K - K -  decays by requiring IM(K'a-) - i&DC(K'(892)0)1 < 75 

MeV/c2 or [ M ( K +  Kd) -,ir/IPDc ($(1020)) 1 < 10 MeV/c2, with MPDc indicating 

the world average masses according to Ref. [4]. Given two oppositely charged 

tracks, we consider as correct the mass assignment (K'r-  or aTK-) which 

results in a two-track mass closer to the world average K8(892)' m a s .  

18. K ' ( ~ 9 2 ) ~  candidates are considered the two-track combinations that are in- 

consistent with the Ko + rfn- decay, because such decays "reflect" in the 

Km(892)* mass window specified above, when one of the tracks is assigned the 

kaon mass. We require IM(nYa-) - MpDc(Ko)I > 15 MeV/c2. When both 

tracks of the Ko + nin- decays are assigned kaon masses, the Ko i n+*- 

decays "reflect" at masses above 1 .O6 GeV/c2, well outside the aforementioned 

4(1020) mass window; in this case we do not reject two-track combinations 

with IM(x+r-) - 1MpDG(Ko) 1 < 15 MeV/c2. 
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5.7 B meson reconstruction 

We reconstruct B meson candidates by forming combinations of the photon candi- 

dates with either K'(892)O or #(1020) candidates. 

In Fig. 5.6 we show the mass distributions for the three body combinations 

7K7*- and 7 K f K -  after the selection of photon, K'(892)' and #(1020) candidates 

in the KSGB data set, according to the criteria described in the previous Sections 

(5.4, 5.5, and 5.6). It is clear that there is no apparent clustering of events around 

the Bd or BI meson masses of 5.2792 GeV/c2 and 5.3693 GeV/c2 respectively [4]. 

We therefore have to use some characteristic features of the B mesons in order to 

reduce the background and enhance the signal-to-background ratio. 

As outlined in Section 5.2, we make use of the long lifetime of B mesons. r(Bd) = 

1.56 ps and r(B:) = 1.54 [4]. In Fig. 5.7 we see the expected distributions of the 

'Ylight distances" of simulated Bd rnesons, i.e. the distances traveled by Bi mesons 

before they decay5. 

Because the lifetimes of the 4 and K'O mesons are almost a factor of 10'' smaller 

than the lifetime of the B mesons (41, their flight distances are negligible compared 

to the flight distances of B mesons. Thus we claim that the secondary vertex found 

by vertexing the two tracks, indicates the point where the parent B meson decayed 

as well. The secondary vertex resolution is around 100 pm in the x and y directions 

and about 5 mm in the z direction. 

For the determination of the primary vertex, which will indicate the generation 

point of candidate B mesons, we use two different sources of information. The 2 

position of the primary vertices in a given event were reconstructed using information 

from the VTX detector. The quality of the vertex was determined based on the 

number of hits in the VTX that were used to identify the vertex. The (x, y) position 

of the primary vertices were calculated using the average beam-line measured on 

5The distributions for B. mesons are very similar, due to the aimost identical Lfetimes of the 

two B meson species. 
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Figure 5.6: Mass of the yK+- (or yrT K-) and y K* K -  combinations, for photon, 

K'O and 6 candidates selected in  the penguin trigger data set according to the criteria 

described in Sections 5.4 - 5.6. The amows in the inset figures indicate the search 

windows for penguin events. They span k220 MeV/c2 (5 k2u) around the world 

average B: and BI masses of 5.2792 GeV/c2 and 5.3693 GeV/c2 ~espectively [4]. 
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Figure 5.7: Flight distance of simulated B mesons in the laboratory h a m e .  The 2- 

dimensional distance refers to the transverse (x - y )  plane. The distributions are for 

events that satisfg the selection cnteria described in Sections 5.4. 5.5 and 5.6. 

each uninterrupted data-taking period, typically several hours long. The beam-line 

was measured using information from the SVX detector and it did not Vary more 

than 10 pm during the course of a single data-taking period (compare this with the 

flight distances of B mesons in Fig. 5.7). Using the slope and the (x, y)  position 

a t  z = O from this average beam-line information, as well as the locations of the 

primary vertices from the event-by-event VTX information, we calculated the r ,  y 

and z coordinates of the primary vertices in each event. The uncertainties on the x 

and y coordinates were fked to a, = a, = 25 Pm: in accordance with the observed 

circular beam spot size in the transverse (x - y) plane. The uncertainty along the : 

direction was fixed to oz = 2.5 mm for ail events, in accordance with the observed 

average resolut ion [12]. 

Due to the high probability for a pfj interaction and the high instantaneous lu- 

minosities, the average number of pjj interactions per beam crossing was expected to 
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Figure 5.8: Number of good-qualzty primary p p  vertices per beam crossing for events 

in the penguin tngger data sample. 

be higher than two in Run 1B6. Indeed, the average number of good-quality primary 

vertices reconstructed in the penguin data set was 2.7 in Run 1B and 2.0 in Run 1C 

(see Fig. 5.8). 

From all the good-quality primary vertices in an event, the one with the shortest 

longitudinal (z) displacement from the secondary vertex was chosen as the one that 

indicated the point of birth of the candidate B meson; from here on we refer to this 

vertex as "the primary vertex" of the event. This is a legitimate choice since the 

uncertainty on the flight distance of B mesons dong the z direction is comparable to 

the primary vertex resolution along this direction and much smailer than the spacing 

between pp interaction points, which are distributed norrnally along the z axis with 

a 2 30 cm. 

Having identified the decay point of the candidate B meson with the secondary 

'With proton and antiproton bunches crossing every 3.5 ps and the - 800 kHz of pfj inelastic 

coliisions, due to the high instantaneous luminosities and pp' interaction cross section, we expect 

more than 2.5 inelastic interactions per bunch crossing (refer to Section 2.1). 
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vertex, we recalculate the photon rnomentum vector assuming that it originated 

from the secondary vertex and pointed to the location of the CES cluster. We then 

combine the photon with the 4 or K'O candidate, this time with "correct" momenta 

for al1 the candidate daughters, and thus obtain the four-momentum of the candidate 

B meson. 

With the four-momentum in the laboratory frame and the birth and decay points 

of the candidate B meson measured, we can calculate the time it took the candidate 

parent to decay, in its own (rest) frame. The distribution of the decay times for the 

candidate B mesons could reveal the presence of real B mesons among them. We 

cal1 the decay times of B mesons in their rest frame "proper decay times" . 

Multiplying the "proper decay time" with the speed of light, we obtain the 

"proper decay length" of a candidate B meson, using the following recipe: 

where is the transverse momentum of the B meson candidate, .fT is the distance 

between the primary and the secondary vertices, projected on the transverse (x - y)  

plane, and M ( B )  is the m a s  of the B meson candidate, as it is calculated from its 

four-momentum. 

In Fig. 5.9 we see the distribution of the proper decay lengths for simulated 

B mesons, reconstructed from their decay products using the same algorit hm and 

the same requirements as for real data. We also see background and background- 

subtracted ct distributions of B meson candidates reconstructed as Bd + J/@K'O 

decays in Run 1B. Real B mesons manifest their presence in these semi-logarithmic 

plots with the appropriate linear dependence on the decay times (as expected from 

the exponential decay law). 

The uncertainty on the reconstructed information, mainly on the secondary and 

primary vertices, results in B mesons which decay close to the primary vertex to have 

measured values of d that are normally distributed around d = O with a a governed 

by the measurement uncertainties. In a pp event most of the particles travening the 
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Figure 5.9: The d i s t nb~ t i on  of the proper decay length, d, of Bd mesons. Left: 

B: mesons i n  simulated B: + Kooy, Ko0 + K'r- decays. The arrows indi- 

cate the window within which we accept candidate B mesons. Right: Background 

(dashed histogram), signal plus background (solzd histogram) and background sub- 

tracted (points) ct distributions for Bd mesons reconstructed i n  the Run  1B data as 

Bd -t J/+K'O, JI$ + pip-  and Km0 + K + R -  decays. The background subtraction 

mas perfonned using the events in the sidebands of the B mass region. 

detector volume are generated at the pp collision point. This means that combining 

two such charged particles should yield a seconda- vertex which coincides with 

the primary pp  vertex. Nevertheless, due to the uncertainties in determining the 

primary and secondary vert ices, we usually mesure  a non-zero distance between the 

two vertices. Thus, the candidate B mesons derived from such particles will have 

ct values normally distributed around d = O. Requiring ct > O for the candidate 

B mesons, would therefore reject 2 50% of such background events. But since B 

mesons have a long lifetime (cr = 468 f 12 pm[4]), the d > O requirernent rejects 

only z 8.5% of real B mesons. The ct > O requirement implies that & *TT > O 
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(see Eq. 5.1), so it can be also thought as a request that the B momentum points 

less than 90' away from the direction of the reconstructed B flight path. In order to 

avoid contributions from non B's we also require ct < 0.3 cm, since real B mesons 

are rarely expected to reach such high ct values (see Fig. 5.9). This requirernent is 

satisfied by 2 97.5% of real B mesons. 

Apart from the requirernent on the decay time of the candidate B rnesons, we use 

the fact that B mesons carry most of the energy of their parent b quarks [55] .  This 

means that B rnesons should be isolated from activity around them. We formulate 

the B meson isolation as the variable: 

where pr(B) is the transverse momentum of the B meson candidate and m(i) is the 

transverse mornentum of each charged particle i, other than those constituting the 

B candidate, contained within a cone of radius R = ,/(h7))? + (A@)? = 1.0 around 

the 3-rnornentum of the B rneson candidate. In order to avoid considering irrelevant 
R 

particles into the xpr(i), i.e. particles that were not fragmentation products of 
iQB 

the parent b quark, we only consider charged particles that are consistent with the 

primary vertex: we required Ir; - ~~~~~~~l < 5 cm, where ;8 is the z of the track 

trajectory a t  the point of the smallest x - y distance to the (0,O) point, which is also 

the point of closest approach to the z axis. 

In Fig. 5.10 we show the isolation variable, I B ,  for candidate B mesons recon- 

structed as B + e- DoX, Do -t K-R+ decays. Events in the sidebands of the Do 

mass peak are used as background. Their IB distribution is used to statistically 

subtract the background from the signal region in the Do mass peak, and thus 

obtain a signal-only distribution. The momenturn of the parent B meson is in- 

ferred from the measured pr(eKr) using the average correction factor of 85%, i.e., 

pr(B) = pr (eK~) /0 .85  (see Fig. 5.11). Also shown are the distributions of signal 

events from the less populous B: -t J/lltK*O and B,f -t J/$K' decays. Statistical 
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subtraction of the combinatoric background is performed as before, but events in 

the sidebands of the B meson mass are used in this case. We impose an  IB > 0.7 

requirement on the candidate B mesons (usually referred to as the "B isolation" 

requirement). This is shown in Fig. 5.10 to be - 95% efficient in selecting real B 

mesons of pr > 15 GeV/c. while rejecting half of the random particle combinations 

(background). The high energy requirements on the selected B daughter candidates, 

result in a small fraction of momentum carried by other particles in their vicin- 

ity. This is not the case for lower energy B mesons; e.g., for pr(B)  > 6 GeV/c the 

Is > 0.7 requirement is - 80% efficient in selecting B mesons, while rejecting - 85% 

of the background [62]. Of course, requiring the "L2 isolation" on the photon at the 

trigger level, selects better isolated events. Consequent ly, the combinatoric back- 

ground events have higher IB values and the discrimination power of the IB > 0.7 

requirement worsens. 

To summarize so far, we combine the photon, K'O and d candidates, selected as 

described in Sections 5.4 - 5.6, and form B meson candidates. We then make use of 

two characteristic features of B mesons that improve the signal-to-background ratio, 

their long lifetime and the fact that most of the energy in their vicinity is carried by 

t hem: 

19. CVe require the proper decay length, ct, of the candidate B mesons to be positive 

and less than 0.3 cm (Le. O < ct < 0.3 cm). 

20. We require the B candidate to carry more than 70% of the scalar p~ sum of al1 

the tracks (including the photon) in a cone R = 4- = 1.0 around 

its 3-momentum direction: 

Aher selecting B meson candidates that meet all the requirernents discussed so 

far, we plot their masses in Fig. 5.12. Comparing with the distributions shown 
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Figure 5.10: Distribution of the isolation variable IB f o ~  B mesons fiom 

(bottom lefl), and B,' -t J/@K', J /$  + p'p- (bottorn right) decays reconstructed 

in Run 1B data. A backg~ound subtraction uas performed using events in  the side- 

bands of the Do or B mass regions. The arrows 2ndicate the point above which 

candidate B mesons were accepted. The momentum cuts of the daughter particles 

are adjvsted so that the momenta of the parent B mesons have sirnilar dzstn'butions 

to those anticzpizted for the B mesons of the pengvin channel.. 
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Figure 5.11: Fraction of the parent B meson momentun carried by eKr  combinations 

f7om B -t e-D'.Y, Do + K-a' decays. 

in Fig. 5.6 we see that the lifetime and isolation requirements on the candidate B 

mesons rejected a substantial number of background events, but not enough to ailow 

an observation of reai B mesons. 

The relevant iCl(yKs) and M(yKK) regions are *2?0 MeV/c2 (2 H a )  windows 

around the Bd or BI meson masses. Monte Carlo simulations of the signal processes 

indicate that in Run 1B we expect o(M(+yKa))  zz o(iCI(yKK)) 2 105 SleV/c2. As 

it was shown in Section 3.2, the simulation reproduces the measured resolutions of 

the photon energy and the track momenta. We therefore trust the mass resolutions 

predicted by the simulation. In Run 1C the lower average photon energy results in 

a slightly higher mass resolution of 110 MeV/c2. 

5.8 Additional cuts and the final data samples 

As shown in Fig. 5.12, after applying the cuts listed in Sections 5.1 - 5.7, there is 

still no indication of the presence of B mesons among the surviving events. 
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Figure 5.12: Mass of the yK'n- (or yr-K-)  and yK'K- cornbinations, for photon, 

K'O and Q candidates selected in  the penguin trigger data set accordzng to the cnteria 

described in Sections 5.4 - 5.6 and w2th the B Iifetime and isolation cuts descnbed 

i n  the tezt (cuts # 19 and 20). The arrows in  the inset figures indicute the search 

luindows for penguin euents. They span k220 MeV/c2 (- k20) around the world 

average BI: and BI masses of 5.2792 GeV/c2 and 5.3693 GeV/c2 respectiuely [#]. 
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Figure 5.13: Alignment angle, 1 9 ~ ~ , , ~ ,  , between the momentum and the jlight path 

of simulated B mesons (hashed histogram) and of combinatorial background corn- 

binations with M(yK'n-) and M ( y K i K - )  in the 6 to 10 GeV/c2 regzon (clear 

hzstogram). The distributions shown correspond to combinations that satisfied the 

selection enteria descnbed in Sections 5.4 - 5.7. The arrodus indicate the points 

below which candidate B mesons were accepted. 

We use two more characteristic features of penguin B decays in order to im- 

prove the signal-to-background ratio. The first exploits the fact that we attempt 

to reconstruct B meson decays by measuring al1 the decay products. Once we fully 

reconstruct a real B meson, we should observe its momentum pointing from the pri- 

mary to the secondary vertex, along the line that indicates its flight path from its 

creation to its decay point. We thus form an "alignment angle" between the trans- 

verse mornentum, pr. and the x - y flight distance, x+, of the B meson candidate: 

Real B meson decays should yield small fiaiiweati but usually non-zero due to 

experimental resolutions, whereas the combinatorial background peaks away from 
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zero. In Fig. 5.13 we see the different behaviour between signal and background 

events. We choose to retain events with < 0.15 rad, a requirement satisfied 

by 84% of B: + Km07, K'O -t KC*- events and by 74% of BI + #y, 4 -t K+K- 

events. 

The second criterion rnakes use of the long lifetirne of B mesons once again? but 

in a different way than the lifetime cuts discussed in the previous section. It requires 

that the two charged daughters of the Ka0 or 4 decays be inconsistent with the hy- 

pothesis of originating from the primary pp vertex. Defining the "impact parameter" 

(do) of a track to be the minimum x - y separation of the particle trajectory from the 

primary pp vertex, we ask for the impact parameter of each track to be significantly 

different from zero. The uncertainty on the impact parameter of a track, o(do), is 

calculated from the uncertainties in the track reconstruction, without taking into 

account the uncertainty of the primary vertex position. Simulations of the penguin 

channels suggest that kaons and pions from real B: -t Ka0y decays, have dramat- 

ically different do/o(do) distributions compared to t racks from the combinatorial 

background (see Fig. 5.14). 

We choose the value of the cut on the minimum impact parameter significance 

for each track, do/o(do), by varying the cut value so as to obtain the maximum 

ratio €f ignal / E ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  where €signal and E ~ ~ k ~ ~ ~ ~ ~ d  are the fractions of signal and 

background events respectively which survive the cuts under study. This ratio is 

the appropriate figure of merit because we aim for the most significant signal, with 

signal significance defined as: 

Signal significance = Nsignal 

J~~si~lignai + ~Vback~round 

where Nsignal and NbocLground are the number of signal and background events respec- 

tively after the application of the selection criteria. If the cuts result in iVsignal and 

Nhckground events, starting wit h N&,, and N&ck,,,, events respect ively, we can 
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Cul M~u. 

Minimum impact parameter significance. d,/a(d,) Winimum impact parameter significance. do/u(do) 

Figure 5.14: Minimum impact parameter significance, do /a (do ) ,  distributions of 

tmcks from simulated penguin B decays (hashed histogmm) and from combinato- 

riai backgrovnd with yK%- and yK+K- mass i n  the 6 to 10 GeV/c2 region (clear 

histugram). The distributions shown correspond to  combinatzons that satisfied the se- 

lection criteria described in Sections 5.4 - 5.7. The arrovs indicate the points above 

which candidate B mesons were acçepted. 

write: 

and consequent ly: 

Éaignd . fi2gnal 
Signal significance = O O 

Jesignal 'Vltgnal f f&ckground . Nbadground 

Therefore, in order to achieve the maximum signal significance, we have to achieve 

the maximum É ~ ~ ~ , , ~ / c ~ ~ ~ ~ ~ ~ ~  value. 



ADDITIONAL CUTS AND THE FINAL DATA SAMPLES 

1 Cut II Run 1B 1 Run 1C II Run 1B 1 Run 1C 1 
1 Proper decay length of B meson II O < d < 0.3 cm 1 
1 B meson isolation II IB > 0.7 1 

Table 5.1: Chosen cvts for the B: + Koo7 and the B: + &-/ decays in Run 1B and 

Run 1 C. 

Alignment angle 

Min. impact parameter significance 

Observed events in signal region 

The efficiency for the signal is calculated as the fraction of events surviving the 

cuts in the signal-only sample of simulated penguin decays. Depending on the pen- 

guin channel of interest, the efficiency for the background is taken to be the fraction of 

events in the high m a s  side 6 < &I(yK7r-)  < 10 GeV/c2 or 6 < M ( I ( ~ K ~ K - )  < 10 

GeV/c2, that survive the cuts. In Fig. 5.14 we see that the background distributions 

cut off a t  some point. Consequently the ~ : ~ ~ ~ ~ ~ / t ~ ~ ~ ~ ~ ~ ~  value is maximum there. 

We thus retain B: + Ko07, IP0 + K ' r -  and BI -+ &/, Q +- K'K- candidates 

wit h kaons and pions having do/o(do) > 5.0 and > 2.5 respectively. These require- 

ments are 78% and 93% efficient respectively. The narrower 4 mass distribution 

compared to the Kmo mass resulted in a smaller number of combinatorial background 

in the BI channel. Therefore the need to be strict in the selection requirements was 

less for the B: than for the Bd channel. 

In summary, we apply the following cuts as well as the cuts listed in the previous 

sections: 

21. We apply an "alignment angle" cut by requiring the angle flaliv, between 

the pr of the fully reconstructed B meson candidate and its flight path on the 

x - y plane, to be less than 0.15 rad. 

galipnmenr < 0.15 rad 

do /a (do )  > 5.0 

O 

d o / a ( d o )  > 2.5 

I O O 
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22. The two tracks should be inconsistent with the assumption that they corne 

from the primary vertex; we require that each track has a minimum impact 

parameter significance, do/o(do), of 5.0 in the B! penguin search, or 2.5 in the 

B,O case. 

23. Finally, we define penguin candidat es as t hese events with nt K +n- or 7 K + K - 
masses within f 220 MeV/c2 (2 20) from the world average B: or Bf mass 

respect ively. 

In Table 5.1 we see the cuts on the characteristic quantities used to select B meson 

candidates. Enforcement of al1 the requirements discussed so far, since Section 5.4, 

results in the selection of one B: candidate, in Run lCo  with a photon candidate 

of ET = 18.5 GeV, a negatively charged kaon candidate with pr = 2.6 GeV/c, and 

a positively charged pion candidate with pr = 8.4 GeV/c. The mass of the K - r i  

combination is 0.9023 GeV/c2, and the mass of the rh'-r+ combination is 5.309 

GeV/c2. No BI candidates were found. In Fig. 5.15 we see the mass distribution 

of the B candidates surviving al1 the selection criteria. The event display of the 

candidate B: + K.*?, K'O i K'r- event is shown in Fig. 5.16. The kaon and 

pion tracks are quite energetic and they do not curve significantly in the magnetic 

field. They are close to each other in Q and point one or two calorimeter wedges 

away from the photon, as the trigger requires. In the next chapter, we discuss the 

efficiency of the selection requirements for Ba i K'O y, Km0 -t Kir- and BI + h, 

# i K'K- decays. 



5.8. ADDITIONAL CUTS AND THE FINAL DATA SAhfPLES 

Run 18 penguin triqger data (22.3 pb") Run 1C penguin trigger data (6.6 pb-'1 

Run 18 ~enquin triqger data (22.3 pb") Xun 1C pcnçuin trigger duta (6.6 PB-') 

Mass ( y  K' K-) (Ce~/c') 

Figure 5.15: Mass of the y K'a- (or ya i  K - )  and yK-K-  combinations, for photon, 

Km", & and B candidates selected in the penguin triggei data set according to al1 the 

criteria described in Chupter 5. The arrows in the inset figures indicate the search 

uindovs for penguin events. They span f 220 i\/leV/c2 (- 120) azound the wodd 

average Bd and Bb masses of 5.2792 GeV/c2 and 5.3693 GeV/c2 respectzuely [dl. 



Rcn 75460 ment 6 0 1 4 0  RunlC ~ c n t y u i n - d a t  12JAN96 8:56:33 
Ec(MFTI)= 1 2 - 3  :eV 

P ~ L  = 56 - 2  3eg Emax = 2 4 . 3  GeV 
s u  Et = : 4 4 . 0  G e V  

Figure 5.16: Event display of the B: -t K ' O ~ ,  K'' -, K'n- candidate, with the beam (2) 

&s being perpendicular to  the page. The  charged particle trajectories are shown as curued 

lines oRgznating at the beam axis, crossing the inner C T C  bounday  (znner circle) and 

eztending to the outer CTC bounday .  The  central calorimeter wedges are s h o w  as bars 

spanning 15' i n  4 a m n g e d  i n  a cylindrical geome tv  outside the CTC. The magnitude and 

direction of the rnissing energy on  the transverse plane &), along wzth the total transverse 

energy in the event ( "Sum &"), are shown near the top of the figure. The  & direction 

zs akro indicated by the arrow originating at the beam m e s .  A t  the top n'ght corner we see 

the mazimum energy recorded by a single calorimeter touer;  i t  corresponds to the penguin 

photon candidate. A t  the fower right corner we see the direction of the hzghest energy tmck,  

which is the penguin pion candidate. 4 close-up view of the pion and kaon trucks is s h o w  

on  the left panel of the figure. The  crosses indtcate the CTC urires grouped in concentric 

superlay ers. 



Chapter 6 

Efficiency Correct ions 

In the previous chapter we arrived at the final data sample with the application 

of various selection criteria which were designed to enhance the fraction of events 

containing penguin decays. The number of signal events observed in the final data 

sample, ivobacrvedt is equal to the number of penguin events produced at the BO 

collision point of the Tevatron, L V ~ ~ ~ ~ ~ ~ ~ ~  scaled down by the efficiency, et,t,i, of 

retaining these events in our final sample: 

Part of the selection ineficiency is introduced by the on-line trigger requirements, 

while the rest is due to the off-line data reduction procedure. The number of signal 

events produced is a function, among other things, of the branching fraction of the 

studied decay channel (see Eq. 4.1). Knowing Nprodueed and the rest of the factors 

involved, we can extract the desired branching fraction. It is therefore essential to 

know the correction factor etOtal which will allow us to infer NFoduccd from the number 

of observed signal events, !Vobrcrucdr in our final data sample. 

In this chapter we start by discussing the efficiencies of the various requirements 

imposed on the data towards the selection of the final sample of candidate penguin 

events. During this discussion we indicate how to evaluate these efficiencies and we 
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argue that the use of data, through the study of a "reference" B decay channel, is 

a very good alternative to Monte Carlo predictions of these efficiencies, because it 

takes care of detector effects, the level of activity in the vicinity of the candidate 

decay products, etc. We then demonstrate that the usage of Monte Carlo samples 

to estimate some of the efficiencies is justified by proving that we get reasonable 

estimates of the selection efficiencies for the reference B signal. 

6.1 Selection efficiency for the penguin channels 

Based on Equations 4.1 and 6.1 we can write for the number of observed B: -+ Kooy , 

Koo + K'T- candidates1: 

from which we get the branching fraction of the Bd -t Ko07 process: 

where B(Bd i K o o y )  is the branching fraction of the penguin process; J Ldt(peng) 

is the integrated luminosity of the penguin data sample; a ( p p  -t B:X) is the cross 

section for producing a Bd meson plus anything else; ~ t o t , l ( K o o ~ )  is the total effi- 

ciency for retaining the Bd + Kooy,  Koo + Kir- eveuts which resulted from the 

pp collisions; and the factor of two accounts for both Bi and Ë: production, be- 

cause the cross section a ( p p  -t BdX) refers to the production of either Bd or B: 

lThe equations and the discussion that follows applies to the BI -t @y process as weU, with the 

obvious, and trivial, modifications. For the BI production cross section we write o@p + BYX) = 

L x -+ BZX), where f, and fd are the tractions of the time a b quark combines with an s or 
fd 

a d quark to create a B: or a Bi meson respectively. 
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mesons only, whereas in the observed candidate events, Nobrcrurd(Koo~) , we do not 

distinguish events originating from either B: or B: parents. The total efficiency, 

et,tal(K'oy)t can be broken down into a product of partial efficiencies, each reflecting 

the application of some of the selection requirements imposed on the data in the 

process of retaining the final sample of candidate events. We can thus write for the 

Bd + K'O -t K+a- channel: 

~kinemoticrktopologi (m) is the efficiency of the kinematic and topolou require- 

ments on the products of the B: -t Kooy, Koo -+ K+nd channel. These require- 

ments include the selection of photon candidates with ET above some threshold and 
> charged particles with pr - 2 GeV/c, as well as the requirement that the tracks be 

close to each other (AC$ < 18O) and to the photon cluster in azimuthal angle (see 

trigger requirements 1, IV, V, VI, VI1 and X in Section 4.2.2). Since the Monte Carlo 

is believed to adequately mode1 the kinematic aspects of the decays, we obtain this 

efficiency using Monte Carlo events (see Chapter 3 and Section 4.3.1). The limited 

resolution of the detector unavoidably alters the energy distributions for the penguin 

decay products, but since we believe that the detector simulation correctly models 

these aspects of the detector behaviour (see Section 3.2), we are quite confident that 

the Monte Carlo approach is adequate for this point. Despite this, there is a valid 

argument against the use of Monte Carlo for the evaluation of this efficiency: as we 

see in Fig. 1.3, the theory (according to which we generate the Monte Carlo samples) 

does not correctly predict the momentum distribution of B mesons observed at  CDF. 
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Reconstructing another "reference" B decay in the data can be used to get a more 

reliable estimate of the kinematic efficiency for the penguin decays; the B mesons 

in the reference signal are "born" with the same momentum spectrum as the ones 

which result in the penguin decays. 

E ~ ~ ~ ~ ~ ~ - ~ ~ ~ ( Y )  is the efficiency of the energy clustering algorithms and of the 

trigger requirements on the quality of the candidate photon cluster in the CEM 

calorimeter, namely the cuts on the fraction of energy deposited in the electromag- 

netic vs. the hadronic part of the central calorimeter ( E H A D / E E B f )  and the profile 

of the energy sharing between the CEM towers ( L S H R )  and between the strips and 

wires of the central strip chambers (~f,,,, and X~,,,,). For details refer to the trigger 

requirements 1, VI11 and M in Section 42 .2 .  The response of the detector to the 

penguin photon and the efficiency of the cuts on the photon quality quantities are 

studied by feeding Monte Carlo events through the detector simulation, whereas the 

energy clustering is performed by the trigger simulation (see Sections 3.2 and 3.3.1 

respectively). Since the penguin photon is part of a complicated event, the values 

of the photon quality quantities inay be altered by the presence of energy deposited 

in the calorimeters by other particles. In order to take into account such effects, we 

should ideally rely on the data itself, rather than a Monte Carlo mode1 of the pp 

collision outcorne. Therefore we have to use events with photon-like clusters in the 

CEM. Such clusters are created by photons, ultimately, and electrons. The difference 

in the shower development between photons and electrons is minimal and modeled in 

the simulation, while it is much easier to identi& a pure sample of electrons, rather 

than photons. Using the data will also take into account any degradation of the 

detector performance with time and dependencies on the instantaneous luminosity. 

ctrisgrrncEs(~) is the fraction of the candidate photon clusters found at Level 

2 which satisfy the XCES trigger requirements, described in Section 3.3.2. This 

efficiency has been parameterized as a function of the transverse energy of the can- 

didate photon cluster (see Fig. 3.5) and it is applied to  the final sample of simulated 
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events, after ail trigger and off-line requirements, because we appiy ELriggerdYCES(~) 

as a correction factor after al1 cuts. It is found that (94.7 f 1.2)% of Br: -t Ko0r 

events survive the XCES requirement in Run 1B and (96.7 & 1.4)% in Run 1C. For 

B. + h events E~~~~~~~ dYCES (Y) is found to be (94.8 f 1.2)% and (96.7 k 1.4)% for 

Run 1B and Run 1C respectively. 

c ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ ( K )  K )  is the efficiency of the trigger requirement that both the kaon 

and the pion from the penguin decay be found by the CFT. This efficiency has been 

parameterized as a function of the transverse momentum of charged particles (see 

Fig. 3.6) and it is applied on the Monte Carlo tracks with the use of random numbers. 

etriggetmvirmment (Y) is the efficiency of the "L2 isolation" requirernent, i.e. that 

there be no energetic track found by the CFT which points towards the same 15' 4 

wedge as the seed wedge of the candidate photon cluster (see trigger requirement III 

in Section 4.2.2). This efficiency depends on the activity around the photon cluster 

and we prefer to use the data to describe the situation, rather than Monte Carlo. 

Studying this efficiency with a reference B channel using data collected in the same 

period as the peng in  trigger data, and taking care that the B mesons in both the 

penguin and the reference channel have similar momentum distributions, guarantees 

to a g e a t  extent that the penguin and the reference B decays are embedded in 

a similar environment; that similarity should result in a reliable estimate of the 

efficiency E,riggermuirmmcnt(~). In Section 4.3.2 we ddiscuss the use of B + e- Dax ,  

Do + K - K +  decays to measure the efficiency of the L2 isolation requirement for the 

penguin channels. The L2 isolation efficiencies for the penguin channels are shown 

in Table 4.1. 

c ~ ~ ~ ( ~ ~ ~ - ~ ~ ~  (Y) is the equivalent efficiency t O €hipger -cEAf (Y), where t his t ime 

the energies have been calculated off-line taking into account the best corrections 

conesponding to the relevant data-taking period2. The quantit ies used off-line to 

select good quality photon candidates are the same as used at the trigger level, but 

2These corrections are not adable  on-iine and are stored in a database for off-line use. 



142 CHAPTER 6. EFFICIENCY CORRECTIONS 

with stricter criteria (see requirements 1-5 in Section 5.4). In order to have a reliable 

estirnate for the efficiencies of these requirements we select photon candidates that are 

contained in the well-instrumented fiducial volume of the detector (see requirements 

6 and 7 in Section 5.4). For the determination of this efficiency we rely on predictions 

based on both Monte Carlo and data, for the reasons explained in the discussion of 

Eoffline-troc~ing(K, T )  is the fraction of :he time we are able to reconstruct the track 

of a charged particle going through the detector volume. This efficiency has been 

studied as a function of the transverse momentum of charged particles satisfying the 

criteria 8 and 9 in Section 5.5, and it is found to be constant for pr > 400 SIeV/c and 

equal to (92.8 k 2.6)% [53]. The efficiency for reconstructing two oppositely charged 

tracks with > 400 MeV/c was (88.1 *1.3)%. The performance of the silicon vertex 

detector is modeled well in the detector simulation, and consequently we trust the 

result of Monte Carlo studies to account for requirement 15 in Section 5.5. The rest 

of the requirements in that section are kinematic and are actually a reiteration of 

the corresponding trigger requirements; t hose too are modeled well by the Monte 

Carlo. Nevertheless, using tracks reconstructed in the data can take into account 

effects that the Monte Carlo does not take into consideration, e.g., malfunctioning 

detector components. As we shall see in Sections 6.3 and 6.4, we use D O  -t K-n' 

decays reconstructed in data collected in parallel to the penguin data to take care of 

such effects. 

E ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ ~ ~ ~ ~ ~ ~ ( K ~  T )  is the fraction of kaon-pion pairs from K" decays which 

satisfy the "common origin/vertexn requirements, described in Section 5.6. This 

efficiency can be studied with Monte Carlo samples or, preferably, with a two-prong 

decay of a meson in the data. We use Do + KK-n+ decays as noted above. 

col llinen (7 KT) is the efficiency of the O < ct < 0.3 cm requirement on the 

candidate B meson (see requirement 19 in Section 5.7 and the discussion therein). 

Since we believe the decay of B mesons to be modeled very well in the Monte Carlo 
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Run 10 data 
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Proper decay length of B mesons. ct (cm) Uinrmum impact parameter significonte. a,/a(d,) 

Figure 6.1: Monte Car10 us. data distributions of ( l eN  proper decay length of B 

mesons. and (right) the minimum impact parameter significance for kaons and pi- 

ons from the l? + e-DoX, Do + K-n' decays. The ct distributions are shown for 

events with kaons and pions hauzng do /a (do )  > 1.0, while the do /o (do )  distributions 

correspond to events wzth O < ct < 0.3 cm. 

and the resolutions of the silicon vertex detector in the detector simulation are tuned 

to match those observed in the data, we rely on simulated events to estirnate the 

efficiency of the ct requirements on the B mesons. We check the validity of this 

approach with B + e-DoX, Do + K-n' data and conclude that indeed the .ilonte 

Car10 predicts the distribution of B meson decay lengths (see Fig. 6.1). 

C o ~ ~ l i n e m v i r m m e n ~  (7 KT) is the efficiency of the "B isolation" requirement , i.e. 

that the B rneson candidate be mostly isolated from charged particles in its vicinity 

(see requirement 20 in Section 5.7 and the discussion t herein). Since the efficiency 

of this requirement depends on the environment the B meson candidates are embed- 

ded in, we rely on data to estimate it. We use B + e-DoX, Do + K-a' decays 

collected during the same data-taking period as the penguin data and reconstructed 

as described in Section 6.2. We then apply an isolation requirement on the electron, 
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,U 0 * , - . . :  . -  . . . .  . ;  - - - -  - . -4 

Monte Carlo 
R ( e ~ n )  > 13.5 CeV/c. R(K) > 0.4 GeV/c . d n )  > 0.4 CeV/c 

c) 

0 . 1 -  ' 
- 

5 **$* 8 4 r-0'r.û' 4 n'ne : 
8 0.00 0 O - 
a t @ z ~ . ' ~ P D ? . K - ~ K - * *  1 

*3 - 

Figure 6.2: Top: Comparison of generator leuel pr(B)  distributions for the 

B: + Koo7,  K'O + K+n-  and Ë + e - D o X ,  Do + K - n T  channels in  "Run 1B 

- lzke" (left) and "Run 1C - like" (nght) Monte Carle, after al1 requirements im- 

posed on them. Bottom: Comparison of ET (EM cluster) distributions wath cuts as 

noted. "EM clustei" indicates either the penguin photon or the ECLB electron. 

similar to the "L2 isolation!' imposed on the penguin photon (see Section 4.3.2). 

Requiring pr (eKn)  > 15 GeV/c (> 13.5 GeVJc) in the Run 1B (Run 1C) sample, 

leads to similar pr(B) spectra for the penguin and the B + e - D o X .  Do + K - n r  

processes, with mean values matching within 600 MeV (see Fig. 6.2 and 6.3). This 

matching ensures the similarity of the environments in which the B decays were 

embedded. 

The B isolation variable is defined in terms of the pp of the parent B meson, 

pr(B), but because we only have a partially reconstructed decay, we infer pr(B) 

from the measured p r ( e K n )  using simulated Ë -t e - D o X ,  Do + K - n f  decays. In 

Figure 5.11 we see that a ( e K n )  = 0.85 - p r ( B )  on average. We use this average 

correction factor to infer a ( B )  from the measured a ( e K n )  value and we require 



6.1 - SELECTION EFFICIENCY FOR THE PENGUIN CHAN.WLS 145 

Monte Carlo 

.-y- r . . .  . .  . . -  - . . .  . . ;  .-, 

Monte Corlo 
n(eKn1 > 15.5 Ccv/c. d K )  > O.* GeV/c . d r r )  > 0.4 GeV/c 

Figure 6.3: As in the prevzous Figure, but for the B: -t h, Q + K T K -  and 

B -t e- DoX, Do -t K-a' channels. 

IB > 0.7 for the B -t e - D o X .  Do + K - x +  decays, as we did for the penguin decays. 

We find that the efficiency of the L2 and B isolation requirements is (59.8 i7.4)% 

in Run 1B and (76.2 f 13.1)% in Run 1C for B + e - D o X ,  Do + K-K' decays. 

Differences in the b quark fragmentation processes that lead to the Bd parent of 

the Bj + IPoy channel, the BI parent of the BI + h channel, and the mostly 

B,+ parents of the B -t e-DoX decays, can result in B decays ernbedded in dif- 

ferent environments. Furthermore, contrary to the penguin channels, B -+ e- Do X, 

Do + K-n' is not a fully reconstructed decay and the extra particles could result 

in different L2 and B isolation efficiencies cornpared to the penguin channels. These 

effects, along with the residual differences in the pr(i3) spectra are corrected with 

the use of J@ + bb Monte Carlo events generated with PYTHIA [54] and fed through 

the detector and trigger simulations. The simulation shows that the L2 and B isola- 

tion efficiencies are higher for the Bd and Bd penguin channels by (4.1 f 2.3)% and 

(6.4 f 2.4)% respectively. From the L2 and B isolation efficiencies measured with the 
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B + e - D o X ,  Do + K-T+ channel, mentioned above, we infer the ones appropriate 

for the penguin channels, shown in Table 6.1. 

eoffiineimpoa(Ki T )  is the fraction of penguin decays that satisG the requirement 

that both the daughter kaons and pions be significantly displaced from the pjj collision 

point. As shown in Fig. 6.1, the Monte Carlo predicts the distribution of the impact 

parameter significance for the Do products of B + e - D o X ,  Do + KK-7r' decays. 

Consequent ly, we rely on simuiated events to obtain eoffiine-tmpaa (Ki T) . 

Eoffiinesiignment is the efficiency of the requirement that the B candidate momen- 

tum form a small angle with its Aight path (see requirement 22 in Section 5.8). In 

the estimation of Cofflincslignmcnt we rely on Monte Carlo, as in the col f l i n e l t ( 7 K ~ )  

and E~~~~~~~ ( K ,  R) det erminat ion. 

~ ~ f f l i ~ ~ - ~ ~ ~ ~  ( KT&YKT) is the efficiency of the mass cuts imposed on the kaon- 

pion combinations and on the B meson candidates (see requireme~its 17 and 18 in 

Section 5.6 and requirement 23 in Section 5.8). As explained in Section 5.7, the dis- 

tributions of the reconstructed masses are expected to be described well by the Monte 

Carlo and we thus rely on such samples of events to estimate ~offiine_mmsat8(K~&~IC~)~ 

In Table 6.1 we show the total efficiencies for selecting B: + K'O y and BI + & 

decays in Run 1B (Run 1C) starting with B mesons of pr > 12 (> 6) GeV/c and 

Iyl < 1.25. Apart from the XCES, track reconstruction, and L2 and B isolation 

efficiencies, the rest have been estimated with Monte Carlo events where only the 

signal processes were simulated, ornitting the rest of the pp collision outcorne. 

6.2 B + e- DoX as a reference signal 

As was indicated in the discussion of the partial efficiencies that are involved in 

the reconstruction of the penguin decays, in some cases we ultimately rely on data. 

For some of these efficiencies we need events containing an energetic electromagnetic 

cluster in the CEM; for some we need events containing two oppositely charged 
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1 

Monte Carlo events Run 1B 

pT(B) > 12 GeV/c or 737303 

pT(B) > 6 GeV/c 

After trigger simulation 

(except XCES and L2 isolation) 21716 

After off-he requirements 

(except track reconstruction, 

and B isolation) 3629 

Efficiencies (in %) 

Trigger and off-line (partial) 0.492 I 0.008 

XCES 94.7 k 1.2 

L2 and B isolation i 62.3 + 7.8 
Track reconstruction 

Total efficiency (%) 0.256 f 0.035 

J Ldt pb-' 11  22.3 * 0.9 

2 u(pp + B X )  ( p b )  11 0.622 * 0.144 

Run 1C Run 1B 

-- - -- 

Then: Expected signai events l[ 0.95 10.52 / 0.82 i 0.46 Il 0.31 k 0.17 / 0.25 10.14 

1 

B( B ; - . K - O Y )  

Number of signai events x lo5 
B ( ~ + w )  

Number o f  signal cvcats x lo5 

Il: B(Bd + Ko07) = 

Table 6.1: Number of penguin events ezpected to survive al1 selection requirernents 

in Run 1B and Run 1C. Here we use 2 = f .  The eficiencies for the Bj + K80y 

and the B: + @y decays in Run 1B (Run IC) are quoted startzng with B mesons of 

> 12 (> 6 )  GeV/c and lyl < 1.25 and applying the trigger and of-fine selection 

requirements. 

Il 1 

4.22 f 1.15 4.88 I 1.46 

12.99 13.53 15.92 f 4.68 
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particles that are the only daughters of a rneson decay; and for some we need B 

mesons to study, among others, the effect of the "environment" in which the penguin 

decay is embedded. 

We can extract information for al1 of these by studying the B decay channel 

B -t e-DoX, Do + K-ri ,  where X indicates either an electron neutrino alone, or 

accompanied by one or more pions, from decays like B -t eDm0v, Dm' + Doa. These 

events end up in the collected data sample by requiring an  electron-like cluster at the 

trigger level, while no requirements on the rest of the decay products are imposed; 

any channel resulting in an electron which satisfies the trigger requirements can be 

reconstructed using such an "inclusive electron" data set, also referred to as the 

ECLB, or just the electron data set. 

At the second trigger level the electron-like clusters are a subset of the photon- 

like clusters (refer to Section -1.2.1). We can then request that the photon candidates 

satisfy the electron clustering algorit hm. This results in equal Level 2 clustering 

eficiencies for photons and electrons. As far as the various quality criteria are con- 

cerned, the photon and electron candidates are treated identically. Extra require- 

ments that are present in the penguin channels can be imposed on the B + e-DoX, 

Do -+ K-r+ channels as well, thus making the event selection for the two processes 

as similar as possible, apart from the fact that electron clusters have a track pointing 

to them while the photon clusters considered in the penguin trigger have no matching 

tracks. 

Simiiarly to Eq. 6.2 we write for the number of obsewed + e - D o X ,  Do -+ K-ri  

candidates, A>served(e DoX),  and the branching fraction, B( B + e-DoX), inferred 

from this observation: 

4. / Ldt (eX)  . o(N -t BX) - $(B -t e-DoX) - B(Do -+ K-rf )  - 
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and: 

B(B + e-DoX) = 

Nobaer ued (eDo X ) 
4 -J L d t ( e X )  -o(pp -t BX) - B(Do + K-ni) -etotoi(eDoX) 

where / Ldt ( eX)  is the integrated luminosity of the inclusive electron data sample (at 

least one electron found, without dealing with the rest of the event , X); a(pp -t B X )  

is the cross section for producing a B: or a B t  meson plus anything else; (eDo.iY) 

is the total efficiency for retaining the B + ë D 0 X ,  Do K-ni events which 

resulted frorn the pp collisions; and the factor of four accounts for Bd, B:, B,+ and 

Bi production, because the cross section o(M -t BfX) refers to the production of 

B: mesons only, whereas for the observed candidate events, Nd,er,d(eDoX), we do 

not distinguish between events originating frorn B:, Bi, BI or B; parents. The cross 

sections for producing B: and B,C mesons are taken to be equal [4]. The efficiency 

for the B + e-DoX process is the weighted average of al1 the channels contributing 

to the semi-inclusive B -r e-DoX process, with the weighting factors accounting for 

the abundances of the various contributing channels: B + eDov; B + eD'v, Do + 

DoX; and B -t e P v ,  Dm + DoX; and B + e(Dnn).,u, (Dm),, + Do& where 

(Dnr ),, indicates non-resonant production of extra pions. 

The advantage of using the B + e-  DoX reference signal can be maximized by in- 

ferring B(Bd + Ko0r) from a meacrement of its ratio with the known f3(B + e-DoX); 

any common factors cancel in the ratio, while the effect of systematic uncertainties 

that are common to both channels is reduced. We can duly mi te  then: 
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Therefore we get: 

where the production cross section for B mesons that result in Bd + W0y decays 

and for B mesons that result in B -t e-DoX decays, are equal and thus cancel in 

the ratio; the canceilation will be exact if the momentum spectra of the parent B 

rnesons are the same for the two processes. As demonstrated in Fig. 6.2 and 6.3, 

this is achieved with the application of the appropriate kinematic requirements on 

the decay products (see below). Keep in mind though that the production cross 

section for BI mesons is a fraction of that for B1 and B t  mesons; o(pp + B I X )  = 

x o(H + BdX).  Therefore Eq. 6.5 written for the BI + @y, 4 -t K T K -  decay 

would have a multiplicative factor of $! on the right hand side. 

6.3 Selection criteria for B -+ e- DOX candidates 

In this section we discuss the selection criteria imposed on the inclusive electron 

data in order to reconstruct B + e-  D o X ,  Do -t K-ni candidates with similar re- 

quirements as in the penguin channels. The similarities between the two B decay 

channels, with each having a cluster of electromagnetic energy in the CEM and two 

oppositely charged kaons/pioas originating from a meson, suggest that appropriate 

candidate-selection requirements can lead to partial efficiencies that nearly cancel in 

the ratio. The selection requirernents described below serve exact ly this purpose. 
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6.3.1 Selection of electron candidates 

The trigger requirements on the electrons collected through the inclusive electron 

data stream are very similar to  the ones imposed on the photons of the penguin 

data set (see items 1, II, VII, VI11 and IX in Section 4.2.2), with some necessary 

differences. 

a) The main difference between the trigger requirements on the penguin photons 

and the ECLB electrons is the fact that in the electron case there should be a 

track which extrapolates to the CEM cluster; the trigger requires that this be 

a CFT track at Level 2 (refer to Fig. 3.6), which is found at Level 3 to have 

pl. > 6 GeV/c and extrapolate to the CES position of the cluster within rt3 

cm along the x and H O  cm along the z axes. 

b) Off-line, we require that there be a three-dimensional track associated with 

the electromagnetic energy cluster in the CEM (tracks found in the CTC are 

extrapolated to the radius of the CES and if at least one of them extrapolates 

to the examined cluster, we have an electron candidate). 

c) The electron cluster is required to have Er > 8 GeV at Level 2 and ET > 7.5 

GeV at  Level 3, in both the Run 1B and Run 1C samples. 

d)  Off-line the energy of the cluster is corrected in exactly the sanie fashion as that 

of the photon candidate in the penguin search (see item 2 in Section 5.4). Both 

the Run 1B and the Run 1C electron data were collected with a requirement of 

ET > 8 GeV on the candidate electrons, but since only ET > 10 GeV photon 

candidates were considered for the penguin channels in Run lB, the minimum 

ET of electron candidates for the B + e-DoX process in Run 1B was raised 

to 10 GeV. 

e) The electron candidates are also subject to exactly the same quality criteria 

and the same constraints on the fiducial region of the detector as the penguin 
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photon candidates (see items 3 - 7 in Section 5.4 and Figure 5.2). Given the 

identical requirements for electron and photon clusters, we claim that equal 

energy electrons and photons have the same chance to satisfy them, provided 

they are embedded in similar environments (see the discussion on the efficiency 

e r t i e s r r - c E M ( ~ )  in Section 6.1). The similady of the environments will be 

achieved by requiring that the momentum spectra of the parent B mesons be 

the same for the two processes and that both data sets be collected in parallel. 

f) Apart from the requirements listed in Section 5.4, the penguin photon is subject 

to an isolation requirement at the second level of the trigger: no CFT track 

should be pointing a t  the same 15' 4 CEM wedge as the photon cluster. In 

order to work wit h electrons t hat are selected wit h the same requirernents as the 

penguin photons, we impose t his "L2 isolation" requirement on the electrons. 

6.3.2 Track criteria 

g) We select tracks as described in Section 5.5 (items 8, 9, 13, 15 and the appro- 

priate magnetic field corrections). 

h) We do not require the candidate tracks to be found by the CFT, nor that 

they satis& the same topological requirements as the penguin tracks (items 

10, 11 and 12 in Section 5.5). Doing so would make al1 track criteria the 

same between the penguin and the B -t e-DoX, Do + K-ri  processes, but 

it would substantially limit the number of observed B + e-DoX,  Do + K-r+ 

events, which would increase the statist ical uncertainty on the penguin branch- 

ing fraction. Furthemore, the chance for a track to be found by the CFT is 

well modeled as a function of the track pr (see Section 3.3.3), and we can 

thus take care of this part of the tracking efficiencies for the penguin samples, 

without using the B + e- DoX, Do + K-n+ sample. We do require though 

that the tracks be near the electron, by requesting that the I )  - t$ separation 
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between the electron and the track be less than 1.0, with 4 in radians. 

i) We then require that each of the two oppositely charged tracks selected for the 

reconstruction of the B -t e - D o X ,  Do + K-n' signal have pr > 400 MeV/c. 

Because the track reconstruction efficiency is found to be constant for pr > 400 

MeV/c [53], this requirement guarantees that the reconstruction efficiencies for 

these tracks and for the ones considered as the penguin daughters, are the same. 

6.3.3 Do -+ K-.rrf reconstruction 

j) We pair oppositely charged tracks, and we constrain them to intersect at a 

common point. We only retain pairs which have a confidence level for this 

constraint greater than 1% (refer to the discussion in Section 5.6). 

k) The ambiguity of the mass assignment for each track (kaon or pion), is easily 

resolved in the B + e- D o X ,  Do + K-ai case: the kaon has the same charge 

as the electron and the pion the opposite (consider the quark level diagram 

for these channels). In Fig. 6.1 we see the mass of the two track pairs in 

the case the kaon mass is assigned to the track with the same charge as the 

electron ('Xight Sign" combinations) and in the opposite case ("Wrong Sign" 

combinations). We consider track combinations with masses between 1.75 and 

2.0 GeV/c2. 

6.3.4 B candidate selection 

1) Subsequently we add the four vectors of the two tracks and the electron and we 

require the m a s  of the three-body combination to be M(e K T )  < 5.0 GeV/c2; 

the un-reconstructed daughters of the B + e -DoX,  Do + K-ai decays, de- 

noted by X, make the mass of eKa combinations less than the world average 

B m a s  of 5.279 + 0.002 GeV/c2. 
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Figure 6.4: Mass of KIF combinations in the entire Run IB electron sample, after 

al1 selection criteno imposed on the search f o ~  B -t e D o X ,  Do + KT decays. The 

"Right Szgn" distribution is for same charge electrons and kaons, as should be the 

case if they were bath products of the B -t e - D o X ,  Do + Km*+ chain, whereas in  

the "Wrong Szgn" distribution the kaon has opposite charge to the electron. 

m) Along the lines of the discussion in Section 5.8 we require that the B meson 

candidate be mostly isolated from activity around it ; we retain combinations 

with IB > 0.7, as we did for the penguin candidates. We infer pr(B) from 

the measured pr(eK*) value using the average value of 0.85 (refer to 

Fig. 5.11 and the discussion of Eoffiincmviramcnt(YKA) in Section 6.1). 

n) We also make use of the long lifetime of B mesons to reduce combinatorial 

background. The x - y projection of the eK* momentum, m ( e K ~ ) ,  on the 

decay path of the B meson, XT, is required to be positive, which is another 
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way of saying that the momentum of the eKn system points less than 90" 

away from the B flight path (i.e. f i (eKa) x+ > O). This requirernent is 

equivalent to the d > O requirement on the penguin candidates. We choose 

the primary pjj vertex the same way we did for the penguin candidates, and a 

coarse approximation for the B decay vertex is taken to be the Do decay point, 

the two-track vertex. One could argue that this approximation is rather crude 

because the lifetime of Do mesons is a quarter of the B meson lifetime, and 

consequently the resolution of the detector is in principle adequate to allow the 

identification of the Do decay point as distinct from the B meson decay point. 

Nevertheless, data and simulated events are treated identically and it is shown 

that the distributions observed in the data are reproduced by the Monte Carlo 

(see Fig. 6.1). We also require ct < 0.3 cm, as in the penguin channels. 

O )  In addition we require the two tracks to be largely inconsistent with the as- 

sumption they corne from the primary pp vertex; we require that each track 

have impact parameter significance, do/o(do) ,  greater than 2.0. As shown in 

Fig. 6.1, we can reliably mode1 the efficiency of the last two requirements using 

Monte Carlo samples of B + e- D o X .  Do + K-T+ decays. 

p) Finally, we have to make the pr spectra of the B mesons which result in the 

B + e- DoX, Do -t K-x+ and the penguin processes to be similar. Recall that 

this is a crucial condition for the cancellation of the production cross section of 

the parent B mesons of the penguin and the reference processes, as well as for 

the similarity of the environrnents in which the B decays were embedded3. As 

shown in Fig. 6.2 and 6.3, requiring a ( e K x )  > 15 GeV/c (> 13.5 GeV/c) in 

the Run 1B (Run 1C) sample, leads to similar pr(B) spectra for the penguin 

and the B + e -DoX ,  Do -+ K-x' processes. 

3Required in order to have quite similar efficiencies between the penguin and the reference 

channels. 
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Figure 6.5: Mass of K A  combinations, after all selection criteria imposed on the 

search for B + e D o X ,  Do + K r  decays. The "Right Szgn" dzstribvtions are for 

same charge electrons and kaons, as should be the case if they wem both products of 

the B + e - D o X ,  Do -t K-ni chain, whereas in the "Wrong Sign" distributions the 

kaon has opposite charge to the electron. 

The masses of the selected KT combinations are shown in Fig. 6.5. As demonstrated 

with a larger data sample (see Fig. 6.4), the fact that we observe Do i KT decays 

which are descended from B meson parents, is inferred from the difference between 

the "Right Sign" and "Wrong Sign" distributions; "Right Sign" distributions are for 

same charge electrons and kaons, as should be the case if they were both products 

of the B + e - D o X ,  Do + K-ri chah,  whereas in the "Wrong Sign" distributions 

the kaon has the opposite charge of the electron. 
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6.4 Relative efficiencies 

t ies 
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and syst emat ic uncert ain- 

The efficiency etOtd(eDoX), can be broken down into a product of partial efficiencies, 

each reflecting the application of some of the selection requirements irnposed on the 

data in the process of retaining the final sample of candidate events, with some of 

them at  the trigger level, and the rest off-line. We can write for the B -t e-DoX, 

Do + K-ri  channel: 

where the partial efficiencies are analogous to the ones involved in the B: + Kooy , 

Koo -t K i r -  channel. It is apparent from the previous section that the penguin 

and B -+ e- D o X ,  Do + K-n' candidates were selected in a fashion as similar as 

possible. Keep in mind though, that identical requirements do not guarantee iden- 

tical efficiencies; e.g., different energy photons have different chances to meet the 

same EHAD/EEM requirement . Nevertheless, according to Eq. 6.5 only the relative 

efficiencies between the penguin and B + e-DoX, Do -t K-r' processes are im- 

portant. Furthermore, one big advantage of the ratio of branching fractions method 

is that the uncertainty due to systematic effects could be substantial for each of the 

(penguin or B -t e-DoX) branching fractions, but it will be minimized in the ratio 

of these branching fractions, provided that both branching fractions are affected by 

this systematic effect. In the following paragraphs we discuss the way we determine 

the partial efficiencies and the uncertainties on the ratio of efiiciencies due to various 
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systematic effects. 

Ckinernatic~ktopdog~ (q) and ~ i n e r n a t i c r k t ~ o ~ ~    KA) involve the requirements on 

the momenta and directions of the decay products. We rely on Monte Carlo to 

estimate the ratio of these efficiencies, since it models adequately these aspects of 

the events. 

The possible discrepancy of the pp (B) spectra between t heoret ical predict ions 

(input to the Monte Carlo) and the actual observations is a source of systematic 

uncertainty on the determination of the ratio of these fractions; a steeper pr(B) 

spectrum in real-life would mean lower-than-predicted chances for the decay products 

to satisS, the kinematic requirements. The measured B production cross section at 

CDF leaves room for such a discrepancy with the theoretical prediction (see Fig. 1.3). 

Given the different multiplicity of the reference and penguin processes, we can not 
that '*.".""""&'""lO"(cK.) 

~ h i n r m o t r e a & t o p o ~ o g Y ( ~ ~ ~ )  
is unaffected by such a change. We thus weight the 

Monte Carlo pr(B) distributions by the ratio of the measured B production cross 

section, o(pp + BX), over the theory prediction input in the Monte Carlo. In 

Fig. 6.6 we see that this ratio is 2.9 - 0.078 -p r (B)  with pr(B)  in GeV/c and we thus 

obtain a 2% (4%) uncertainty on the ratio of the efficiencies between the Bd + h"*y 

and the l? -t e-DoX channels in both Run 18 (Run 1C). For the ratio of efficiencies 

between the BI + @y and B -t e-DoX channels the discrepancy between data and 

theory results in a 6% (1%) uncertainty for Run 1B (Run 1C). 

Determination of efficiencies from Monte Carlo was done with a sample of B + e-DoX 

decays that have some nominal fractions of Do mesons originating from higher-spin 

D meson states. The uncertainty on these fractions is another source of systematic 

uncertainty to be considered. Depending on how far down the decay chain of the B 

rneson the Do appears, the kinematics of the resulting kaon and pion are different 

and thus the efficiency for reconstructing the B -+ e - D o X ,  Do + K-T+ decay is 

different. We vary the fraction of D mesons coming from D" and (Dns).,  mesons 

(f "), coming from Do mesons (f ') and coming directly from the B meson (f)  from 
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Figure 6.6: Ratio of Data meusurement vs. Monte Carlo p~edzction for the cross 

section a(pp + BX) according to Fzg. 1.3. 

the nominal values of [4] 

(f" = 0.35, f' = 0.53, f = 0.12), to the sets: 

(f" = 0.24, f' = 0.62, f = 0.14) and 

(f" = 0.47, f* = 0.43, f = 0.10) 

We observe a 12% (11%) change in the ratio of efficiencies between the reference 

and penguin channels in Run 1B (Run 1C) which we take to be this contribution 

to the systematic uncertainty on the ratio of branching fractions. The relative con- 

tributions of D" and (Dnr),, states to the fraction f" have been varied from the 

nominal 50 : 50 ratio [4] to 40 : 60 and 60 : 40. This variation contributes 1% to the 

aforementioned 12% and 11% uncertainties. 

~ ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ f  (7) and etri,, nEnr (e) correspond to the requirements on the CEM 

cluster of the penguin photons and the ECLB electrons. We mentioned earlier that 

we require off-line that both the electron and the photon have passed the same 

cluster finding algorithrn, that in Run 1B (Run 1C) the energy at the trigger level 
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be above 10 (8) GeV for both and that we apply the same quality criteria on the 

CEM clusters. Nevertheless there are differences in the ET spectra of the photon and 

electron clusters, and we assign an uncertainty due to this difference, by weighting 

the Er(EM cluster) distributions (see Fig. 6.2 and 6.3) with 1 + (20 - ET)/10 and 

1 - (20 - ET)/20, for 10 < ET < 20 GeV in the Run 1B case, where ET is given 

in GeV in these equations. For the Run 1C case we weight the &(EM cluster) 

distributions by 1 + (18 - &)/IO and 1 - (18 - ET)/20  for 8 < ET < 18 GeV. For 

ET > 20 (18) GeV the Run 1B (Run 1C) efficiency reaches a plateau (see Fig. 4.7) 
and we expec. ' h s ~ q e r - C E  

~ t r i g g e ' - ~ ~ ~  ( 7 )  
to be constant. The weighting described here allows for 

the efficiency to Vary by a factor of two (higher or lower than what is predicted by 

the standard simulation) for the lowest 10 GeV in the ET(Eh.I cluster) distributions, 

while no weighting is applied above that energy. 

We thus estirnate a systematic uncertainty of 7% (8%) on the ratio of the efficien- 
cieS Q ~ ~ ~ ~ - c E M ( ~ )  

~ t r q ~ e r - c ~ ~ ( ~ )  
for the Bd + K'Or channel in Run 1B (Run 1C). For the BI + 

channel we obtain 8% (9%) uncertainty in Run 1B (Run 1C). 

~ ~ ~ ~ ~ ~ ~ , ~ ~ ~ ~ ( e )  and c ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ( T )  indicate the chances of ECLB electrons and 

penguin photons satidying the XCES trigger requirement. The efficiency of this 

requirement is applied as a correction factor to the final sample of simulated events. 

Using the parameterization shown in Fig. 3.5 to the final Monte Carlo samples we 

estimate that the Run 1B XCES efficiencies are (94.7 f 1.2)% for the B: + Km0af 

channel, (94.811.2)% for the BI + Qy channel and (94.0&1.4)% for the B + e-DoX 

channel in Run 1B. In the Run 1C the efficiencies were (96.7 f 1 A)%, (96.7 * 1 4 %  

and (96.4 f 1.6)% respectively. Therefore there is a 2% uncertainty on the ratio 

Cmotchins-c~n[-rrack indicates how often we find the electron track and match it 

with the electron-induced CEM cluster. We estirnate this efficiency correction from 

the Monte Carlo electrons, presumably without taking al1 possible inefficiencies into 

account. This way we infer a greater B(Bd + Kaoy)  than what we should by 
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using the tnie e m a t c h i n g - c ~ ~  frocfi and ~ e ' l l  be arnving at a less constraining (i.e. 

more conservative) upper limit for this branching fraction. Therefore we accept the 

prediction of the Monte Carlo as  adequate. 

eCFT(e) and eCFT(Kl a) are the efficiencies of the trigger requirements that the 

ECLB electron and the two peny in  tracks are found by the CFT. These efficiencies 

are estimated with the use of the parameterizations shown in Fig. 3.6. For the CFT 

bin 4 requirement (electron case) there is an uncertainty on the efficiency of 1%. 

The uncertainty on the parameterizations of the CFT bin O requirements is 1.2% in 

Run 1B and 1.6% in Run 1C. Considering the CFT requirements on the two penguin 

tracks to be 100% correlated (due to the proximity of the tracks and the small but 

existing 171 dependence of this efficiency), we assign a 3% systematic uncertainty due 

to the uncertainty on the CFT bin O and bin 4 efficiencies. 

eolfline-CEM(e) and €of f l inc-cEM(~)  are the efficiencies of the quaiity requirements 

on the ECLB electrons and the penguin photons imposed off-line (EH,lD/EEhl, LsHR 

and CES x2's). These requirements are identical for both channels and they should 

have very similar efficiencies once the ET spectra of the CEM clusters match each 

other and the electrons and photons are embedded in similar environments. The 

different cuts on the kaon and the pion for the two channels that are used in this 

analysis have brought the ET(EM cluster) distributions to an agreement within 1 

GeV, but there are systematic differences. Hence we use the efficiency as it is pre- 

dicted by Monte Carlo for these cuts, whereas the mismatch of the ET(EM cluster) 

has already been considered as a source of systematic uncertainty in the trigger 

efficiency ehiggcr-cEM(~ or e) above. 

~ ~ ~ f ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ( e ~  Ki R )  and col lineAracring ( K ,  T )  are the efficiencies t o  reconstruct 

the indicated charged products in the reference and the penguin channels. Recall 

that the track reconstruction efficiency is found to be constant for pr > 400 MeV/c 

and equal to  (92.8 2.6)% 1531. Since we have three tracks in the B + e-DoX, 

Do -t K-r+ channel compared to two in the penguin channels, al1 with pr > 400 
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GeV/c 

expect 

on the 

and embedded in very similar environments around the parent B mesons, we 
CO f f l i n c ~ r o c h i n g ( e , K ~ ~ )  

CO/ f l inc3rocking(K,n)  
= (92.8 f 2.6)%. As it has been mentioned before, we rely 

Monte Carlo to account for the SVX-related requirements. Residual effects 

present in the data cancel in the ratio of efficiencies. 

€ofIlineArackJerterins(K, A )  is the efficiency to reconstruct the ~ W O  tracks as origi- 

nating from a common secondary vertex, presumably the decay point of a Do or a 

K'O meson. Given the similarities of the environments between the reference and the 

penguin channels and the similarities in the selection criteria imposed on the tracks, 

the efficiencies e,,rt,,(K, T )  should be equal and thus cancel in the ratio. We use 

the Monte Carlo prediction for this ratio in order to take into account any residual 

inequalities, but it turns out be equal to 1.0 nevertheless. 

eotfiine-immt(K, r r )  is the efficiency of the requirernent that both the kaon arid the 

pion be displaced from the primary pp vertex (impact parameter significance require- 

ment). In Fig. 6.1 we see that the Monte Carlo predicts the distribution of the impact 

parameter significance for the Do products of B + e - D o X ,  Do + K-ir' decays. 

Consequently we rely on Monte Carlo to estimate the efficiency E ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ ~ ~ ( K ~  A )  

for the reference and the penguin channels. 

c~~~~~~~~ (e KT) and colpined(~/ Ka) are the efficiencies of the O < ct < 0.3 cm 

requirement on the B -t e - D o X ,  Do + K-R' and penguin candidates respectively. 

We rely on Monte Carlo to estimate these efficiencies, since it is shown to reproduce 

features of the B decays related to their long lifetime. 

The uncertainty on the lifetime of the various B meson species introduces an 

uncertainty on the efFect of the d and the minimum impact parameter significance 

requirements. By generating Monte Carlo samples with B lifetimes &la from the 

nominal values [4], we estimate the uncertainty on the ratio of branching fractions 

to be 4% for the Bd -+ Kooy case and 6% for the BI + h case, in both Run 1B 

and Run 1C. 
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efficiencies of (i) the trigger requirement that there be no CFT track pointing to the 

wedge of the photon ("L2 isolation"), and (ii) the requirement that the B system 

carry more than 70% of the total pr in an 17 - 4 cone of R = 1.0 around it ("B isola- 

tion"). For the B + e - D o X ,  Do + K-*+ case the efficiency eoltlincmuirmmrnt(eK~) 

includes both requirements, since neither was applied a t  the trigger level. Identical 

requirements were imposed on both processes. The a distributions of the parent B 

mesons are very similar (see Fig. 6.2 and 6.3) and this results in very similar environ- 

ments around the two B mesons. We then expect the "environmental" efficiencies 

to be equal between the reference and the penguin processes and thus cancel in the 

ratio. As discussed in Section 6.1 we expect some differences between the penguin 

and B -+ e - D o X ,  Do -t K - x i  channels. We correct for such effects with the use 

of pp  -t b6 Monte Carlo events generated with PYTHIA [54] and fed through the 

detector and trigger simulations. The ratio of the L2 and B isolation efficiencies 

between the penguin and reference channels is then found to be (0.961 k 0.021) and 

(0.940 f 0.022) for the Bd -t Kmoy and BI -t & cases respectively. Consequently we 

have a 2% uncertainty on this ratio, which is accounted towards the total systematic 

uncertainty of the branching fraction measurement. 

The BI + & channel is treated in the çame manner as the Bd t K'O7 above, 

but the production cross section for BI mesons is not the same as for B: mesons; 

for the same m(B) the ratio of the production cross sections is the ratio of the 

fragmentation probabilities for (i) a b quark to combine with an s quark and form 

a BI meson and (ii) a b quark to combine with a d quark to form a B: meson. 

This ratio is often taken to be 1 /3  in the literature, which is in agreement with 

rneasured values. CDF has measured = 0.34.k 0.10 k 0.03 [19] and, more recent ly, 

Id = 0.427 k 0.072 [20]. The Particle Data Group quotes = 0.264 I0 .048 [4], a 

value derived from the LEP experiments at CERN. The uncertainty on this ratio is a 

source of systernatic uncertainty on the ratio of branching fractions for the BI + &y 

case, but it is not mentioned in Table 6.2, were the rest of the uncertainties due to 
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various systematic effects axe summarized. 

R o m  the information in Tables 6.1 and 6.4 and the relative off-line tracking and 

environment (L2 and B isolation) efficiencies, we obtain the relative efficiencies for 

the B + e-DoX, Do -+ K-T+ and the penguin channels given in Table 6.3. The 

dagger in this table refers to the following discussion. The Particie Data Group (41 

quotes B(Do + K-n+) = (3.85 i 0.09)% and B(B + e - X )  = 0.1045 f 0.0021. 
B B+-  DO.^ They also quote a measurement of &B+e- = 0.67 i 0.09 i 0.10 [63] and they 

consequently suggest B(B -t e-DoX) = (0.67 * 0.09 f 0.10) x (0.1045 k 0.0021) = 

(7.0 k 1.4)%. They point out though that Ref. [63] used B(Do -t K-*+)  = 

(4.2 + 0.4 k 0.4)%, which is now out-of-date. The second uncertainty on the 
B B-te D O  Y rneasurement was due to the uncertainty on the Do branching fraction. 

8 B+e'DO.Y) As seen in Ref. [63] (Eq. 1 and Table 1), the actual measurement was L(B+e-  x 

B(Do + K-a+)  = (0.67 I 0.09) x 0.042. CVe use this result to obtain: 

6.5 Test of Monte Carlo predictions 

In order to test the use of Monte Carlo for the determination of part of the efficiencies 

and to strengthen the case for forming ratios of branching fractions, we compare the 

number of B -t e - D o X ,  Do -t K-r' events observed in the data with a prediction 

based on Monte Carlo B + e-DoX, Do + K-n' events. 

We generate, decay and feed through the detector and trigger simulation Bj, 
d 

B:, B: and B: mesons following the steps described in Chapter 3. We generated 

and simulated B + eD0u, B -t eD'v, Do + DoX,  B + eD"v, D" -t DoX, and 

B + e(Dnr),,v, (Dnn),, -t DoX decays. In al1 cases the parent B mesons have 

a > 12 (> 6) GeV/c and 1 y1 < 1.25 in order to avoid simulating events that have 

no chance of meeting the Run 1B (Run 1C) selection criteria. 
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8; + K'O? 

Source of systemat ic uncertainty 

1) Parameterbation of CFT efficiency 

1 3 2  reconstruction efficiency II 

Run 1B 

B,O + 47 

Effect on the ratio of B's 

3% 

2) Parameterization of XCE,S efficiency 

1 4) Differences in L2 and B isolation effieiencies II 2% 1 

Run 1C Run 1B 

2% 

Run 1C 

5) Differences in &(e)/&(y) distributions 

6) Difference on pr(B) between theory and data 
1 

1 9) Uacertainty on B iifetimes II 4% I I  6% I 

7% 

2% 

7) Monte Carlo statistics 

8) N ~ , ~ , . ~ ~ ( ~ D ~  X) st at ist ics 1 
1 

10) Raction of D O  mesons from other D states 11 12% 1 11% 11 12% 1 11% 
, 

1 2% 1 3% (1 2% 1 3% 

8% 

4% 

19% 

Table 6.2: Systematic uncertuinties on the ratio of brunching fmctions between the 

penguzn channels and the rejetence B + e-DoX channei in Run 1B and Run 1C. 

11) $(B -t ~ - D * x )  x B ( D O  + K - r i )  

12) B ( 4  K+ K-)  

Tot al systemat ic uncertainty 

(CDF: 1 - 8) 

(external: 9 - 12) 
i 

8% 

6% 

23% 

9% 

1% 

14% 

19% 23% 

28% 

21% 

19% 

31% 

25% 

18% 

2% 

30% 

22% 

20% 

31% 

25% 

19% 
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J Ldt(eX)  
J Ldt(peng) 

Table 6.3: Ingredients for the calculation of the branchzng fmction lirnits for the B: -t 

K o 0 7  and B: -t h decays in the Run 1 B and Run 1 C sarnples. The uncertainties 

on the ratio of eficiencies are nurnbered according to the entnes in Table 6.2. The 

dagger on the B(B  -t e - D o X )  x B(Do -t K - r + )  value refers to the discussion ut 

the end of Section 6.4. 

B(K'O -t KCa-) 

B(# + K + K - )  

f d 
etOtal (e  D"X) 

'total ( ~ e n g u i n )  
(CDF uncertainties: 1 - 7) 

We take into account the differences in the branching fractions and selection effi- 

ciencies between these four distinct decay channels and we weight the Monte Carlo 

samples properly to get two representative samples of B -t e - D o X ,  Do + K-ri  de- 

cays; one for Run 1B and one for Run 1C. For the efficiency of the XCES and CFT 

requirements on the electron, we use the parameterizations shown in Figures 3.5 

and 3.6, for the track reconstruction efficiency we use [53] (88.1 f 4.3)% x (92.8 I 

2.6)% = (81.8 f 4.6)%, whereas for the rest of the requirements we rely on the 

simulation as it was discussed in the previous sections. We do not apply the "envi- 

ronmental" requirements on the B isolation, off-line, and the CEM cluster isolation 

R U .  IB 

16.2/22.3 

(exterrial uncert aint ies: 9,10) (1 k0.058 1 k0.072 f 0.046 

RU IC 

1.2/6.6 

213 

0.491 k 0.008 

113 

0.460 

R U ~ B  

16.2/22.3 

0.347 0.613 

k0.042 

R U ~ I C ]  

4.2/6.6 

, 

0.492 

10.040 
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Run 1B Run 1C 

Efficiencies (in %) 

Trigger and off-line (partial) 0.256 ;t 0.030 0.082 * 0.009 

XCES 11 94.0 k 1.4 11 96.4 f 1.6 

n a c k  reconstruction 11 81.8 * 4.6 

Total efficiency (%) 11 0.197 f 0.026 11 0.065 k 0.008 
1 

J Ldt ( p b - l )  16.2 k 0.7 4.2 k 0.2 

Signal events after al! cuts: II 
Predicted by Monte Carlo 

Observed in data II 94 i 17 41 5 11 

Table 6.4: Predicted and abserued number of B + e-Do X, Do -+ K-r' events for 

the same data-takzng period as the penguin data. 

from CFT tracks ("L2 isolation"), at the trigger level, because we base the Monte 

Carlo prediction on simulated events of single B decays only. 

We expect 117 k 35 B + e-DOX, Do + K-n+ events in the 16.2 i 0.7 pb-' of 

electron data that were collected in the same time period as the penguin data (see 

Table 6.4). This is consistent with the 94 * 17 events seen in the data (see Fig. 4.8). 

For the entire Run 1B electron data set (74.2 5 3.1 pb-') we expect 535 z t  162 

B + e - D o X ,  Do + K-xi  events and we observe 507 f 34. In Run 1C we expect 

93 f 28 B + e-DoX, Do + K-a+ events and we observe 41 I l 1  (see Fig. 4.8), a 

difference of 1.7 standard deviations from zero. 

Along with possible non-accounted efficiencies, this discrepancy could also be due 
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to a difference in the shape of the B production cross section between theory (input 

to  Monte Carlo) and data (see Fig. 1.3 and 6.6). hdeed, if in reality the B produc- 

tion cross section falls more rapidly with pT(B) t han theory predicts, the B mesons 

in Monte Carlo are generated with higher momentum, on average. Consequently, the 

Monte Carlo prediction for the total selection efficiency is an overestimate, since the 

more energetic a B meson is, the higher its chances to satisfy the selection require- 

ments are (for example, see the efficiency of the t rigger requirements for Bd -t K'O y 

events, as a function of pï (B)  in Fig. 4.7). This effect would be more apparent in 

Run 1C, were the lower energy threshold on the electron allows the reconstruction 

of lower energy B rnesoos. 

We therefore argue that while the use of Monte Carlo for the determination of 

some of the efficiencies is justified to sorne extent (see exarnples in this dissertation 

where the Monte Carlo distributions describe the data quite well) , it underestimates 

the number of B + e - D o X ,  Do -t K-r+ events expected in the data, a possible hint 

that it does not account for some of the inefficiencies present in data. Nevertheless, 

in the ratio of branching fractions between B + e- D o X ,  Do -t K-ri  and penguin 

decays reconstructed in the same data taking periods, many inefficiencies are common 

to both channels. Consequently, the Monte Carlo prediction of the ratio of efficiencies 

is expected to be robust. Furthermore, the B production cross section cancels in the 

ratio of branching fractions and thus discrepancies between theory and data have a 

second order effect (see Table 6.2). 



Chapter 7 

Branching Fraction Upper Limits 

In the previous chapter we discussed the way we would infer the penguin branching 

fraction given a sample of selected penguin decays. We argued that the use of 

a similar "reference" decay could be used to get a more robust estimate of the 

penguin selection efficiencies. We then stated that when one forms the ratios of 

branching fractions between the penguin and Ë + e - D o X ,  Do + K-nT channels, 

he minimizes uncertainties associated with the B meson production cross section and 

ot her common (in)efficiencies and syst ematic effects. 

In this chapter we present the calculations of the penguin branching fractions as 

a function of the number of signal events in the data sample. The lack of signal in 

the penguin channels (see Fig. 5.15) dictates the extraction of upper limits for the 

penguin branching fractions. 

7.1 Separate treatment of Run 1B and Run 1C 

data 

Following the discussion in Section 6.2, we express the ratios of branching fractions 

between the penguin and B -t e -  DoX,  Do + K-ai channels as: 
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= 2 *  N(Keoy) J Ldt(eX) B(Do -t K-*+) e,t&DoX) 
N (eDoX) ' J Ldt (peng) ' B(Ko0 -t K+*-)  ' etotal (Kg'?) 

and 

where J Ldt are the integrated luminosities of the inclusive electron, "ex", and 

the penguin, 'Lpeng", data samples; ektal are the total efficiencies for retaining the 

B -t e-DoX, Do -t K-nC (eDoX) and the penguin (Kooy and &) events which 

resulted from the pp  collisions; the factor of two accounts for B -t e-DoX events 

produced by Bi, @, B,' and B; mesons, whereas the penguin decays corne from Bd 

and B: ( K o 0 r )  or BI and @ (#+y) ooly; N refers to the number of candidate events 

satisfying al1 selection criteria; B denotes the various branching fractions, which are 

taken from Ref. [41, unless stated otherwise; and f, and fd are the fractions of the 

time a b quark combines with an s or a d quark to create a Bs or a Bd meson 

respectively. The cross sections for producing B: and B,' mesons are taken to be 

Using the equations above, taking the numerical values of the various ingredi- 

ents from Table 6.3 and assigning the uncertainties shown in Table 6.2, we cal- 

culate the "relative" branching fractions between the penguin and B + e-DoX 
8 ( 8 ° + ~ - 0 7 )  channels, e-g., B(Bie-~Oay) , by using B(Do + K-ni)  = (3.85 i 0.09)% (41. We 

also form the "absolute" penguin branching fractions, e.g., B(Bj -t Kg'?), by using 

B(B + e -DoX)  x B(Do + K-r+)  = (294 I40) x lW5 (see Section 6.4). For = f 
we obtain: 
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In Tables 7.1 - 7.4 we show the "relative" and "absolute" penguin branching 

fractions. In the B, case we present the calculations for three different values. 

The value of 113 is the favorite theoreticai assumption in the literature. The Particle 

Data Group quotes = 0.264 f 0.048 [4] and CDF reports = 0.427 * 0.072 [20]. 

These latter values introduce an extra uncertainty of 18% or 17% respectively. 

Since we do not have enough events in the signal region, we set upper limits for 

the penguin branching fractions. For the Bd + Kmoy channel in Run 1C, we set a 
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conservative limit by assuming that the observed event is due to signal only. We 

calculate the upper limit on the mean number of penguin events at a confidence 

level, C. L., including the total systemat ic uncertainty, o,  by solving the following 

equation numerically : 

where Nohervcd is the number of observed signal events; P(n; z) is the Poisson prob- 

ability of o b s e ~ n g  n events with mean x ,  and G(x;  p, a) is the Gaussian probability 

to observe z events when the mean is p and the standard deviation is a. We evaluate 

the right hand side of this equation for each p in increments of 0.001, starting with 

p+ = O events. The upper limit on the mean is the smallest p value for which the 

right hand side becomes equal to, or just smaller than, the left hand side. Should 

the true mean be larger, the probabiiity of obsening Nob.crvcd events or les ,  would 

have been smaller than 1 - C.L.. Following these steps we reproduce the results in 

Ref. (311 and [64] '. In the place of N ( K o 0 y )  and N ( h )  in Eq. 7.3 and 7.4. we 

use the calculated upper limits on the mean to obtain upper limits on the penguin 

branching fractions. 

The resulting limits on the ratio of branching fractions between the penguin and 

B + e-DoX channels are tabulated in Tables 7.1 - 7.4. Limits on the absolute 

penguin branching fractions are also shown in these tables. 

7.2 Results for combined Run 1B and Run 1C 

data 

Using Eq. 7.2 we can write for the total number of B: + Kooy,  Koo  + K+n- events 

expected to be selected during the course of both the Run 1B and Run 1C data-taking 

'In the latest Review of Partide Physics (41 we are presenteâ 4 t h  confidence intervais only, not 

upper limits. 
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periods: 

and we then can write for the branching fraction of the Bd + Kaoy channel, and in 

a similar fashion for the BI + h, 4 + K+ K -  channel: 

where the factors ~ , . l  absorb the relative efficiencies, integrated luminosities and 

other factors in Eq. 7.2, except the number of observed candidate B -t e-DoX. 

Do + K - r f  events. The superscripts 1B and 1C refer to Run 1B and Run 1C data 

taking periods, while lB+lC refers to the entire data taking period (both Run 1B 

and Run 1C). When we form ratios of branching fractions between the penguins 

and B -t e-DoX channels, we leave B ( B  + e- DoX) out of e,,l. In any case the 

numericd values of NLB (e DOX) -cf: and NLC (e DOX) =et: are given in Tables 7.1 - 7.4. 

Note that the uncertainties on these two products are not uncorrelated; uncertainties 

9 - 12 in Table 6.2 are 100% correlated2, while the rest are dominated by the statistics 

of the B + e- DoX, Do + K-r' events and are taken to be uncorrelated. 
105 For example, frorn Eq. 7.3 and 7.4 we obtain N ' ~ ( ~ D ' x )  cf: = 5. i7~L.osio .ge  

1 o5 
and NLC(eDoX) ffd = lo.,,,,.,, 21.9, 7 w here the first uncertainties are uncorrelated 

and the second are correlated3. Therefore, NLB(eDoX) . efd  + NLC(e DoX) - e:$ = 

28585 f 7077 and Eq. 7.7 yields: 

?The uncertainty on f f  is also common to both data sets. 
3Ftom Table 6.2 the uncorrelated uncertainty is 21% (25%) and the correiated is 19% (18%) for 

the 8: + K'Oy Channel in Run 1B (Run 1C). 
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With one event observed in the entire data sample and 25% uncertainty (0.87/3.50), 

the upper limit on the mean number of penguin events is 4.30 (5.45) at 90% (95%) 

confidence level. This result yields an upper limit on the branching fraction B(B! + 
of 1.5 x 10-4 at 90% C.L. and 1.9 x 10-~ at 95% C.L. Similarly we pro- 

ceed in calculating upper limits for the Bd + & channel. The results are çhown in 

Tables 7.1 - 7.4. 
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1 !I Run 1B 1 Run 1C II Run lB+lC 1 
Relative branching fraction B: + ~ " y  vs. B + ~ - D ' x  

l x  -t x lo4 Nobserved B(B -, e - ~ O ~ )  

1 Upper Limits with 90% C.L. 1 

To ta1 uncertainty 

6.77 f 1.69 

1 Upper Limits with 95% C.L. 1 

25% 
I 

ALmcan (events) 
B(B: -+ ~ ' ~ 7 )  

B(B + ~ - D ' x )  

14.17 I 3.97 

I 

4.58 I 0.95 

28% 

2.50 

1.7 x 1 0 - ~  

XS(B:  + K ' O ~ )  x los N observed 

Total uncertainty 

Nobacrucd (events) 

iVmean (event s) 1 2.56 1 4.57 11 4.30 

21% 

Absolute branching fraction 

1 Upper Limits with 95% C.L. 

4.43 

6.3 x 10-~ 

B: -t K*O? 

Upper Limits with 90% C.L. 

Run 1B 

5.17 k 1.45 

28% 

0 

ATmeon (events) 11 3.46 

4.17 

1.9 x 10-~ 

- 
d 

1 
1 

Table 7.1: Ratio of bmnchrng fractions m~ and absolute bmnching fmc- 

tzon B(B: + Kooy) .  

Run 1C 

10.82 k 3.35 

31% 

1 

Run lB+lC 

3.50 f 0.87 

25% 

1 
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Relative branching fkact ion 1 B: + h  vs. B + ~ - D * X  

B B  ++-y x - x io3 Nobserved B(B + e D X) 

1 Upper Limits with 90% C.L. 1 

Tot al uncert ainty 

1 Upper Limits with 95% C.L. 1 

Run 1B 

2.08 f 0.54 

Absolute branching fraction II BI + h 1 

26% 

Run 1C 

4.63 I 1.30 

1 Upper Limits with 95% C.L. 1 

Run lB+lC 

1.44 & 0.31 
1 

28% 

f r = i  
fd 3 

XB(B; + #$ x 10' Nobserved 

Total uncertainty 

Nobser ved (events) 

Table 7.2: Ratio of bmnehing fmchans and obsolufe bmnching fme- 

tion B(B: -t &y) using = 113. 

22% 

Upper Limits with 90% C.L. 

Run lB+lC 

1.10 f 0.29 

26% 

Run 1B 

1.59 I 0.48 

30% 

Run 1C 

3.54 f 1.10 

31% 

0 
A 0 0 
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Relative branching fraction 

1 Upper Limits with 95% C.L. 

B: -t h vs. B - t e - ~ * X  
Y 

5 = 0.264 f 0.048 

1 x B(Bl ) x 10' Nobserved B(B + e - ~ O ~  

Total uncertainty 

Nobacrucd (events) 

1 Absolute branching fraction 11 ~ i + h  1 

Upper Limits with 90% C.L. 

Run 1B 

2.63 k 0.84 

32% 

0 

5 f = 0.264 f 0.048 
1 

Nubserved XB(B; -+ h) x 10' 

Total uncertainty 

~Vol,served (events) 

Table 7.3: Ratio of branching fmctions ,M and absolute branching fmc- 

taon 8(BI -t &y) using = 0.264 f 0.048 [dl. 

Run 1C 

5.85 k 1.99 

33% 

0 

Run lB+lC 

1.81 10.51 

28% 

0 

Upper Limits with 90% C.L. 

Run IB 

2.01 k 0.70 

35% 

0 

2.65 

3.7 x 1 0 4  

N w a n  

WB! + h) 

Upper Limits with 95% C.L. 

Run 1C 

1.47 I 1.61 

36% 

0 

2.73 

Run lB+lC 

1.39 f 0.44 

32% 

0 

2.76 

5.5 x 1 0 - ~  1 1.2 1 0 - ~  
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- 
Relative branching fraction BI -t vs. B + e - D a x  1 

= 0.427 f 0.072 
, f 

1 Upper Limits with 90% C.L. 1 

Tot al uncert ainty 

Nob~crved (events) 

Run 1B 

1 Absolute branehing fraction 11 

x - -  x 103 Nobserved B(B  j e D X) 
1 

31% 

0 

% c m  (events) 
W I  + h) 

B(B + e-Dax) 

Total uncertainty 

Run 1C 

Nobacrved (events) 

Upper Limits with 90% C.L. 

1.62 f 0.50 

Run lB+lC 

33% 

0 

Upper Limits with 95% C.L. 

2.63 

4.3 x 1oW3 

1 Upper Limits with 95% C.L. 

28% 

0 

Table 7.4: Ratio of bmnching Jlczctions .-, and absolute branehing j k e -  

tzon B(BI + Qy) using = 0.427 I0.072 [20]. 

3.62 rt 1.19 

2.68 

9.7 x 1 0 - ~  

1.12 * 0.31 
1 

2.56 

2.9 x 1 0 ~ ~  



Chapter 8 

Summary and Outlook 

Using a data sample of J Ldt = 28.9 i 1.2 pbbL of proton-antiproton collisions at  

fi = 1.8 TeV collected with the CDF detector at the Fermilab Tevatron collider, 

we searched for "penguin" radiative decays of B: and BI mesons which involve the 

flavor-changing neutral-current transition of a b quark into an s quark with the 

ernission of a photon, b -t sy. Specifically, we searched for the decays 

with the daughter mesons reconstructed via the decay modes 

and the photon measured in the central ( I r ) (  < 1) electromagnetic calorimeter. 

In order to collect such decays, we designed a specialized trigger which required 

information on al1 the decay products of the B meson decay chain, the first such 

trigger in a hadron collider environment. This "penguin" trigger collected data 

during the 1st quarter of the 1994 - 1996 data-taking period. The rapid decrease of 

the B production cross section with increasing B momentum makes the use of low 
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energy thresholds for the decay products desirable. But since pjj collisions produce a 

plethora of particles, most of thern with low energies, the energy thresholds imposed 

by the trigger cannot be trivial, otherwise the rate a t  which the trigger accepts events 

would reach unmanageable levels. Guided by simulations of the signal processes, we 

only accepted events where the candidate decay products were close to each other 

and we required that the transverse momenta1 of the charged particles be above 2 

GeV/c. As for the photon energy, 22.3 pb-1 of data were collected with a 10 GeV 

threshold, while in the last 6.6 pb-' we were able to relax this requirernent to 6 GeV. 

As shown in Tables 4.1 and 6.1, the expected yield of this trigger is - 25 

Bd + Kooy events per 100 pb-l, for the 10 GeV energy threshold on the photons, 

with 115 of them surviving the off-line requirements to reject background events. 

After al1 selection criteria, we are left with one candidate Bd + Kooy decay and no 

BI + #q candidates in the entire Run 1 data sample. We then proceed to set upper 

limits on the branching fractions of the penguin channels. The upper b i t  for the 

B: + Kooy decay is consistent with the branching fraction measurement reported 

by the CLEO collaboration, B(Bd + Koor) = (4 .01 1.9) x 1 0 - ~  [32], while the upper 

limit for the as yet unobserved BI + & decay is the most constraining one set to 

date [4]. Theoretical predictions for B(B; + Koor) are in excellent ageement with 

the CLEO result. 

8.1 Branching Fkaction Limits 

We exploit the topological similarity between the B + e - D o X ,  Do + K-*+and the 

penguin decays, by forming ratios of branching fractions between the penguin and 

the B + e- DoX channels. Uncertainties associated with the B meson production 

cross section, common efficiency corrections and other systematic effects are minimal 

'Momenta and energies of the decay products mentioned here refer to the transverse z - y  plane 

of the CDF detector. 
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in the ratio of branching fractions. The uncertainty on the B -+ e-DoX yield is the 

biggest contribution to the total uncertainty on the penguin branching fraction. 

We assume equal production rates for BU and Bj mesons, while the probability of 

producing B: mesons relative to B: mesons, f,/ fd, is taken to be 113 *. The inferred 

upper limits on the ratios of branching fractions are 

Relative branching fraction measurements were combined with the branching 

fraction measurement of the B + e-DoX, Do + K - A -  decay chain, B(B -t e-DoX) x 

B(Do + K-rT)  = (294f 40) x 10-~ (see end of Section 6.4), to extract the following 

absolute branching fraction limits 

B(B1 + @y) < 2.8 x IO-' at 90% C.L. 

B(Bj + K e o y )  < 1.5 x IO-' at  90% C.L. 

8.2 Future prospects 

For the data-taking period to commence in the year 2000 (Run 2)) the Fermilab 

accelerator complex is being upgraded with the "Main Injector" which will replace 

the Main Ring in providing the Tevatron with proton and antiproton beams. The 

center-of-mass energy of the colliding beams will be fi = 2 T'eV, the instantaneous 

luminosity will reach 2 x sec-l, with beams colliding every 396 ns, com- 

pared to 3.5 ps in Run 1, and the Tevatron is expected to provide an integated 

luminosity of J L d t  = 2 fi-' in Run 2. The CDF detector is also being rebuilt into 

*In Chapter 7 we present results for two ot her fs / fd d u e s ,  one £rom LEP experiments and one 

from CDF. 
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an upgaded "CDF II" detector [65] in order to cope with these changes and ex- 

plore the wealth of new data. Key upgrades for B physics include: (i) the extended 

coverage of the silicon trackers to 1 5 2, thus covering almost al1 the luminous pp 

collision region, compared to the 60% coverage provided by the silicon tracker in Run 

1, (ii) the t hree-dimensional information provided by the silicon trackers, compared 

to the two-dimensional in Run 1, and (iii) the ability of the data acquisition system to 

handle bunch crossings every 132 ns and of the trigger to use tracking information 

a t  Level 1, impact parameter information for tracks a t  Level 2, and to handle 300 Hz 

of data a t  Level 3. We thus anticipate significant increases to the trigger bandwidth 

and to the signal-to-background ratio at the trigger ievei for tracks originating from b 

decays. Consequently, we expect to lower the photon energy threshold to 5 GeV and 

the track momentum requirement to 1.5 GeV and collect - 135 Bd + Ko07 events 

per 100 pb-l,  or - 2700 per 2 fb-': with a similar trigger to the one implemented in 

Run 1. Addit ional off-line requirements will improve the signal- to- background ratio 

and still leave a significant number of B: -t K a o r  events observed, allowing for a 

precise measurement of t his branching fraction. 

As soon as B(B: + Ko0y) is measured, it will be interesting to study the decay 

B: -t p07, where the p meson can be reconstructed from its decay into two charged 

pions. The theoretical prediction of 8(Bj -t po I )  - [34] puts this decay within 
~ ( B O - ~ P O ~ )  reach for Run 2. The ratio of branching fractions is proportional to the 

ratio 1 l Z 7  with the proportionality constant being mode1 dependent. A measure- 

ment of 12 1 constrains one side of the CP unitarity triangle. Bd -t po?, + rf r- 
decays with one pion misidentified as a kaon, results in KT  and ?KT mass distribu- 

tions resembling the corresponding distributions from Bd -t Ko0 y decays. Therefore, 

these decay modes cannot be separated on a event-by-event basis, but the relative 

contributions of t hese channels should be extracted statistically. This task will be 

- 

30riginally the Tevatron will operate with proton-antiproton bundies crossing every 396 ns, but 

there are plans for crossings every 132 ns. 
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facilitated by the particle identification system (from d E / d x  information from the 

new drift chamber) which is going to provide separation between kaon and pions at 

the lo level in the momentum range of interest. Discrimination against backgrounds 

from higher multiplicity penguin decays, B: + K*?to and B: + pore decays, where 

the ro is detected as a single electromagnetic cluster of energy in the calorimeter, has 

been studied with Monte Car10 and such backgrounds are shown to be manageable 

[56] .. 
Information on ( k ~  can also be obtained from the ratio of branching fractions 

8 BO -+ K-OT --. The size of the BI penguin sample is expected to be 113 to 112 the çize of 

the Bd penguin sample, for decays where the same CKM matrix element is involved 

(e.g., BI + & and B: + Kgo? decays, which involve 6, in b + t + s transitions). 

The mass resolution of the reconstructed B meson is dominated by the resolution on 

the photon energy measured in the calorimeter; it was - 100 MeV/c2 for the ET > 10 

GeV photons in Run 1. Since the mass difference between Bg and BI mesons is - 90 

MeV/c2, event-by-event separation of B: -+ K'Oy from BI + K'Oy events will not 

be possible. But photons can also be measured from their conversion to electron- 

positron pairs. The loss of signal yield due to the - 5% probability for a photon 

to convert in the material before the drift chamber, will be offset by a lower energy 

threshold. The B mass resolution will then be almost 5 times better. Furthermore, 

separation of photons frorn r0 will be almost twenty times better, allowing a cleaner 

separation between electromagnetic and hadronic penguin decays. Cornparison of 

the 121 results from Bj and By penguin decays, and BI and B: mixing, will help 

constrain theoretical uncertainties, mainly due to low-energy (Le. "long-distance") 

final state interactions which lead to b + d transitions without the involvement of 

virtual t quarks in the CKM-suppressed b + t + d transitions. 
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Appendix B 

Glossary 

B isolation The fact that a B meson carries most of the b quark momenturn after 

its fragmentation. 

Calorimeter tower The smallest calorimeter unit read out by the same electronic 

channel. In the central detector region ( 1 0 1  < 1), it spans 0.1 x lS0 in q - 4 

space. 

CDF Collider Detector at  Fermilab, 

CEM Central elect rornagnetic calorimeter. 

CES Centrai strip chambers. 

CFT Central track-finder processor used at the trigger level. 

CHA Central hadronic calorimeter. 

CTC Central drift chamber. 

ECLB The inclusive electron data stream, collected with a trigger which required 

an electron with transverse energy above 8 GeV. 

Event The amount of information the CDF detector collects to  describe the result 

of a single beam crossing. 
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KSGB The "penguin" data stream, collected with the specialized trigger looking 

for a high energy photon and two oppositely charged energetic tracks nearby. 

Level 1, etc. See LI, L2, L3. 

LI, L2, L3 First, second and third level trigger system. 

L2 isolation The penguin trigger requirement that there be no high energy track 

pointing a t  the same 6 as the penguin photon. 

MC See Monte Carlo 

Monte Carlo Computer programs which use random numbers to simulate physics 

processes, like proton-antiproton collisions, andfor the response of the detector 

to the passage of particles through its volume. 

Prescaling A specific trigger component is said to be prescaled by a factor x, when 

this component is considered for the overall trigger decision only one out of x 

times that this trigger component 's conditions were actually satisfied. 

7, pseudorapidity It is defined as q- = - ln[tan(8/2)], where 0 is the polar angle 

with respect to the proton-antiproton beam avis ( z  axis). 

Seed tower The calorirneter t ower containing the highest energy deposition amongst 

a g o u p  of contiguous calorimeter towers. 

SVX Silicon vertex detector. 

Transverse The transverse to the proton-antiproton beam axis component of a 

vector quantity, e.g., momentum. We also talk about transverse energy by 

considering the energy as a vector which originates a t  the proton-antiproton 

collision point, points to the energy deposition in the calorimeters and has a 

magnitude equal to t hat energy deposition. 



Vertex The primay vertez is the point of the proton-antiproton collision, and the 

seconday vertex is the B meson's decay point. 

XCES The trigger level requirernent that there be substantial energy deposition in 

the strip chambers embedded in the CEM. 
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