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Abstract

Using a data sample of integrated luminosity JLdt = 28.9 ± 1.2 pb-lOf proton­

antiproton collisions at a center-of-mass energy ~ = 1.8 TeV collected with the

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

decays of B~ 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'Y. Specifically.

we searched for the decays B~ -r K-o,,'(, Keo -r K~rr- and B~ -r flY'1 l cp -r K- K-.

as weIl as for the charge conjugate chains.

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

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

trigger in a hadron coIlider environment. This "penguin l
' trigger collected data

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

criteria, we are left with one candidate B~ -:, Keo",! clecay and no B~ -r 4r1 candidates

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

fractions of the penguin channels.

\Ve exploit the topological sirnilarity between the Ë3 ~ e- DO Xl DO -r K-ii-and

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

the Ë -+ e- DO X channels. Uncertainties associated with the B meson production

cross section. cornmon efficiency corrections and other systematic effects are minimal

in the ratio of branching fractions. The uncertainty on the Ë3 -t e- DO X' yield is the

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

"Ve assume equal production rates for B; and B~ mesons, while the probability of

producing B? mesons relative ta B~ mesons, f$/ fd, is taken to be 1/3. The inferred

upper liroits on the ratios of branching fractions are

•
B(B~ -r 4y'l) _ -3

B(B -r e- DO X) < 3.;) x 10

iii

at 90% C.L.

at 90% C.L.
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Relative branching fraction measurements were combined with the branching

fraction measurement of the ËJ -+ e- DOX, DO -+ K-1r+ decay chain, B(B ~ e- DOX) x

8(DO -+ K-rr+) = (294 ± 40) x 10-5 \ to extract the following absolute branching

fraction limits

B(B~ -+ 4rt) < 2.8 x 10-4

B(B~ -+ K·O"'f) < 1.5 x 10-4

at 90% C.L.

at 90% C.L.

•

•

The upper limit for the B~ -+ K·o"y decay is consistent with the branching fraction

measurement reported by the CLEO collaboration, 8(B~ -+ K·o,) = (4.0 ± 1.9) x

10-5
, while the upper limit for the as yet unobserved B~ ~ 4>"'( decay is the most

constraining one set to date .
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Résumé

Nous utilisons un échantillon de données de f Ldt = 28.9 ± 1.2 pb- 1 enregistré par le

détecteur CDF au collisionneur proton-antiproton Tevatron du Fermilab à VS = 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 ben un quark s avec émission de

ph0ton, b~ S''(. Plus précisément, nous recherchons les désintégrations B~ ~ K·o~;.

Keo ~ K-il- et B~ ~ ifY'1, q) ~ K+ K- (et conjuguées).

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

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. Il 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~ ~ Keo"l et aucun candidat B~ ~ dry. Ceci nous permet d'établir

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

La ressemblance topologique entre Ë ~ e- DO ..-r, DO ~ K-il~ et les désintégrations

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

le pingouin et les canaux Ë3 ~ e- DO X. Les incertitudes associées à la section ef­

ficace de production du méson B, 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- DO X. Nous supposons des taux de production égaux pour les mésons B; et

B~. Par contre, la probabilité de production des B~ par rapport à celle des B~, Is/ Id,

est prise égale à 1/3. Les limites supérieures sur les rapports d'embranchement sont:

B(B~ ~ qry) ... -3

B(B ~ e-DOX) < 3.0 x 10 à 90% de niveau de confiance

•
à 90% de niveau de confiance

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

v
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mesures de rapport d'embranchement des canaux de désintégration ËJ ~ e- DO)(,

DO -+ K-tr+! B(B ~ e- DOX) x B(DO -+ K-tr+) = (294 ± 40) x 10-5 . Ceci permet

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

B(B~ ~ 4Y't) < 2.8 x 10-4

B(B~ ~ K·O,) < 1.5 x 10-4

à 90% de niveau de confiance

à 90% de niveau de confiance

•

•

La limite supérieure pour la désintégration B~ -+ K·o,y est en accord avec la

mesure du rapport d'embranchement annoncé par la collaboration CLEO, B(B~ -+ K·O~i) =
(4.0 ± 1.9) x 10-5 . Par contre, la limite supérieure pour la désintégration B~ -+ qry,

non encore observée, est la plus contraignante connue à ce jour.
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Persona! contributions to the CDF experiment

"Vhen 1 joined the COF experiment as a Nlaster's student in 1991, 1 participated in

the data taking of electron and pion test-beam data. Using these data, 1 performed

a comparison between the response of the central electromagnetic calorimeter to the

incident partic1es and the predictions of the simulation package. l then suggested

improvements to the parameterization of the electromagnetic shower development

and 1 documented this work in an internaI eDF-Note. The findings of this work are

used now to test the new simulations of the calorimeters. The central calorimeter is

going to be used again during the next data-taking period commencing in the year

2000 and this work is invaluable, because the 1991 data were the last test-beam data

taken for this detector component.

~vly most important contribution to CDF, the subject of this thesis, was the

design, testing and implementation of the "penguin" trigger which required an en­

ergetic photon and a pair of oppositely charged energetie tracks. This trigger is a

pioneer for a hadron collider environment in the sense that it combines information

from an the decay products. Its use was also a proof-of-principle for CDF. which

is expected to observe significant signaIs in penguin channels with a similar trigger

during the upcoming data taking period~ expected to commence in the year 2000. In

fact, most of the triggers to be used in the next data taking period will be looking

for exclusive or semi-exclusive clecay channels.

\tVhen 1started my Ph.D, in 1993, the collider and the detector \vere upgraded for

the 1994-1996 data-taking period. 1joined the B physics group at CDF and 1 decided

my research topie be the "penguin" decays B~ --f Keo" Keo --f K+1r- and B~ ~ Ç"f ~

cP --f K+ K-, which involve the flavour-changing neutral-current transition b -; s"'(.

\Vith the use of simulations 1 predicted the signal yield as a function of the energy

and topological requirements on the B decay products. 1 also used events selected

with a low energy threshold requirement on photons to study the trigger rate as a

function of the photon energy threshold. The limitations in the trigger bandwidth

had dictated the already existing photon triggers to have high energy thresholds~
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resulting in trivial penguin signal yields. l then investigated scenarios of trigger

lagie where information from aIl the penguin decay products were used. l made

predictions about the rate of a trigger that would require information on a photon­

like cluster of energy and two tracks as a function of the energy and topology of these

three objects. The signal characteristics and the limitations in the trigger bandwidth

dictated the penguin trigger requirements. The penguin trigger logic could not be

împlemented prior ta the arrivaI of the programmable ALPHA processors which

gave the trigger system unprecedented flexibility compared to the hardware trigger

previously employed.

After numerous presentations to convince the collaboration of the feasibility of

the method, l implemented the trigger as a FORTRAN routine at the 3rd (highest)

level of the CDF trigger system and, with the help of trigger experts, as assembly

code at the 2nd trigger Level. The trigger was tested on-lîne and the rates were as

predicted. In April 1995 the penguin trigger became part of the COF trigger system

and until the end of the data taking period (February 1996) it collected "" 800000

events, corresponding ta "" 30 pb-lof pp collisions, of which only "" 15 events are

expected to contain B~ --f Keo..y and"" 5 to contain B~ -t 4>"", decays.

In the analysis of the collected data l managed to bring the signal-to-background

ratio from "'" 4 in 10000 to aimost 8/1 with the use of characteristics of events contain­

ing B mesons: l used B -; eDo ...Y", B -f J / 1j; Keo and B -t J Il/JK'" events to under­

stand the background and B signal behaviour. Not observing enough signal events,

l then set an upper limit on the ratio of branching ratios B(B~ -1 K"O,)/8(B -f

eDOX) and B(B~ -1 4>1}/8(B -t eDOX); systematic effects common to these topo­

logically similar decays cancel in the ratio and the result has minimal dependence

on NIonte Carlo predictions.

l have documented my work on the penguin trigger and the analysis of the col­

lected data in severa! internaI CDF notes and l have presented this work at the

Canadian Association of Physicists (CAP) meetings in Quebec city (1995) and Ot-



tawa (1996), and at the American Physical Society (APS) meeting in Washington,

De (1997).
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on-line monitor programs and by having responsibilities for the reconstruction of

part of the data. 1 was aiso responsible for the maintenance of the Nlonte Carlo

generator for b hadrons for several months. This package was used extensively by

the B physics group until a new and similar simulation package became available.

1 have also introduced new wl.Sc students to the software and analysis techniques

used at COF and 1 have guided their work in B physics analyses and provided thenl

with code to start.

During these years 1 have also reviewed and edited numerous CDF paper drafts

through the exchange of ideas \Vith the main authors about physics. analysis methods

and presentation issues. yly participation in this process was vital in keeping the

)/1cGill group as one of the few groups commenting on the vast majority of the

intended CDF publications.
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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 particle collisions (usually protons or

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

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

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

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

feel each other via a limited number of interaction processes and aH known forces in

nature can be expressed in terms of these interactions.

1.1 Fondamental particles and interactions

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

theory of elementary partides and their interactions, which describes very well aIl

known particle physics phenomena. "Ve refer to this theory as the Standard ~Iodel.

According to the Standard Nlodel the elementary partides 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-

1



tiparticle" with the same mass and spin as the corresponding particle, but opposite

values of other quantum numbers, such as electric charge.
•
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1.1.1 The fundamental fermions

The fundamental fermions have spin s = ~1i 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 nuc1ei together, are called quarks. The ones

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 nuc1ear decays. The fundamental fermions of the Standard ~[odel are

shown in Table 1.1.

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

(e-), the muon (J.L-) and the tau (T-) have electric charge -l, 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 (VI!!' lIJj and LIT respectively) with no

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

reaction n + V ---t P + e-. \Vhen the neutrino, v, is a muon neutrino (e.g., from pion

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

(e.g., from ,8 decay), the produced lepton is an electron. The pairing of leptons

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

that c1assify them in three families: the electron, the muon and the tau famity.

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

each of the aforementioned lepton partic1es, 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, (eT) and its

electron antineutrino (ve ), the antimuon (J.L~) and its muon antineutrino (vJj)' and

the antitau (TT) and its tau antineutrino (vT ). As an example of leptons preserving

leptor family boundaries, a muon (J.L-) decays into a muon neutrino (vJj)' the lepton
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Leptons Quarks

Name Symbol Charge ~Iass Name Symbol Charge 1 ~Iass

(~leV/c2) 1 (~leV /c2
)

electron

neutrino IJe 0 ~O up u +1 1.5 - 53

electron e -1 0.511 clown d l 3-9-J
1

1muon 1

1

neutrino Vil 0 < 0.17 charm c ' 2 (1.1 - 1.-l) x 103
1T'3"
1

!
muon Ji. -1 105.67 strange s l 60 - 170

1

-3"
i

tau

neutrino V r 0 1 < 18.2 top t ' 2 (173.8 ± 5.2) x 103T'J
1

1

tau T -1 1777 bottom b l (4.1 - -lA) x 103
i-3"

Table 1.1: The fundamental fermions in the Standard A/odel. The charges are given

in units of the absolute electron charge. For each of these particles, there erists an

antiparticle with the same mass and opposite charge.

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

charge, and an electron antineutrino (De), 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 (flavours) of quarks~ q, are known as weB: the up (u). down (d)~ strange

(8), charrn (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 - k. Quarks carry a quantum number called "colour",

which cornes in three types: "red", "green" and "blue". Each quark Bavour 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



the same mass and spin, but opposite charge and calour ("anti-red", "anti-green"

and "anti-blue"). They are theü, d, 5, ë, band f (called "u bar", "d bar" and 50

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 anaiogy to the mixture 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 freedom; only

colourless objects can be observed. Therefore quarks must be confined into 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" thus resulting in a colourless combination.

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

example a positive pion, rr- 1 is a combination of an up quark and cl-bar antiquark.

ud. The next simplest colourless combinations of quarks are combinations of three

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.

•

•
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1.1.2 The fundamental forces

Any particle interacts with other 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 l and they are called gauge bosons. Four

forces describe aIl particle interactions. They are the gravitational, electromagnetic,

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

The gravitational force is presumed to be mediated by rnassless bosons with spin

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

1The words "force" and "interaction" are used interchangeably.
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Force Range Strength at Particles Carrier rvIass Spin Electric 1

(m) 10-15 ID affected GeVjc2 charge 1

Gravity 00 10-38 Ali Graviton 0 2 0
1

Electro- 1

i

magnetic 00 10-32 Charged Photon 0 1 0 i

1

Weak _ 10-18 10-13 AH ~V+ 80.41 ± 0.10 1 +1

W"- 80.41 ± 0.10 1 -1
1

ZO 91.187 ± 0.007 1
1

0

Strong ""- 10-15 1 Quarks. Gluons 0

1

1 0

hadrons,

gluons 1

1,

Table 1.2: The fundamental forces and the mediator bosons in the Standard Alodel.

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

force is given relative ta the strong force [1].

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

massive bodies (e.g., the earth). For interactions of subatomic partic1es gravity can

he ignored.

The electromagnetic force is fel t by aIl eiectrically charged particles. The carrier

of this force is the photon, "f, which is massless, electrically neutral and has spin Vi.

\Vhen a charged partic1e emits a photon it recoils and when the photon is absorbed by

another charged partic1e the momentum of the latter changes. Thus the two charged

particles ;ofeel" each other. The electromagnetic force is proportional to the electric

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

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

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

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



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 experiment to 12 significant digits [2].

•
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Even though the electromagnetic force is strong enough ta bind the negatively

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

ta prohibit protons from being confined in nuclei. The strong force is felt by aIl 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 1Ii. Gluons carry a combination of colour \Vith

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

carry electric charge and consequently no direct photon-photon interactions aceur,

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

Chromodynamics (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 becomes large enough to create a quark-antiquark pair.

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

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

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

separated by more than "'w 1 fm (a typical size for hadrons). Thus the range of the



strong interactions is '"V 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 them together in nuclei. This is analogous

to the electrically neutral atoms combining into molecules.

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

is felt by allleptons and quarks acd it is mediated by three types of massive bosons

with spin Hi. Two of these bosons are charged and are a particle-antiparticle pair~

the ~V+ and ~V-, and one is neutral, the ZO. \Vhen a quark or a lepton emits or

absorbs a ~V boson, its charge, and consequently its flavour, changes. The ~V and

Z bosons are heavy with AJw = (80.41 ± 0.10) GeV/c2 and lv/z = (91.187 ± 0.007)

GeV/ c2 . The range of the weak interactions is about 10-3 fm.

Transformations between quarks prefer to respect family boundaries, but inter­

generation interactions occur, though with smaller probabilities. Inter-generation

interactions can be explained if the quark eigenstates which participate in \veak

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. 1t is conventional to "mix" the down-type quarks only, since this is enough

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

Kobayashi-NIaskawa (CK~I) matrix:

•
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d' l'ud VU" Vub

Si = V'::d Y::" Y::b

b' \'td Vi" lItb

d

s

b

(1.1 )

where the 90% confidence limits on the magnitudes of the elements of the CK~1

matrix are [4]:

•
IVudl = 0.9745 - 0.9760

lY::dl = 0.21 i - 0.224

Ivtdl = 0.004 - 0.013

1VU" 1 = 0.217 - 0.224

I~"I = 0.9737 - 0.9753

1vt" 1 = 0.035 - 0.042

IV~bl = 0.0018 - 0.0045

IY::"I = 0.036 - 0.042

1V't,,1 = 0.9991 - 0.9994

(1.2)



Note that the structure of the CKM matrix is such that the only direct couplings

oceur between up-type and down-type quarks. Flavour-ehanging neutral-eurrents

(e.g.~ b -)0 sZo transitions) are suppressed by the GIl\1 mechanism (5] of paired weak

doublets of quarks: (u, d'), (c, s') and (t, b' ). In this scheme, d'd' zo, S'51Zo, and b' fjt ZO

couplings result in a zero strength for dsZo, sbZo, and bdZo eouplings, 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

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

of the strange quark and they wrote: dl = cosBlV d + sinBw s and Si = -sinOw d +

cosBw s, where Bw is the Cabibbo "weak mixing angle" with sin2B~'l :::: 0.23 (4}.

Thus, the neutral current couplings d'dl ZO and SI5' ZO between the weak eigenstates,

result in a zero strength for the flavour-changing neutral eurrent couplings dsZo and

sdZo 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 neutrai current transitions.

•
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Diagonal elements in the CK~1 matrix are large, favouring intra-generation tran­

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

example, a b -t c~V- transition is lY;;bl 2/lVub l
2

"w 150 times more probable than a

b -t unr - transition, negleeting phase space factors.

The CK~I matrix is a 3 x 3 unitary matrix with four independent parameters:

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

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

field theories, like the Standard l\lodel, the comhination of time reversaI, charge

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

r -)0 -r, also known as parity (P), leaves any state invariant. Thus, violation of time

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

sense that the Standard l\Iodel accommodates CP violation. Should there be ooly

two generations of quarks, the CKl\I mLxing matrix would have been a 2 x 2 matrL"{



with one real parameter only; and the absence of imaginary parameters means no

violation of time reversaI 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 reversaI or charge-conjugation. Nevertheless,

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 CK~I ma­

trix allows for CP violation in the Standard ~Iodel. The CK:\l matrix elements are

not predicted by theory, but are funclamental parameters of the theory; measure­

ment of the CKlVl parauleters should determine whether the Standard ~Iodel can

accommodate the extent of CP violation observed. ~Ieasuring a11 the CK~1 matrix

elements independently can also test the Standard lVlodel by determining whether

a11 couplings are consistent with the unitarity of the matrix and thus checking the

three-generation structure of the theory.

For leptons only transformations within the family boundaries have been ob­

served. But if neutrinos have mass, the mass eigenstates could no longer be degen­

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

•
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1.2 The b quark

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

dei observed an enhancement in the rate of J.L+J.L- production [6}. The enhancement

occurred for J.L+ j.L- pairs with invariant masses ~ 9.5 GeV/c2 and was interpreted as

a bb bound state which, in analogy to the cë charmonium states (1/J states), was called

bottomonium (T). The result was confirmed by experiments at DESY and more T

resonances were subsequentIy found [7. 8, 9, 10, Il}. Since then, the lowest mass



b-flavoured hadrons (Le. bound states containing a b quark and a lighter antiquark,

or two lighter quarks) have been found2
: B~ = bd, B: = bu, B~ = bs, B-; = be,

and Ag = bd·u. 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 50 heavy that it decays before it

is able to hadronize3 .
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Since B mesons decay weakly, they provide opportunities to study the CK~I

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

in the third column (Vub , ~b) can be accessed from b~ u~v- or b --1 cl-'V- transitions

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

decay; by exchanging a ~V boson between the b quark and the lighter antiquark

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

boson.

Elements in the third row (V;d, yt" and V;b) can be accessed via "box" diagrams.

where b~ q~V- transitions, with q being any of the up-type quarks (Le. u, c. or tL
result in the partner antiquark (qpartner =J or s) getting involved. The result is that

b ---t (u, c, t or ft/'-) ~ band qpartner ---t (u, c, t or W-) ---t qpartner transitions occur

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

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

"oscillating" into their antiparticles (Ë) and vice versa.

Information about elements in the third row of the CKl\l matrix can aiso be

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

Emission of a W boson from the b quark (b --1 tW-) is followed by the ~l''' boson

being reabsorbed by the quark Hne from which it was emitted, thus forming a t~V­

loop. Consequently, t~V- ---t s or tW- ---t d transitions occur, yielding the effective

2Throughout this dissertation reference ta a specifie charge state implies the charge-conjugate

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

we infer that strong interactions accur within - l~m - 10-23 s, where c denotes the speed of light.
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b
,1,1,1,1,1,

s s _

(U K-0 W- -*0B K U1I"+• ~

d d d

Figure 1.1: b -7 s"'y transition in the 130 -7 Ï<-o,.y~ k-o -7 K-1r~ decay channel.

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

zo boson emitted from the loop. In Fig. 1.1 we see an "electromagnetic penguin!'

process resulting in a B~ -;. k-o,,( decay.

As seen above, the weak force governs the decays of b-flavoured hadrons. lt is the

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

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

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

of QCD, ÂQCD , which is of the order of 200 NleV. Roughly speaking, at energy

scales higher than ÂQCD 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 b-flavoured hadrons to be performed perturbatively. The

coupling strength of the strong interactions becomes smaller 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 measurements

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.



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 b-to­

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

"" (1/3)5 = 4 X 10-3 . 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 mostly the

CKJ\l1 factor 1V::.f12/I~bI2 '" 600.

•
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The distance L a B meson travels before it decays is proportional to its momen­

tum: L = etB . P"I = etB . PB/mS, where tB is the decay time of the B meson in

its rest frame, PB is its momentum, and mB is its mass. Thus, more energetic B

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

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

gles relative to each other. Nonetheless, the signal-ta-background ratio can then 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 5"1 transitions, studied via the decays

B~ -t K- (892)°"'( and B~ -t 4>( 1020)"'( 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 ..;s = 1.8 TeV yield the b quark production cross section of

(Tb :::: 50 Jlb, 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- ~ ZO) colliders. Thus the yield of bb pairs at the Tevatron is '" 104 times

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

collisions result in b quark production at the Tevatron, whereas this fraction is '" 1/ 4

for the e+e- colliders (see Table 1.3 [12]). The low signal-to-background ratio for b
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Co11ider type pp e+e-

Accelerator Tevatron CESR, PEP II, KEKB LEP

..;s (GeV) 1800 10.58 91.2

(jbf, "J 50 ~b "J 1 nb ~ 6 ob 1

ublUtotal "J 10-3 "J 0.26 "J 0.22

b-flavoured hadrons produced aIl B: and B~ only aIl

Average ,B, boost "J2-4 "J 0 (same beam energy) "J6

"J 0.6 (asymmetric beams)

Table 1.3: Comparison of parameters important for B physics for existing pp and

e~e - colliders.

quark production at a hadron collider poses significant experimental challenges.

The fact that the transverse momentum4 of the quarks produced at pp collisions

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

momentum of 4 - 5 GeVic. Kinematic requirements can improve the signal-ta­

background ratio for event containing b quarks; when we consider a11 momenta, b

production is "J 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 with energetic b quarks, typically with momenta

above 8 GeVle at CDF. rvloreover, the long lifetime of B mesons allow for further

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

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

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

4Whene"'er the characterlzation "transverse" characterizes a quantity, it refers to the plane

transverse to the proton and antiproton beams.



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 j.1.ID. The CDF

collaboration has performed measurements of b production cross sections, determi­

nation of the fragmentation fractions of b quarks into B;, B~, B2 and Ab hadrons,

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

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

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

Xd, aUowing an extraction of the mass difference, 6.md, between the two mass eigen­

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

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

measurements of b-flavoured hadron lifetimes, mixing parameters and CP violation

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

experiments as important players in the field of B physics.

•
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1.3 Production of b hadrons in pp collisions

1.3.1 Production of b quarks

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

beams of partons: the uud (üûd) '"valence" 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:

p + fi -+ bX (1.3)

•
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 participate in the '~hard" scattering resulting in
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the bb production.
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•

In QCD the "partonic" cross section êTij for a parton i with momentum XiPp to

interact with a parton j with momentum x jPp and create a b quark with momentum

Pbt is calculable as a perturbation series in powers of the strong coupling strength, Ct S '

The momentum of the proton (antiproton) is denoted by Pp (pp) and Xi is the fraction

of the hadron momentum carried by parton i. The energy scale of the process~ J.l~ is

usual1y set equal to the four-momentum transfer Q and it is at least equal to the,

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

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

mentioned so far, the partonic cross section iJij depends also on an experimentally­

determined energy scale A, because the value of Qs at sorne energy scale J.l cannat

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

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

fi ~ b+ b+ X cross section, upp , which can be obtained by integrating the differential

partonic cross section for aIl possible momenta of partons i and j. Integrating again

over the momentum of the bquark, Pb, yields the total cross section for the production

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

Fr(Xi, Q2) which is the number density of parton i carrying a mornentum fraction

Xi of the hadron a when probed at a mornentum transfer Q.

At leading arder, O(a:;), b quark production results from "2 ~ 2" processes of

quark-antiquark annihilation, q + q~ b + b~ and gluon-gluon fusion, 9 + 9 ~ b+ b.

Sueh processes result in bquarks with transverse momenta, ]JT(b) , that are on average

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

The average transverse momenta of b quarks is therefore around 4 - 5 GeVle. These

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

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



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

the b quark and it is defined as:

•
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(1.4)

•

•

where pz(b) is the momentum component of the b quark along the proton beam

direction (z 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 a..xis to a different

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

frame. Thus distributions of particle-multiplicities as a function of rapidity, d1V/dy,

are invariant under such reference frame transformations [4].

Next-to-Ieading arder, O(o~), contributions can contribute significantly ta the b

quark production cross section [14}. For example, the 9 + 9 -t 9 + 9 prOCE:sses occur

almost a hundred times more often than 9 + 9 -t b + b. The fact that a final state

gluon can subsequently "split" into 9 -t b+ bwith a probability of "" O,,! means that

the 0(0;) process 9 + 9 -+ b+ b+ 9 are competitive with the production of b quarks

through the 0(0;) 2 -+ 2 processes. Other 0(0;) processes can result from emission

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 PT(b)

above sorne minimum PT.min and lYbl < 1. The theoretical prediction shown is

based on parton distribution functions by rvIartin, Roberts and Stirling [15] and

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

quark production as a function of PT(b) and Yb up to next-to-leading order in Q:"

[16]. If the cross section calculation had been performed at aH orders of Q:", the

theoretical prediction would he independent of the energy scale IL chosen to evaluate

Q:". Consequently, the large dependence of the theory on the "renormalization scale"

Ji. implies that processes of higher arder in Q" are important.
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Figure 1.2: Differentiai cross section for pp ---1' bX ~ i.e. production of a b quark plus

anything else at pp collisions at VS = 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 COF detector. This process can not be calculated with perturbative

QCO 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 b-fiavoured hadron included,

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



mornentum carried by the b-flavoured hadron is described by fragmentation functions,

parameterized in terms of the variable z = E~:~~~B), where Pli (B) is the projection

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

energy of the b-hadron; and Eb and Pb 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:

•
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diV 1
-""-----~

dz z (1 _ ! _ ..!L)2
= 1-:

(1.5 )

•

•

where €b is the "Peterson parameter" related to the ratio (mij/mb)2, with mij denoting

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

The Peterson parameter is an experimentally determined parameter. Chrin has

estimated Eb = 0.006 ± 0.002 based on data from e'T"e- collisions [181. In Fig. 1.3

we see the differential pp cross section for production of a B meson with [JT(B)

above sorne minimum PT value and IYBl < 1. From such measurements 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 mentioned 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;;, B~, B~ or Ab hadron [19, 20].

1.4 Penguin decays of B mesons

As mentioned in Section 1.2, the suhject of this dissertation is b --t s''( transitions. In

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

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

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

order processes. For example, the sO-called "'penguin" processes result in effective
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Figure 1.3: Differentiai cross section for pp ~ BX, i.e. production of a B meson

pius anything else at pp collisions at VS = 1.8 Te V.

•

fiavour-changing neutral current b ~ s or b ~ d transitions with the emission and

reabsorption of a ~v boson from the b quark line, as shown in Fig. 1.1. \Vhen

such a transition is accompanied by the emission of a photon (gluon)! we refer ta

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

quark transition b~ 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 CK~I-favoured decays c ~ s

5 A CK~I-favoured transition has its rate depending on a CK~I matrix element with large mag­

nitude (see Eq. 1.1 and 1.2).



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 ---t S'Y

•
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•

•

transitions.

The lowest order amplitude for b ---t q, transitions, with q denoting an s or d

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

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

to \libV:;F2(xd, where i = u, c, t and Xi is the square of the qua.rk-to-ltV mass ratio,

Xi = m;Im~v [21]. The function F2 (x) is:

X
F2(x) = ( )4 [6x(3x - 2) lnx - (x -1)(8x2 + 5x - 7)] (1.6)

24 x - 1

Because the 'U and c masses are small, F2 (xd is much larger than F2(xu ) and F2(xc )'

Furthermore, IVibVi; 1
2 is large for i = t, c compared tau quarks. Thus the b -+ q'''y

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-~lodelparticles, such as heavy charged Higgs or supersymmetric

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

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

Feynman diagrams containing the ~V and t propagators, like the b -+ s"y transition

depicted in Fig. 1.1, describe the situation at energies of the arder of the l'V mass.

For the decays of b-flavoured hadrons the appropriate energy scale is set by the mass

of the b quark which corresponds ta relatively large wavelengths. The H'-t loop of

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

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

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

(e.g., b -+ s"y, b ---t sZo, etc.). This picture is a generalization of the Fermi theory

where the coupling strength of weak interactions mediated by ~V bosons, gw, is

described by the Fermi constant G F at low energies, with GF = V82g'l~'. In the unified
m\V

electroweak theory 9w = elsin8w , where e is the charge of the positron and 8w is

the Cabibbo angle describing the d and S quark mixing in the case of two quark



generations only. The measurement of sin2(Jw ~ 0.23 [4] indicates that the weak

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

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

energies.

QCD corrections ta the partonic b ~ S'Y 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, Le. 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 \Vilson coefficients describing the effective strength of the operators at a

given energy scale J.L. In this framework, the amplitude for a B ~ X~ ..y decay, with

}(J denoting an s-flavoured hadron resulting from the B meson decay, can be written

as [23, 24)

.4(B -+ X,i) = (X,iltl."IB) =~~ VèKMCi(/l)(X,AtlQi(/l)IB) (Li)

where Qi(/-L) 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

1leff is described by the CKNI factor V~KM and the \Vilson coefficients Ci(/-L). For

the case where the top quark is involved V~KM = vtb~:' The expansion of the Hamil­

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

distinct parts. The calculations of the \Vilson coefficients involve the short distance

(i.e. high energy) interactions, while the operator matrix elements (X~"tIQ'(J.L)IB)

describe the long distance (Le. low energy) interactions. For example, contributions

of the top quark and other heavy particles (~Jl', Z, charged Higgs, supersymmet­

ric particles, and other non-Standard-Model particles) are included in the \Vilson

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

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

the Wilson coefficients are calculated at sorne high energy scale (e.g., J1. ""w mw) and

•

•

•
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they are "evolved" to a low energy (e.g., IL 1"'V mb) using renormalization equations.

These equations essentially transfer the physics information at energies higher than

J.L from the operatar matrix elements inta the Wilson coefficients and guarantee that

the J.L dependence of Ci (IL ) is canceled by the IL dependence of (X.,rIQi (J.L) jB), leading

to observables that do not depend on J.L [23]. Therefore, the value of J.L 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 J.L is in principle arbitrary, it is usually chosen

to be of the order of the mass of the hadron. Sînce these calculations are performed

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

J.L dependencies. Inclusion of higher order terms minimizes the J.L scale dependence.

•
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•
1.4.1 Inclusive B ~ Xs'Y decays

The inclusive B ~ Xif"Y branching fraction, where X, represents a collection of s­

flavoured hadrons, is usuaUy expressed in terms of the inclusive semileptonic B -r

Xceiie branching fraction [25]:

(1.8)

•

with the theoretical calculation for the rates ([ .. '}theory) performed along the lines

discussed above. Unlike the Wilson coefficients, the operator matri..x elements can­

nat be obtained perturbatively due to the large value of Qif at low energies. For

inclusive transitions though, it has been shown [26] that the branching fraction can

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

can he calculated easily. The first corrections ta this approximation are of order

l/m& and are small due to the relatively heavy b quark mass; including or neglecting

these corrections makes a difference of only 1"'V 1% in 8(B ~ X.,y) [21}. However,

the evaluation of the Wilson coefficients introduces larger uncertainties. Ta leading­

order aU perturbative contributions can be ahsorbed inta a single effective coefficient,



c~O)eff (IJ.), which allows the inclusive B --)0 X$1 branching fraction ta be written as•
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[27]:

B(B X) = l~b~:12 6Ckem IC(O)eff ( )1 2B(B --)0 X -) (19)
--)0 $' l~bl2 1rf(z) 7 IJ. ceVe .

where Ckem is the electromagnetic coupling strength and f(z) is a phase space factor

for the semileptonic b-decays with z = ~. For J.L = 5 GeV, mt = 170 GeV/c2 and
mil

Ck,(mz) = 0.118, C~O)eff (J.L) = -0.300, whereas in the absence of QCD corrections

C~o)eff (J.L) = C~O) (mw) = -0.193 [27]. Thus QCD corrections enhance the inclusive

B --)0 X$1 branching fraction by a factor of ~ 2.4. Note that the perturbative

evalution of the Wilson coefficients from J.L ~ mw ta IJ. ~mb results in the effective

coefficient C~o)eff (IJ.) depending on other Wilson coefficients as well, even though the

contribution of C~O) is still the dominant one. The sensitivity of B(B -f X,!) to the

mass of the top is not large, but it is present: C~o)eff (5 GeV) = 0.254 (0.313) for

mt = 100 (200) GeV/c2 . A 200 GeV/c2 mass for the top quark would thus result

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

case. Due ta the dependence of C~O)eff(J.L) on the IJ. scale, B(B --)0 X"y) estimates

change by ~ 20% when IJ. is varied by a factor of 2 in bath directions around IJ. = 5

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

yielding a theoretical prediction of [24}

B(B -f X,,,,!) = (3.30 ± 0.15 ± 0.26) x 10-01 (1.10)

where the first uncertainty is the result of J.L scale dependencies and the second

uncertainty is due to uncertainties in the input parameters like B(B -f "-\""ceve).

The CLEO [28} and ALEPH [29} collaborations have measured B(B -f X,,"'j) ta

be:

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

uncertainties are statistical and the second are systematic. Unless the experimental•
(3.15 ± 0.35 ± 0.41) x 10-4 (CLEO)

(3.11 ± 0.80 ± 0.72) x 10-4 (ALEPH) (1.11)



and theoretical uncertainties 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-Madel contributions (see for example, Ref. [30]).

Alternatively, using the measured value of B(B ~ Xs'Y) and next-to-leading

arder Standard lVlodel predictions, one can determine the CK~I factor i~~VéI·~12 from
1 co

Eq. 1.9. For example, Ali [25] uses information available to him at the time to report

i~~c~~~12 = 0.84 ± 0.10. Using l\t~bl = 0.99 ± 0.15 and I~bl = 0.0393 ± 0.0028 [31], he

obtained:

•
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1Vi., 1 = 0.033 ± 0.007 (1.12 )

•

•

It is clear though that determinations of the CKNI 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 ~Iodel description only.

In exactly the same manner as described above, b --t d"y transitions lead to

B --t Xd'( decays, where Xd represents any d-flavoured hadron. A measurement

of the ratio of the inclusive branching fractions B(B --t X.t"Y)/B(B ~ ...Yd"'r) will

then determine 1~d/\'e., 1 with many theoretical uncertainties cancelling in the ratio

of branching fractions. The unitarity of the CK~1 matrbc is represented on the

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

first and third CK~1 matrix columns. The lengths of the sides of the unitarity

triangle are given by the magnitudes of the CK1-1 matrix elements, and one of the

sides has a length proportional to IVidl [24}. Penguin decays can therefore be used to

extract information about CP violation in the Standard ~Iodel. ~ote though that

b -+ d'Y transitions are suppressed by 1vtd/V;., 1
2 and rejection of the dominant b -f S""'''

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

decays is less ambiguous, when exclusive decays like B~ ~ Ke0-y and B~ -t pO'''f are

considered. When the spectator quark in the BO meson of Fig. 1.1 is an s instead of a

d, b -+ S'Y transitions lead to B~ ~ 4rr decays. \Ve discuss exclusive electromagnetic

penguin decays in the following section.
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1.4.2 Exclusive B~ ~ K*o, and B~ ~ ifry decays
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The distinctive signature of a high energy photon and two oppositely charged tracks

from exclusive decays like B~ -+ KeOry, Keo -+ K+tr- and B~ -+ 4ry, 4J -+ K+ 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 model 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, experimental 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 model dependence of the form factors for the exclusive

decay is the ratio of the exclusive-to-inclusive decay widths RK - :: 8(B~ -+ Keo"y)j B(B ~

Xs"'r). The CLEO II collaboration has measured 8(B~ -+ Keo"'r) = (4.0 ± 1.9) x 10-5

and B(B --f Ke A/ ) = (4.2 ± 1.0) x 10-5 including both B; -+ Ke+",( and B~ -+ Keo,..,

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

in conjunction with the 8(B -+ X,,;) = (3.15 ± 0.35 ± 0.41) x 10-4 measurement,

results in RK - = (13.3±3.9)%. It is interesting to note that before the measurements

by CLEO, theoretical predictions for RK • ranged from 5% - 30% [33, 34], whereas

more recent calculations agree weB with the CLEO measurement [27]. Therefore!

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

The theoretical uncertainties introduced in the form factors can be significantly

reduced when considering the ratio 8(B -+ p'y)jB(B -+ Ke,). This ratio is propor­

tional to 1\'tdj\/;" 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 1vtd/\/;" 1
2 could be subject to large uncertainties. Taking account of long

and short distance effects, Ali [35] calculates 8(B~ -+ pOry) = (0.65 ± 0.35) x 10-6
!

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



ments. Therefore experimental measurements of these branching ratios will provide

significant information on 1l'td/l't" 1·

So far, b ---* d, transitions have not been observed and only upper limits on the

B~ ---* pO" B~ ---* wO, and B; -+ p+, branching fractions have been reported [30].

From these limits the CLEO collaboration obtains 0.45 < ivtd/\It" 1 < 0.56, where the

range is mainly due to theoretical uncertainties.

Alternatively, determination of the relevant CK!vI matrix elements by other means,

e.g., from BO - 13° mLxing involving t quarks in "box" diagrams, can be used to guide

theoretical approaches for the cletermination of long distance effects. This informa­

tion can be applied to other decay modes involving the same theoretical uncertainties.

For example, determination of the appropriate model to use in B~ -+ 1r+rr- decays,

can recluce the uncertainty on the CP asymmetry ta be measured with this channel.

by providing reliable estimates of penguin contributions to B~ -+ 1r.1r - decays [27] .

This dissertation describes searches for the decay chains B~ -+ K-o",(, K-o -+ K--rr­

and B~ -+ 4rY, 4> ~ K+ K-using a data sample of JLdt = 28.9 ± 1.2 pb-lof proton­

antiproton collisions at VS = 1.8 TeV collected with the CDF detector at the Fermi­

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

and we exploit the topological similarity between the B -+ e- DOX, DO -f K-ii~and

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

and the B -+ e- DOX channels. Recall that on the theoretical sicle, uncertainties on

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

the experimental sicle, uncertainties associatecl with the B meson production cross

section, common efficiency corrections and other systematic effects are minimal in

the ratio of branching fractions.

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

used ta record their decay products. rvlonte 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 at the time of the data collection (i.e.

•

•

•
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"on-Hne") in order to collect the penguin decays, are deseribed in Chapter 4. The

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

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

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

systematic uncertainties on them is the topie of Chapter 6. \Vith 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 Tevatron.

•

•

•
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Chapter 2

The Experiment

"vVe try ta identify events where a B~ (B?) meson decays into K·O"y (cjYy) from a

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

(JS) energy of 1.8 TeV.

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

sions is the Tevatron coUider located at the Fermi National Accelerator Laboratory~

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

rneasures 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 acceleration pracess of the

protons and the antiprotons ta 900 GeV of energy and the CDF detector~ giving

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

topie of this research project.

2.1 The Fermilab Tevatron Collider

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

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

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

28
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Figure 2.1: Left: Flow chart of the proton acceleration path. Right: The accelerator

complex at Fermilab and the location of CDF around 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 Ferrnilab accelerator complex.

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

gaseous H 2 rnolecules converted into negatively charged hydrogen ions (H-). We

do this inside a Cockcroft-Walton electrostatic 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 l 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 further apart with the electric field applied to the



tubes repeatedly reversing in direction (i.e. oscillating). The particles travel through

the drift tubes when the electric field is in the direction that would slow them 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 ~IeV

in the Linac.

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

passes through a carbon foil where bath 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 aU 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 normaHy cycles twelve times in rapid succession, loading twel'le bunches

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

The NIain Ring is another proton synchrotron which is :::: 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 ~Iain Ring accelerated

protons to 150 GeV. vVork is currently being done ta replace the Nlain Ring with the

Nlain Injector, a synchrotron located tangentially to the Tevatron. The main goal of

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

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

Tevatron conider as well as to the fLxed target experiments.

The same tunnel that houses the Nlain Ring also cantains 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-titanium

(Nb-Ti) magnets form a ring directly below the Nlain Ring magnets and operate

•

•
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in the temperature range of liquid helium (4.7 degrees Kelvin). Superconducting

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

operating cast than conventional magnets.

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

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

cm thick nickel or copper target. Almost 3.3 x 1012 protons every 2.4 seconds are

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

of particles including many 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 accuffiulated, the antiprotons

are reinjected into the ~Iain 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 beams are then accelerated simultaneously ta an energy of 900 GeV

in 86 seconds.

•
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Having an energy of 900 GeV and traveling along a path '" 60 J..I.ffi wide, proton

and antiproton bunches circulate around the accelerator's ~ 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. \Vhen aIl 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



interactions per beam crossing at the beginning of a store. In Table 2.1 we show sorne

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:

•
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L= fnbiVplVp F(O"l) (2.1)
21T' 10"2 + 0"2 {3V p p

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

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

in each bunch, (jp (0"1') is the proton (antiproton) beam size at the interaction point~

and F is a form factor that depends on the ratio of the bunch length, O"l, ta the 3

function at the interaction point, /3-. The i3 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 ·Nell as on the emittance, €, which

describes the phase-space available to the circulating bearn particles; a(s) = J€,J( s).

From Eq. 2.1 we see that the units of luminosity are area- 1 x time- 1 , the common

units being cm-2s- 1• If we rnultiply the luminosity with a cross section (j (units of

area) which describes the probability to observe a certain outcorne of the pp collision~

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

R = O"L (2.2)

•
Using the total pp cross section of lTtoCal = 80.03±2.24 rob l at y'S - 1.8 TeV [37],

we find that the rate of pp interactions is ~ 1.3 lVIHz at the beginning of a store 2.

lOne barn, b, is a unit of area equal to 10-24 cm2.
2The rate cf inelastic pP interactions is around 800 kHz, since the cross section for inelastic pP
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1 Parameter ~ 1993 - 1996 Run 1 Dnits

•

•

RF frequency 53 rvIHz

Peak magnetic field in sc. magnets 4.4 Tesla

Acceleration period 86 s

wla.ximum beam energy 900 GeV 1
1

Proton and antiproton bunches p: 6 p: 6

Protons/bunch 23 x 1010

Antiprotons/bunch 5.5 x 1010

Antiproton production rate 6.0 x 1010 hr- l
i

~Ia."(. number of fi in accumulation ring 2 x 1012 1

i

Injection time 2.5 hr
1

Duration of a store 12 hr

Percentage of antiprotons at end of store 73%

Percentage of luminosity at end of store l/e

Bearn radius ""-' 30 pm

Proton transverse emittance 237r mm mrad

Antiproton transverse emittance l37r mm mrad

(38 (at interaction point) 35 cm

Bunch length (rms) 60 cm

Bunch spacing (time) ""-' 3.5 J.Ls

Typical initial instantaneous luminosity 1.6 x 1031 cm-2sec- 1

Luminosity lifetime 7 - 30 hr

Integrated luminosity ""-' 3.2 pb-1/week

Inelastic interactions/crossing ""-' 2.5

Table 2.1: Parameters for the Fermilab Tevatron during the 1993-1996 T'Un period.
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Figure 2.2: The integrated luminosity delivered to the BD collision point by the Teva­

tron collider and the corresponding luminosity that was actually "seen11 by CDF.

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

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

top quarks), increases proportionally with luminosity. As we can see from Eq. 2.t

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

sizes are, the higher the luminosity of the pp 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 ta 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 Ile of it original value

after about 12 hours.

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

given in the above formula; therefore the integrated luminosity f Ldt multiplied by

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

collisions is CTinel ~ 50 mb [38}.



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 lB and RunlC.

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

the last half of Run le.

•
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2.2 The Collider Detector at Fermilab (CDF)

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

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

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

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

detector was designed to be a ~'general purpose" detector able to trigger on 3 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 "tracks:')

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 bearn-Line being the axis of the cylindri­

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

angle space. In the COF coordinate system, 8 is the polar and 4> is the azimuthal

3 As we saw above, the rate of pP interactions is around 1 ~IHz at the beginning of a store. 5ince

it is impossible to record them all, the detector's first task is to decide which collisions are worth

recording. Therefore, it has to "trigger" only on the events that look interesting.



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 1] is defined as -ln[tan(B/2)]. When we

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

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

transverse momentum of a particle is PT = P . sin B, where p is its momentum. The

analogous quantity using calorimeter energies, defined as ET = E . sin 6, is called

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

the calorimeters. LVlissing transverse energyFIT is defined as - L ET ·ni' where ni are

the unit vectors (in the transverse! Le. r - f/)! plane) pointing from the interaction

point to the energy deposition in the i th calorimeter cell. A large FIT indicates unde­

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

detector volume undetected.

•

•
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2.2.1 Overview

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

solid 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. ~Ioying radially

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 center 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 ta measure charged particle trajectories,

surrounds the beryllium pipe. The tracking detectors are surrounded by a solenoidal

coil of 1164 turns made of superconducting Nd-Ti/Cu material. The coil is 4.8 m
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Figure 2.3: A isometric view of the CDF detector. The pp beam axis is the axis of

the cylindrical symmetry of the Collider Detector at Fermilab.

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

bearn-lïne. The charged particles produced 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 f"oJ 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 "jets" of particles. Since the electromagnetic showers of particles

induced by electrons and photons are contained within a depth of ~ 20Xo .. in the

4The radiation length, Xo, descrïbes the average distance an electron has to travel before losing

11e of its energy.
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Figure 2.4: 44 quadrant view of the CDF detector. The pp beam axis is the axis of

the cylindrical symmetry of the Collider Detector at 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 lîne. The components

closest ta the beam axis 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 "electromagnetic" calorimeters. 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 1]-4J

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

segmented into projective divisions (called towers) in 1] - r/J space that point towards

the nominal pp interaction point.

The COF detector is dhided into a central (1171 < 1.1), two plug (1.1 < 1171 < 2.4)
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Calorim. 1111 Granularity Resolution Thickness Active Absorber

system eoverage (Â11 x Ât/J) u(E)/E material material

CEM 0-1.1 0.11 x 15° J(lJi)2 ~ (2%)2 18 Xo Seint. Pb

PE~I 1.1-2.4 0.09 x 5° J(~)2 + (2%)2 18 - 21 Xo Gas Pb
1

1

1 2
FENI 2.2 - 4.2 0.1 x 5° V(~) +(2%)2 25 Xo Gas Pb/Sb

CHA 0-0.9 0.11 x 15° J(71;)2 + (3%)2 4.5 Ào Scïnt.
1

Fe 1
!

WHA 0.7 - 1.3 0.11 x 15° J(~)2 + (4%)2 4.5 Ào Scïnt. Fe i
1

PHA 1.3 - 2.4 0.09 x 5° J(l,;:)2 +(6%)2 5.7 Ào Gas Fe
1

1

J(lJl)2+(3%)2 i
FHA 2.4 - 4.2 0.1 x 5° 7.7 Ào Gas Fe 1

1

Table 2.2: Gharacteristics of the electromagnet1.c (xEM) and hadron1.c (xHA)

calorimeter systems in GDF. "Scint." e'Gas") indicates the usage of plastic scintil­

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

and forward-backward (1171 > 2.5) regions. Each region has an electromagnetic and

a hadronic calorimetrie component. AIl the CDF calorimeters are sampling devices

with the active rnaterial being scintillating plastic for the central electromagnetic

(CE~'1), central hadronie (CHA) and wall hadronie (WHA), while it is gas for the

plug electromagnetic (PEM), plug hadronic (PHA), forward electrornagnetic (FENI)

and the forward hadronic (FHA) calorimeters. The absorbing materials 5 are lead

for the electromagnetie and iron for the hadronic calorimeters. Table 2.2 summarizes

sorne characteristics of the CDF calorimeters. Due to its relevance to this thesis. the

CE~I is described in more detail in Section 2.2.3.

5 Absorbing material must have small radiation (Xo) and interaction ("0) lengths so as to contain

the showers in as small a depth as possible. One interaction length is the average distance a charged

pion bas to travel in a material before losing 1/e of lts initial energy.



Farthest away from the interaction region, outside of the hadronic calorimeters,

are drift chambers dedicated ta the detection of muons. rvIuons are the most pen­

etrating of the massive particles and therefore most of the particles reaching the

muon detectors will indeed be muons. There are three subsystems dedicated to

muon detection in the central CDF region (111\ < 1):

(i) The central muon detector (CrvIU) covers the region ITlI < 0.6 and is located

immediately outside the CHA detector (at r = 347 cm). There are'" 5.4 interaction

lengths (5.4~o) of material (most of it in the CHA calorimeter) between its face and

the pp interaction point, which means that ooly one out of 220 hadrons will make it

through the CHA calorimeter and reach the CrvlU detector. \Ve calI such hadrons

"punch-through" hadrons and they are present in many samples of "muons" as a

background.

(ii) The central muon upgrade detector (CrvIP) covers the same Tl region as the

CNIU, 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 CrvIP. Therefore only one out of '" 2400 hadrons can reach the C~IP

detector and the purity of the muon samples collected by the CJ\.-IP is dramatically

increased compared to the corresponding C~IU samples. The C~IP 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 (C1;IX) cavers the region 0.65 < 1171 <

1.0. In order for a partide to reach this detector it has to travel at smaller polar

angles than when it is heading towards the CrvlU detector. Therefore, it has to go

through '" 6.2 interaction lengths of material (at (J = 55°) in order to reach the C~IX

chambers. The geometry of the CMX detector is a surface sHce of a cone that has

the beam Hne as its axis (see Fig. 2.3).

For the reconstruction of the B~ ~ K*o"'(, K*o ~ K+1r- and B~ ---+ r/Yy, r/J ---+ K+K­

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,

therefore only the CErvl calorimeter and the tracking systems are described below.

•
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2.2.2 The Traeking Deviees

The CDF detector has four main tracking devices that are cylindrical in geometry

with the beam axis being their main symmetry axis. In increasing order of radius.

they are: the silicon vertex detector (SVX), the vertex time projection chamber

(VTX), the central tracking chamher (eTC), 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, 41] 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 (i.e.

"transverse") plane. It is essential in this analysis since its precise tracking close ta

the beam Hne 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 layers located at radii 2.9, 4.3, 5.7 and 7.9 cm. The SVX covers

the region 0.5 < Izi < 25.55 cm, with one barrel covering the positive and the other

the negative z side. Since the pP collisions are distributed in a rather long region

(Gaussian distribution with (j ~ 30 cm; see also Table 2.1), only around 60% occur

in the SVX fiducial volume.

Each layer is segmented into twelve fiat ladders that cover 30° in azimuth (see

Fig. 2.6). Each ladder has three single sided silicon wafers that are electrically 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 /-Lm thkk
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Figure 2.5: One of the two identical barrels of the SVX detector. The two barrels are

connected to the "dummy ears" of each ladder and they leave a gap of :: 0.5 cm on

each side of the x - y plane that passes through z = O.

n-type semiconductors that have ~type strips on one sicle (thus we talk about "single

sided silicon detectors"). The strips are 60 J.l.m apart in the inner three layers and

55 J.l.m 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

travel towards the positive and negative electrodes respectively and the electronic

signal caused by them gives information on the position where the traveling charged

particle hit the silicon. The average position resolution is around 12 J.Lm and the

average impact parameter (distance of closest approach to the beam !ine) resolution

for high PT tracks is 13 Ilm.

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 laclder covers 30° in 4J), there are two chips per ladder in

the inner layer compared to sb{ chips for each of the outer layer ladders. The total

number of channels read out of the SVX detector is 46080. The readout chips of the
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Figure 2.6: .4 typical ladder module of the SVX made of three single sided siLicon

microstrip detectors bonded together. The dummy ear of each ladder is connected ta

the corresponding ear of the Ladder that is part of the opposite =S VX barreL.

SVX detector are manufactured using radiation-hard 1.2 pm CivIOS 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 - =plane

up to 11]! < 3.25. Its primary task in this analysis is to locate the pp interaction

point along the z a.xis. This is essential in order to calculate the kinematics of the

reconstructed B decay. The resolution of the determination of the pp 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 < z < 132 cm with 28

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

6Recall that the pP interactions are distributed normally with a standard deviation of 30 cm.



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 - 4J 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 arrivaI of the ions at the end-plates

provides the z information as weIl. The electric field is around 1.6 kVIcm and the

gas used is 50% argon and 50% ethane.

The signaIs in the VTX sense wires are read with a preamplifier mounted on the

detector itself with the strategy being sirnilar to that of the central tracking charnber

read-out system (see below).

•

•
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The Central Drift Chamber (CTC)

The central drift charnber is the main tracking device of the eDF detector [431. It

is the only tracking device that can perforrn three dimensional reconstruction of the

tracks of charged particles and thus it is the only eDF tracking system that can

perform stand-alone tracking. It is absolutely essential in this analysis since sorne of

the decay products of the penguin decays are charged particles.

The eTC is a drift chamber which has a cylindrical geometry with an lnner

1This grid has a higher algebraic voltage than the central H.V. grid, but less than the anode

sense wîres.
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Figure 2.7: Cross section view of the VTX detector and its operation principle.

•

(outer) radius of 27.7 (138) cm and a length of 320 cm. 1t contains 84 concentric

layers of gold-plated Tungsten sense wires with a diameter of -t0 J.Lrn, with a total

of 6156 sense wires. These 84 layers are grouped together into 9 "superlayers~~ as

shawn in Fig. 2.8. Five of these superlayers are made of twelve layers that have

their wires parallel ta the z axis (so-called "axial superlayers"). The remaining four

superlayers have their wires tilted at a 3° angle with respect ta the z axis ("stereo

superlayers"). Nloving radially away from the VTX we rneet alternating axial and

stereo eTC superlayers with the inner superlayer being an a..xial one at a radius of

30.9 cm. The outermost superlayer extends to a radius of 132 cm. As a charged

particle deflects in ri> in its passage through the axial magnetic field, the axial layers

provide position information in the r - 4J view, whereas the stereo layers can provide

information in the r - z view as weIl. Thus we can reconstruct the path of a charged

particle through the CTe in aIl three dimensions.

•

The superlayers are arranged in such a way that they form open drift ceUs 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 ceU allows us to look for

eorrelated information in neighboring sense wires in arder ta take care of corrupted

or ambiguous information. Each ceil is bounded on both sicles of the sense wires by

steel field wires, which along with field shaper wires keep the,...., 1350 Vlem electric
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Figure 2.8: One end-plate of the eTC. The grouping of the sense wires inta 9 "S'u­

perlayers" is apparent. The chamber is placed such that the magnetic field is perpen­

dicular ta this end-plate and points inwards.
•

ilE------ 2760.00 mm 0.0.

1

~

•

field uniform at the 1.5% level.

The size of each cel! is large enough to minimize the number of wires required, yet

small enough to have a ma..ximum drift distance of less than 40 mm, corresponding

to about 800 ns of drift time 8. Including the sense, potential, field and field shaper

wires, we have a total of 36504 wires in the CTC which translates ta a total wire

tension of 25 tons.

Drift electrons travel at an angle with respect to the electric field, because they

move in the region of the a..xial magnetic field. This "Lorentz angle" depends on

the strength of the electric and magnetic fields, as weIl 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 Vlem) and magnetic field ('"'"' 1.4 T), the Lorentz angle is 45°. The

8 Recall that pP collisions occur every 3.5 ps.



drift cells are thus tilted 45° 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

ceUs facilitate the resolution of the left-right ambiguity problem 9 and they provide

large overlap (20%) between the superlayers for redundancy.

The signaIs from the sense wires are read with preamplifiers mounted at 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. 1t is then transmitted to the counting room where

it goes through time-tû-digital-coverters (TDC) that have an accuracy of < l ns and

are able to record more that 7 hits per wire per event. The resolution of the eTC

for a single hit is ~ 200 /-Lm 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 z direction

is ~ 4 mm. 10 The momentum resolution of a charged particle measured in bath the

SVX and the eTC is a(PT)/PT = V(O.0009PT)2 + (0.0066)2, with PT in GeVle.

•

•
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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 CENI calorimeter [44} has a cylindrical geometry with an inner radius of

....... 173 cm and a radial depth of 32 cm (~ 18Xa), enough to contain the show­

ers of electrons and photons ("electromagnetic showers") created by virtue of the

bremsstrahlung and pair production processes when an energetic photon or electron

9Whenever 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.

1°200 #lm/sin(3°).
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Figure 2.9: One of the wedges of the CElvl calorimeter with the towers that form

it. Also shown are the wavelength shifter and the light guides that carry to the

photomultipliers the photons produced in the plastic scintillators.

enters the CENI volume. The CEM provides full azimuthal coverage and, in order ta

make mechanical construction easier and ta be able to roughly locate incoming par­

ticles, it is divided into 48 wedges, each covering 15° in 1>. 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 ~ 0.11 units in 11 and 15° in l/J, as can be seen in Fig. 2.9 11.

The towers have a projective geometry painting back ta the nominal interaction re­

gion, since we want to contain the energy depasition of photons and jets flying out

llEach wedge houses a CEl\[ component, which is doser to the beam line, and a CHA (central

hadronic calorimeter) component.



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 CElY!, has

8 towers per wedge. Therefore there is a need for a "wall" hadronic calorimeter

(WHA) to cover the region behind the CElYl towers at Tl > 0.8. The CElY! towers

connect smoothly to the towers of the plug electromagnetic (PENI) calorimeter and

50 there is no need for a "walllt electromagnetic calorimeter.
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The central electromagnetic calorimeter is a sampling calorimeter (like aIl the

CDF calorimeters) , which means that it does not measure aIl the energy of the

electromagnetic shower as it develops through the volume of the CE~I, but it rather

samples it periodically with plastic scintillators. The towers are sandwich structures

of 31 layers of 5 mm thick polystyrene scintillator interleaved 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 CE~I is smaIl (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

T] > 0.2 towers.

The electrons of an electromagnetic shower excite mol~cules 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 at each et> side of a tower,

collecting light from all31 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) photomuItipliers operate at 1 kV giving a gain of about 105 . Twelve-channel

charge-integrating amplifier modules are used to read out the photomultipliers; they

saturate at about 350 GeV and have a high gain for good pedestal systematics

for minimum ionizing particles (muons deposit about 300 lYIeV of their energy in

the CEM). Requirements ta accurately measure energy lasses of minimum ionizing

particles at the 0.5 to 5 MeV range force the readout electronics to have adynamie
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Figure 2.10: A quadrant v~ew of the CDF detector with the 1] segmentation of

calorimeters shown. The pp beam axis is the axis of the cylindrical symmetry of

the Collider Detector at Fermilab.

range of 20 bits, with 16 bits resolution.

Each <1> 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 cP. \VLS sheets, steel skins and gaps represent

4.8% of the azimuth. In order to avoid having photons and electrons traverse the

<1> gaps escaping detection, there are "crack detectors" in front of the cP 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 cP gaps between wedges,



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" RM , with 95% of the shower energy

contained within a radius of 2RM • For the CEM material RM ~ 3.53 cm, resulting

in electromagnetic showers mostly contained in a single CErvl tower 12. This fact,

along with the very good CErvI hermeticity for the longitudinal development of the

showers (depth of 18 Xo) and the good scintillator and \VLS characteristics, results

in the CEM measuring the energy of electromagnetic showers with a resolution of

•
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2.2.4 The Central Strip Chambers (CES)

Proportional strip chambers are inserted inside the CE~I wedges between the eighth

lead layer and the ninth scintillator layer; a depth corresponding to the maximum

average transverse development of electromagnetic showers (5Xo from the CE~'1 face

or 6Xo from the pP interaction point). The task of the CES [44J is to determine the

shower position and the shower transverse development as a means to distinguish

electromagnetic showers induced by electrons 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 ;:

direction and strips along the cP direction, Le. perpendicular to the wires, thus

enabling the CES to locate an electromagnetic shower along both the 4J (from wire

information) and z (from strip information) coordinates. The gas used is 95% Ar

and 5% CO2 and the high voltage (1420 V corresponding to a prompt gain of 103
)

12Test beam studies lead to the determination of the appropriate "response maps" for the CE~l

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.



is set up to give an occasional (few %) channel saturation for 150 GeVIc test beam

electrons near normal incidence.
•
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A right-handed local coordinate system (XeEs, YeES, ZeES) is defined for each

CEl\'I wedge as follows (see also Fig. 2.9). The ZeES axis is parallel to the global

CDF Z axis with points on the Z < 0 wedges having ZeES < 0 as weIl. The ZeES = 0

point is at Tl = 0, exactly as the Z = 0 point. The XeES a.xis is parallel to the face of

the CES, perpendicular to the ZeES a.xis and has the XCES = 0 point such that half

of the wedge has XeES > 0 and the other half has XeES < O.

The CES chambers are segmented in z into two pieces per wedge, one at 6.2 <

IZeEsl < 121.2 cm (i.e. towers 0 to 4) and the other at 121.2 < IZeEsl < 239.6 cm

(towers 5 to 9). Each CES segment has 32 wires spaced 1.45 cm apart, covering

the region -22.5 < XeES < 22.5 cm. There are 128 strips per wedge, each of width

~ 0.159 cm; 69 (59) of them are in the IZeEsi < 121.2 cm (i=CESi > 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 at 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 sin8 due ta the widening

of the showers in the strip view, as can he seen in Fig. 2.11. Applying systematic

corrections based on test beam and cosmic ray measurements result in a resolution

of ± 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 neutral

pion. Since 'Ir°S predominantly decay ta two photons, there should be two separate

electromagnetic showers developed for each rro. The more energetic the rro is though,

the doser the daughter photons are, resulting in two averlapping electromagnetic
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Figure 2.11: a) The 1/ sin 8 widening of the showers in the strip view. b) The origin

of the asymmetry in the strip profile is schematically illustrated.

showers, which makes the electron/photon vs. rro distinction very difficult.

2.2.5 Bearn-Bearn 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)! signais the collision

of proton and antiproton beams. The counters are arranged in a rectangle around the

beam pipe covering angles 0.32° to 4.47° in both the x and y directions, corresponding

ta the region 3.24 < 1111 < 5.88. The BBCs have excellent timing properties ((j < 200

ps), providing the best measurement of the time of the pP interaction. Coincident

hits in bath the z > 0 and z < 0 BBCs serve as a "minimum-biased" trigger, as weIl

as the luminosity monitor for COF. 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 ta the integrated luminosity. The cross section ta

which the BBC counters are sensitive is measured to be (jBBe = 51.2 ± 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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The proton and antiproton bunches collide every 3.5 J1.S, 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 COF

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 amount

of data to be read and stored properly each second, and writing the data reliably

on 8 mm tapes could be done at a rate of '" 10 Hz only. This means that we

have to pick one out of ""w 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 aIl 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 naïve trigger where the decision would he made in one step only,

more than 1 ms would be spent ta 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 arder 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 consurning)

analysis without introducing significant dead-time.

At CDF we have a three level trigger system [39, 45]. 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-time" if no trigger was present.



rates of each trigger level in the course of different running conditions.

Preamplifiers on sorne of the detector readout channels provide two outputs: a

"fast outpuf' for use by the first two levels of the trigger system and the other for

temporary data storage at the front-end electronics to be used for the third level of

the trigger and ta eventually put the event on tape.

•
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2.3.1 Level 1

The first level trigger ("Level 1") makes a decision within the 3.5 J.LS 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 physîcal

towers ta extend to 0.2 units in Tf and 15° in 4>. Thus the entire detector is rep­

resented as a 42 (in TJ) by 24 (in 4J) array of calorimetrie "trigger towersl' 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 haclronie (CHA and WHA) ealorimeters, or the

pads that read out the plug and forward ealorimeters, are brought to the ·'trigger

eounting room" individuaIly, through dedicated eables. These signaIs are summed

and weighted by sin (J to form the electromagnetic and hadronic transverse energy

(ET = E . sin fJ) deposited in each of the trigger towers. The transverse energy of

each trigger tower is then compared to a programmable minimum-energy threshold

(e.g., 1 GeV). The energies of aIl trigger towers above threshold are summed to

form the grand total sums of electromagnetie, hadronic and total (Le. the SUffi

of electromagnetic and hadronic) transverse energy in the detector, as weIl as the

corresponding sums for each of the ealorimeter subsystems (Le. CEl\1, CHA, etc.) .

The Level1 trigger accepts an event if there is any trigger tower with energy above



the preset programmable threshold, different for each of the calorimeter subsystems

(for the CEM it was set ta 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 ta study the efficiencies of

higher-threshoid triggers.

The Level 1 trigger components that look for muons require the presence of "track

segments" in the C~lU and/or CMX chambers. A track segment is a pair of hits

on the radially aligned wires of the CMU or CMX drift ceUs. The arrivaI 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 PT.

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 C1'IU with

PT > 6 GeVIc with coincident hits in the C!vIP; or two track segments in the C!vIU

system with PT > 3.3 GeV/c each; or a track segment in the C~IX with PT > 10

GeV/ c with coincident hits in the scintillators placed on bath sides of the chambers.

etc.

•
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At an instantaneous luminosity of L = 5 X 1030 cm-2 S-1, the Level 1 trigger had

an acceptance rate of approximately 1 kHz [461. This means that only ""'v 0.5% of the

events were considered interesting enough for further investigation.

2.3.2 Level 2

Once Level 1 signaIs an accept, the second Level trigger ("Level 2") deals with the

event. Otherwise, the signais stored in the CDF components are c1eared and the

detector is ready to consider the next pp crossing. The Levei 2 takes around 20 - 30

IJ.s ta decide if the event should be considered further or not, and the detector is

14In 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.



"blind" to the outcome of the 6 - 9 beam crossings happening meanwhile. Thus

Level 2 introduces I"'>,J 10% dead-time.
•
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The information obtained at Level 1 is passed to Level 2, which has more time 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 cErvr or track segments in the

muon detectors, missing transverse energy, QTl 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 sorne "seed tower" threshold (typically 5 or 8 GeV)

and makes a list (:f "seed towers". Trigger towers that are above a lower ;'shoulder

tower" threshold (typically 1 GeV less than the seed tower threshold) are kept in a

separate list. Starting from the seed tower with the smallest'1 and r/J, the Cluster

Finder checks which of the four nearest neighbors (the "diagonal" neighbors with

different'1 and ri> 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 aIl the towers in

a cluster are summed to form the total ET and the ET-weighted '1 and cP position,

as weIl as urJ and <7t/J, of the cluster. Separate sums are kept for electromagnetic

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 aIl 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 neu~rinos.



The tilted drift ceUs in the CTC guarantee that every high PT 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")

signaIs, within a time gate of < 80 ns after the pP interaction. The CFT also looks

for two "delayed" hits (within a time gate of 500 - 650 os after the pp interactionL

in the same axial superlayers, on either 4J side of the prompt hit. The drift times

of the electrons towards the sense wires provide information about the direction

and curvature (hence the PT) of the track. Different time gates for the delayed hits

allow the CFT to select tracks above various minimum-PT thresholds. The CFT uses

the recorded prompt and delayed hits to reconstruct tracks in the CTC, classifying

them in different PT bins. 1t starts from prompt hits in the outer a.xial superlayer

and works its way towards the interaction point at r = 0, 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 PT 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 PT bins and two 4J bins, one for eaeh sign of curvature,

covering the eutire PT > 2 GeVle range. The resolution achieved by the CFT is

(j(PT )IPT :::: 0.035 . PT, with PT in units of GeVle. The time needed for the CFT to

find tracks in the CTC is "V 10 j.Ls.

•
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The list of calorimetrie 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 C~IU, CNIP and

Cl\IX detectors must he matched by an extrapolated "CFT traek" within ~<P ~ 5°.

The parts of Level 2 that look for electrons require that the CENI cluster is also

matched by an extrapolated CFT track. Since the CFT reconstructs tracks in the

r - f/J plane only, this matehing can lead to the association of a CFT track with an

electromagnetic c1uster in the same 4J but in a completely different Tl region, thus



making the trigger decision generous.

At an instantaneous luminosity of L = 5 X 1030 cm-2 S-l, the Level 2 trigger had

an acceptance rate of approximately 12 Hz [46}; only f"'oJ 1.5% of the events checked

by Level 2 were then considered further.
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2.3.3 Level 3

Once an event is accepted by Level 2, the data acquisition system (see Section 2.4)

digitizes the signaIs obtained from aH 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

ies machines running under a UNIX operating system trade-marked as IRIX by the

company) 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-Hne" reconstruction, Le. after the finally accepted event

is written on the magnetic tape. NIost of the execution time is used to reconstruct

three dimensional tracks in the CTC.

The algorithms that look for electrons demand that the electromagnetic energy

cluster be matched within a few centimeters in bath the r - cP and r - : view

to a three dimensional track found in the CTC and extrapolated to the face of

the calorimeter. The PT 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. Finally,

the energy profile of the transverse development of the shower, measured in the CES,

should also be consistent with the assumption that the shower was induced by an

electron or a photon.



The algorithms that look for muons require that a track segment in the muon

chambers be matched, in both the T - 4J 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 he

smaller than a few standard deviations, taking inta account multiple scattering and

measurement uncertainties.

Sorne of the algorithms combine information from such "'physics objectsll as the

electrons, photons and muons mentioned above, to calculate invariant masses, rela­

tive directions, etc. This ability of the Level 3 (and to sorne extent of the Level 2)

system is exploited in the design of the specialized "penguin triggerll discussed in

Chapter 4.

At an instantaneou5 luminosity of L = 5 X 1030 cm-2 5- 1, the Level 3 trigger had

an acceptance rate of approximately 5 Hz [46], rejecting about half of the events it

considered.

•

•
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2.4 Data Acquisition (DAQ)

The CDF detector has around 150k channels recording an event. Around 46k of

those read out the signaIs 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 signaIs in the '~front-end" (Le. detector mounted) elec­

tronics preamplified, transmitted to intermediate circuits that shape and further

amplify them, and finally brought up from the collision hall to the counting room to

digitize them with analog-to-digital or time-to-digital converters, depending on the

origin of the analog signal.

A schematic drawing of the CDF data acquisition system is given in Fig. 2.12.

Level 1 and Level 2 use a subset of the event information, sent to them through

dedicated cables. Once Level 2 accepts an event, it communicates its decision to a



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 supervisor1 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 VNIE-based Nlotorola 68030 processor 1 called the "scanner manger", con­

traIs the flow of data through a commercially available Ultranet distributor ta the

Level 3 system, making sure that aU 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 Fastbus

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 Graphies machine that run data

logger programs ta 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 conditions, trigger rates, detec­

tor performance, rates of well established physics processes (e.g., J /w productionL

graphical representation of the current event, etc.

•

•

•
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Figure 2.12: Flow chart of the CDF data acquisition system, along with some of 'its

key elements.
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Chapter 3

Monte Carlo Simulations

In order to devise the necessary strategy to extract the B~ ~ K-O,.'1~ K-o --1' K"ii­

and B~ -t 4>" 4> -t K-r K- 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 ~Ionte

Carlo (~IC) 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 along with the

information relevant to the trigger.

In this analysis, the design of the specialized trigger (see Chapter 4) ta search

for penguin decays, relied heavily on such simulations. For the estimation of the

fraction of the penguin decays that survived the various selection criteria, we relied

on both lVlonte Carlo simulations as weIl as data.

63
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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 rvIRSDO parton distribution functions [15] and a renormalization scale

of J.t = J.to = Jm& + Pt, with mb = 4.75 GeVIc 2 for the mass of the b quark and

PT for its transverse momentum.

We generate b quarks with PT > 5.5 GeVIc in the rapidity range -lA < y < 1.-1.

In Fig. 3.1 we see the transverse momentum and rapidity distributions of b quarks

generated with PT > 4 GeVIc and -4 < y < 4 in the NIonte Carlo. 'vVe note that

the resulting B mesons tend to have lower transverse momenta (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 \Vith -4 < y < -l 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 €b = 0.006. The

hadronization process is b --+ Bq, where q is the light quark created from the vacuum

in a pair with the if that combined with the b quark to form the B meson. The

energy transfer ~E = EB + Eq - 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 tb that describes the ratio mqlmb, Le. the ratio of the q to b

quark masses. Fits to experimental observations in e+e- collisions have resulted in

the estimate tb = 0.006 ± 0.002 [18].

The Nason-Dawson-Ellis calculation used in conjunction with the Peterson frag­

mentation model, is found ta describe the shape of the differential cross section for

B meson production (see Fig. 1.3 and Ref. [48]). This is especially true for B mesons

with PT > 10 GeVic 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 (PT) distribution of b quarks generated with

PT > 4 Ge Vle and -4 < y < -1 in the Atlonte Carlo, as weil as the PT distribution of

the resulting B mesons. Right: Rapidity (y) distributions of those b quarks and B

mesons.

The resulting B mesons are then decayed to a photon and a strange meson

(K·o or 4» according to the CLEO Nlonte Carlo program, QQ [49}t in order te

model the phase-space, helicity and angular distributions of the decay products.

The penguin processes were included into the QQ decay options, without allowing

them any longitudinal polarization, since the photon is massless. The masses, widths

and lifetimes of the generated particles match the world average values [4}. This way

we generated the penguin (B~ -+ K·o" K·o -+ K+tr- and B~ -+ </>;: 4J -+ K+ K- )

decay chains. Similarly we generated the fJ -+ e- DOX, DO -+ K-tr+ decay chain.
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Figure 3.2: Left: Momentum resolution for Monte Carlo tracks. Right: Comparison

of momentum resolution between data f46] and Ai/onte Carlo tracks.

• 3.2 Detector simulation

•

The response of the CDF detector to the final decay products (,K-rr- and "'(K-rr-)

traversing its volume is handled by another Nlonte Carlo program~ which uses a

parameterized model 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 ~lonte Carlo simulation only produces the final ob­

jects. For example, given a charged particle, the Monte Carlo simulation does not

generate the electronic signaIs in the tracking detectors, but rather skips this step

and generates the parameters of the particle's track.

The PT resolution for pion tracks and the energy resolution for electrons measured

in the CE~1 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 -7 e- DO X, DO -t K-rr­

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 deeay was reeonstrueted. The pion and kaon traeks were eonstrained to

PasS through a common point (presumably the DO decay vertex). something that

improves the resolution by almost a factor of two. In data, the traek resolution is

measured with eosmie ray muons that traverse the traeking volume leaving two traek

segments separated by "'" 1800 in cP. The eomparison of the momenta obtained from

the two different t/J sides leads to the momentum resolution. The resolution improves

considerably when the two traek segments are constrained to meet each other1 . The

resolution quoted for tracks in data refers to such "constrained" tracks. The relevant

momentum range is up to "'" 8 GeVle for the kaons and pions in the penguin and the

ËJ ~ e- DOX, DO ~ K-tr"t" channels. The resolutions (with PT in units of GeV!e)

are found to be:

u(PT)!PT = V(0.0009. PT)2 + (0.0066)2 (tracks ln Data)

u(PT)!PT = 0.0009· PT + 0.0019 (l'vlonte Carlo tracks) (3.1)

IThis requirement reflects the fact that bath track segments are due ta the passage of a single

particle through the tracking volume.



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 CErvI is compared with the momen­

tum of the track, found in the CTC and SVX, that points towards the calorimetrie

energy cluster. The relevant energy range is from 8 GeV up to '" 30 GeV for the

photons and electrons of the penguin and the 13 -+ e- DOX channels. The resolutions

for electrons (with ET in units of GeV) are found ta be:

•
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•

•

(j(E)/ E = J(0.135/ET )2 + (0.020)2 (electrons ln Data)

(j(E)/E = J{0.133/ET )2 + (0.017)2 (A'fonte Carlo electrons) (3.2)

Furthermore, we firmly establish our faith to the detector simulation for the en­

ergy and the momentum measurements, by verifying that the Elp distribution for

electrons reconstructed in the tJ -+ e- DOX, DO -+ K-rr+ channel compares weIl be­

tween data and ~Ionte Carlo events, which are signal only (see Fig. 3.4 and Eq. 3.3).

E is the energy of the electron measured in the CE~I in units of GeV and p its

momentum measured in the CTC and the SVX in units of GeVle. The E Ip 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-rr-r- mass

in the sidebands of the reconstructed DO mass peak. The average ET for the ~lonte

Carlo electrons matches that of the signal electrons in the data (12.89 and 13.05 GeV

respectively). Fitting the E /p distributions with Gaussian shapes we get:

< E/p >= 1.0102 ± 0.0056 and (j(E/p) = 0.0677 ± 0.0051 (electrons in Data)

< E/p >= 1.0132 ± 0.0012 and (j(E/p) = 0.0652 ± 0.0012 (A'IC electronsX3.3)

The z and the transverse (x - y) positions of the pp interaction point are also

parameterized as Gaussian distributions that approxîmately match the distribution

observed in the data. A Gaussian of width 30 cm was used for the z location of the

pp interaction. The x and y location of the pP interaction was fixed ta (0,0) in the
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Figure 3.4: Left: E jp distribution, i.e. energy (measured in the CEM in units of

Ge V) over momentum (measured in the eTe and S~lX in units of Ge Vje), for

eleetrons 1.n the RunlB data. The electrons used here are /rom the Ë -f e- DO)( ,

DO -+ K-1(" channel. The distribution shown has possible non-e= background con­

tributions removed by using the sidebands of the K-rr"'" mass around the DO mass

peak. The superimposed fit is a Gaussian distribution. Right: Elp for electrons /rom

the ËJ -+ e- DOX, DO -f K-tr+ Monte Carlo sample, which is signal only.

~lonte Carlo~ since the x - y distribution in data is a perfect Hne for each of the pp

beam stores, a demanstration of the accurately known "beam optics~' .

The simulation produces data structures almost identical ta the ones produced

by an event resulting from a pp collision. This allows us to follaw nearly2 the same

procedure in the processing and analysis of real data and ~Ionte Carlo events. Thus

both ~Ionte Carlo and data events are subject to the same reconstruction biases.

• 2E.g The corrections for non-uniformities of the magnetic field are not applied in the Monte

Carlo case.
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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

ta 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 CElVl is not explicitly simulated

in either the penguin or the ËJ ~ e- DOX channels, because the Level 1 requirernent

is reasserted again at Level 2. Any rernaining inefficiency due to the Level 1 trigger

will cancel when we consider the ratio of the penguin vs. the ËJ ~ e- DO}( branching

fractions (see Chapter 6) .

3.3.2 CES information in Level 2

Information from the CES strip chambers was available at Level 2 in Run lB.

This was accomplished with the use of the "XCES bit" ,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 GeV of energy in the electro­

magnetic showerJ
. 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 CElVf wedge. Thus the trigger accepted events that should have failed,

but it tried ta not reject events that should be accepted. Nevertheless, this require­

ment reduced the Level 2 electron trigger rate by a factor of two, while retaining high

efficiency for real electrons" and photons: as it is shawn in Fig. 3.5~ the efficiency

JIn RunlC the threshold was lowered to ..... 2335 ADC counts .
-1 For electrons it was also required that a track round by the CFT points to the energy deposition

in the CEM.
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Figure 3.5: Efficiency of the XCES bit requirement for ET > 6 Ge V electrons. The

efficiency was studied with electrons /rom photon conversions (''Y ~ e~e-), which

yielded a high purity electron sample. The solid curves are the central values and the

dashed curves represent shifts of the function parameters by one standard deviation

(determined /rom fitting the functional form to the electron data). For electrons in

Run lB (Run lC) of ET = 10.5 (7) GeV the efficiency is 90%, reaching the plateau

value of (97.7 ± 0.5)% at '" 22 ('" 15) GeV.

of the XCES bit requirement in Run lB was '" 80% at ET :::= 8 GeV, rising to 90%

for electrons with ET :::= 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 lB and Run 1C allowed the experiment to collect more than one

million additional electrons from b quark decays.



•
72

Run 1B (Iast quarter)

CHAPTER 3. MONTE CARLO SIMULATIONS

Run 1B (Iost quarter)

0.1 ;-~.-::.5:--~2----::-=.5-~3---=-3.-=-5 --"

1-~~-~

Ô ~
c::

:0 0.9:­
t: :
~ .
N 0.8 r.
4i> •
~ -
~ 0.7-
'0 ~
"'" .
g 0.6 ~
~

]
Q 0.5-
.li'

'"'
~ O' ~ J
E 0 ..3 - 1

L2~ /
----=<..:;...'/

~==-==:=====::=:::;J

,

Pr (GeV/c)

4i _

~ 0.7­
~ :
ë

0.5 -
"'" -
'"'c::
~

~
0.5 -

'0
.$ o.~ -
'"'~ >-
c: 0..3 ..
~
Ü

0.2 -.1) -
.::i

0.1 - /
a - /

4 6 8 10

p, (GeV/c)

12 14 '6

•

•

Figure 3.6: Left: Efficiency of finding a non-muon track with the Level 2 CFT pro­

cessor as a function of the PT of the cons1.dered track for the lowest-PT CFT bin (bin

0). The 50% (90%) efficiency point is at 1.9 (2.4) Ge V/co The dotted curue is the

central value of the efficiency and the solid curues represent shifts of the function

parameters by one standard deviation (determined from fitting the functional form to

the data). Right: Same efficiency but for electrons in the fifth CFT b'in (bin 4). The

50% (90%) efficiency point is at 6.0 (10.0) Ge V/co For the determination of these

efficiencies 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 (Le. 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-PT

CFT bin (bin 0). This efficiency was determined as a function of the track PT using

non-muon tracks in the vicinity of "non-conversion~' electrons (i.e. electrons not from

7 ~ e+e- conversions) reconstructed in the SVX [51]. For each CFT bin there exists

a different efficiency curve, due ta the different PT threshold.



The specialized trigger that looks for penguin decays (see Chapter 4) required

two tracks in the lowest-PT CFT bin. The main trigger that looks for electrons

(used later to reconstruct the Ï3 ~ e- DO X decay) required the energy deposited

in the CEM to he more than 8 GeV and to be matched by a track found in the

fifth CFT bin (bin 4). This efliciency, 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 (Tl) and azimuth (4J), as weIl

as on the integrated and instantaneous luminosities. Positively charged particles

were detected more efficiently by the CFT, since they bent in such a way that they

'4hif' more wires in each CTe superlayer as they traversed the CTe 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 ta plateau at a value of

(92.2 ± 1.2)%. This efficiency represents the average value for positive and negative

tracks. Since these tracks were reconstructed in data collected in parallel with the

Run lB penguin data (refer ta Section 4.2.3), and since most of the non-conversion

electrons collected by the trigger come from b quark decays [52]. these tracks were

embedded in similar environments as the daughter tracks of the penguin decays; this

means that the efficiency determined from such tracks can be applied ta the penguin

daughters with confidence. The CFT efficiency decreased during the data taking

period, mainly due to aging of the CTes and increased instantaneous luminosities

achieved as the run progressed6
• The CFT algorithm was changed towards the end of

Run lB, by relaxing the requirement on the number of hits in the inner eTC a.xial

superlayers (i.e. superlayers 0, 2 and 4) associated with a candidate track. This

•

•

3.3. TRiGGER SIMULATION 73

•
5The aging of the CTC, described in terms of the accumulated integrated luminosity, led to a

drop in the CTC single hit efficiency, especially in the inner superlayers.
6This caused an increase in the number of hit CTC wïres. The presence of extra hits increased

the rate at which the CFT accepted "fake" tracks, but it also led to a 10ss in real track finding

efficiency due to unrelated hits assigned to the real track (thus altering its PT, for example).



change compensated for sorne of the inefficiency due ta CTC aging and increased

instantaneous luminosities. Using the same method as for Run lB, we determine the

efficiency of the lowest CFT bin ta be (92.2 ± 1.6)% during Run le. The efficiency

of finding electrons in the fifth CFT bin (bin 4), shawn in Fig. 3.6, plateaus at

(91.3 ± 1.0)% for the last quarter of Run lB and (92.3 ± 1.0)% for Run lC. The

efficiency for tracks at high 1171 was observed ta be higher than for tracks at low 1'7(,

due ta the fact that high-I1J1 tracks had longer traveling paths through the CTC gas,

depositing more charge 00 the CTC wires and increasing the efficiency ta detect the

resultiog pulses. The <t> depeodence 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 at (0,0) in the x - y plane, something that was not generally the case since

the beam axis did not coincide with the z a..xis of the detector. This resulted in the

CFT assigning a false curvature to the tracks, which introduced an inefficiency that

depended on the 4J 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-PT" dependencies of the CFT

efficiency as sources of systematic uncertainty in the final result.

•
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•

3.3.4 Level 3

Since the information arriving at Level 3 was organized in terms of "abjects" (e.g.,

tracks, photons, electrons) for bath the data and the ~Ionte Carlo events, we use

the same algorithms ta simulate the Level 3 trigger decision as the ones used on-lîne

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 efliciencies

75

•

•

The resolutions of the detector respoose are reproduced adequately in the ~lonte

Carlo, as was demonstrated in Section 3.2. However, the Monte Carlo simulation only

produces the final objects without reconstructing them from the electronic signaIs in

the detector channels; this means that the ~lonte Carlo does oot take into account

the inefficiencies in the track reconstruction, for example. Such inefficiencies arise

from 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" prablems). The efficiency of reconstructing tracks in

the CTC has been estimated by embedding Nlonte Carlo generated tracks inta real

J ll/J events. The average efliciency for positive and negative tracks was found to be

(92.8 ± 2.6)% and the efliciency for reconstructing two oppositely charged tracks was

(88.1 ± 4.3)% [53]. We apply the efficiencies for reconstructing one or two tracks as

a correction factor at the end, after the detector simulation and aIl selection criteria.

This approach is followed in other places as weIl. For a full account of the efficiencies

refer to Chapter 6.
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Chapter 4

The "penguin" Trigger

In this chapter we investigate the way penguin events can be selected by the COF

trigger system and the need for a specifie "penguin trigger" will became clear. \oVe

then present the design of this trigger with the help of Nlonte 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 he produced

From CDF measurements we know the cross section for the process pp -+ B~ ..X' ta be

u(pp -+ B~X; PT(B~) > 6 GeVle. ly(B~)1 < 1) = (2.392 ± 0.544) mb [48}. Given the

integrated luminosity, we can calculate the number of pP collisions that are expected

to lead ta events containing B~ mesons.

The branching fraction for B~ -+ K·o, was measured by the CLEO collaboration

to he B(B~ --t K·o"'r) = (4.0 ± 1.9) .10-5 [32}, using data collected in the CESR e~e­

collider 1. The number of B~ -+ Keo, events produced at the BO collision point

1Any branching fractions used hereafter are taken from Rer. [4], unless specified otherwise.
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of the Tevatron for a given integrated luminosity, can then be estimated with the

straight-forward calculation:
•
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(4.1)

•

•

where .lV(B~ -t Keo"!) is the number B~ ~ Kea,,! events produced; f Ldt is the

integrated luminosity; t:1(pji -t B~X) is the cross section for producing a B~ meson

plus anything else; and B(B~ -t Kea,) is the branehing fraction of the penguin

process.

\Vhen we account for both B~ and Ë~ production2 (multiply the quoted produc­

tion cross section by 2) and use the fact that the Kea meson decays to charged kaon

and pions two thirds of the time (i.e. B(KeO ~ K-+-rr-) = 2/3), we estimate the

number of B~ -t Keo" Keo -t K--rr- events produced from B mesons with PT > 6

GeVle and Iyl < l, to be:

Gnly a small fraction of these deeays are observable though; in Fig. 4.1 we see how the

number of "detectable" B~ -t Keo'"'f, Keo -t K~1r- decreases as the requirements on

the transverse momentum of the decay products increase. The ~lonte Carlo samples

of B~ -t Keo,,!, Keo -t K+1r- events were generated as deseribed in Chapter 3.

4.1.2 Photon triggers

The CDF trigger system aceepts 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 lB the lowest energy "photon trigger" (called CEM_l0-XCE5) required

the event to have an electromagnetic energy cluster in the CE~1 (11]1 < 1.1) with

ET > 10 GeV measured by the calorimeter, and more than "Y 4.5 GeV of energy in

2In what follows reference to one state or decay chain implies the charge conjugate as weIl.
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Figure 4.1: Left: Number of penguin decays per 100 pb-lof data as a function of the

minimum ET of the photon, starting with B mesons having PT > 6 GeV je, Iyl < 1.

Notice that the expected number of penguins has a l''V 50% uncertainty mainly due ta

the uncertainty in the CLEO measurement of the 8(B~ ~ Kea"y}. Right: As before.

but as a function of a minimum PT requirement on the kaon and the pion.

the shower, measured in the CES (XCES bit requirement, see Section 3.3.2). From

the B~ ~ KeO" Keo 4- K+tr- ~lonte Carlo we expect l''V 460 penguin events per 100

pb-1 with the photon having ET > 10 GeV, 1171 < 1.1 and the kaon and pion tracks

having PT > 0.4 GeV je and 1'771 < 1.1 when generated. The ITJj < 1.1 requirement

on those tracks restricts them ta the CTC fiducial volume. Nevertheless, the high

rate of such events forced a big prescale factor (l''V 200) for this trigger which implies

that we expect only l''V 2 such events in the whole Run lB data sample (~ 100 pb- 1),

even before we consider any detector, trigger or off-lîne reconstruction efficiencies.

•
The 16 GeV photon triggers (called CEM_16_ISO and CEM_16_ISO-XCES) require

isolated photons (i.e. no CFT track should point to the same wedge as the photon3 )

3Keep in mind though that the more energetic the photon, the more energetic the parent B



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

CEM_16_ISO-XCES) and 16 (for CEM_16_ISO). If we require the photon from the penguin

decay to have ET > 16 GeV, 1111 < 1.1 and the kaon and pion tracks ta have PT > 0.4

GeVIc and 11/1 < 1.1 when generated, we expect '" 12 penguin events in 100 pb-lof

data, assuming the lowest prescale factor of 8. This is the estirnate before applying

the requirement that the energy deposition in the CErvI is isolated and the XCES

requirement on the photon and without taking into account any detector or trigger

efficiencies.

•
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The 23 GeV photon trigger (called CEM_23) was prescaled by 20 most of the

time, and by 40 at high instantaneous luminosities. The number of penguin decays

expected in this sample is ""oJ 1 event in 100 pb -1 of data, if we were to require the

photon from the penguin decay ta have ET > 23 GeV, 1111 < 1.1 and the kaon and

pion tracks ta have PT > 004 GeVIc and 1171 < 1.1 at the generator level. assuming a

prescale factor of 20.

The lowest energy unprescaled photon trigger (called CEM_23_ISO-XCES) required

an isolated photon in the CE~I with ET > 23 GeV. If we require the photon from the

penguin decay to have ET > 23 GeV, 1111 < 1.1 and the kaon and pion tracks to have

PT > 004 GeVle and 1171 < 1.1 at the generator level, we expect ""oJ 24 penguin events

in 100 pb-lOf data, hefore 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 0 for ET < 23 GeV photons, 50% around 25.5 GeV

and it reaches its plateau value for ET > 30 GeV photons. This, in conjunction with

the fact that the number of penguins expected drops rapidly with photon ET (see

Fig. 4.1), means that we do not expect this trigger to have collected any significant

meson is expected to he and so the more collimated the B decay products and the smaller the

chance of the photon to he isolated.
oIThere are three luminosity regions that can he assigned different prescale factors for each

trigger: < Il.1030 cm-2s- 1 , (11- 21) .1030 cm-2s- 1 , and > 21.1030 cm-2s- 1



number of penguin events.

The integrated luminosity collected during Run lC is too small (~ 6 pb-1
) for

the photon triggers to collect any significant number of penguin events.

•
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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

weIl. This approach attempts to avoid high prescale factors by designing a specialized

trigger to select penguin-like events.

At Level 1, the trigger Ll_CALORIMETER accepted an event if there was a CE~I

trigger towerS with energy above 8 GeV (5 GeV) in Run lB (Run lC), resulting in

an acceptance rate that corresponds to a cross section (see Eq. 2.2 and Fig. ·-1.3) of

'" 20 (~ 30) JLb in Run lB (Run lC)6.

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 -l

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 lB,

6 and 10 GeV for Run lC) were formed using the first clustering algorithm. AlI

5 A CEM trigger tower consists of two adjacent physical CE1'I towers (see Section 2.3.1). \Vhen­

ever we talle about a calorimeter 14tower" at Level 1 or Level 2, we mean a trigger tower.
6Expressing a trigger rate as a cross section, makes it, in principle, independent of the înstan-

taneous luminosity sinee it is related to the probability to get a specifie kind of event out of a pP

collision: one that satisfies the trigger requirements. The trigger cross section multiplied by the

integrated luminosity, gives the number of events that satisfied the specifie trigger criteria. There­

fore, collecting - 90 pb-1 during the course of Run lB means that this trigger accepted -- 90 pb- 1

·20 ~b = 1.8· 109 events for further consideration.



the electromagnetic clusters at Level 2 were put in the photon liste If there was any

CFT track painting to the same cP-slice as the wedge of the photon cluster, then the

"stiff-track" bit was set and the assaciated cluster was characterized as an electron

candidate and it was put in the eLectron List as weIl. Sînce the CFT dealt with the

axial CTC superlayers only, it had no information on the 11 of the track it considers.

Thus, a cluster of energy in the CElVl could be located atTJ > 0 and put in the

electron List due ta a CFT track that points at Tl < 0, but in the same t/J sLice as the

CErvl 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:

•
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i) the transverse energy (ET), measured in bins of 0.5 GeV assuming a pp collision

point at (x, y, z) = (0,0,0),

ii) the 17 and (j) of the seed tower,

iii) the energy fraction leaking into the hadronic calorimeter (EHAD / ETOT )!

iv) the XCES bit, and

v) the "stiff-track" bit.

Level 2 also holds a List of tracks found by the CFT with the following information:

i) the PT in CFT PT bins,

ii) the charge (assumed to be either +1 or -1), and

iii) the t/J at the outer superlayer ("superlayer 8") of the CTC.

Knowing the energy spectra and the topology of the decay products from our

wlonte Carlo, we can use the available information to build a penguin trigger for

Level 2. At Level 3 we can form quantities like the ones used off-Hne, since aH the

information is available and there is enough time to completely "reconstruct" the



event. Among others, we can then reinforce the Level 2 requirements and apply

loose invariant rnass cuts for the K 1r and the 'YK 1r candidate combinations.
•
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4.2.2 The penguin trigger requirements

We used a B~ ~ K·o"'(, K·O~ K+1r- Monte Carlo sample to investigate the cuts

for quantities that could be formed with the available information at Level 2. In

Fig. 4.2 we see distributions of sorne of these quantities, at the generator level, for

the signal events. \Ve then devised requirements that kept as much of the signal as

possible, while keeping the acceptance rate for this trigger at reasonable levels.

The resulting Level 2 trigger (named KSTAR_GAMMA) required i :

1. A photon cluster in the CElYl with ET > 10 GeV (> 6 GeV) in Run lB (Run

1C). These were the lowest photon thresholds available at Level 2. The cluster

was required ta 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

clusters frorn 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 PT CFT bin (PT ~ 2

GeV le).

V. The two CFT tracks should point one or two wedges away from the seed wedge

of the photon cluster (the <1> of the tracks at superlayer 8 of the CTC, their

charge and their mornentum, were used to extrapolate them to the face of the

strip chambers with the help of look-up tables).

7The sophisticated physics cuts at Level 2 would not be possible without the Alpha processors

(see Section 2.3.2), wllich were installed in the last half of the Run lB periode Therefore, the

penguin trigger started collecting data towards the end of Run lB.
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Figure 4.2: Monte Carlo signal quantities relevant at LeveI 2 for B mesons with PT > 6

Ge V/c, Iyl < 1.25, and photons in the CEM ~T71 < 1.1) with &r > 10 Ge V. Ail quantities

shown are formed /rom generator level information (before the detector and trigger sim­

ulation). (a) &r('Y) distribution; (b) Minimum track (K,1r) PT distribution; (e)/{d) The

distance between the photon and the kaon/pion tracks, in slices of 15° in d> for tracks with

PT > 2.0 Ge Vic, 1111 < 1.1. If the kaon/pion points towards the CEM wedge of the photon

(covering 15° in 4», then ~q;('Y, K/rr) = O. In (c) we plot the ~4J(r, KJrr) for the track

(kaon or pion) that is closest in 4J ta the photon, whereas in (d) we consider the track that

is furthest away from the photon in tP. The 4J of the tracks has been calculated at superlayer

8; (e) 4> separation (~cP) between the kaon and the pion at superlayer 8 with the same cuts

as for insets (c) and (d); and (f) 1l4> between the kaon and the pion at superlayer 8 with

the extra requirement that the kaon and the pion point 1 or 2 wedges away /rom the seed

wedge of the photon,i.e. ~4>("Y,K/rr) = 1 or 2 (in units of 15° in 4J) .



VI. The two CFT tracks should be within 18° in 4J from each other at superlayer

8.
•

84 CHAPTER 4. THE "PENGUIN" TRIGGER

•

•

At Level 3, we implemented a trigger (named ELEBJ<5TAR_GAMMA) which required

the event to have passed the K5TAR_GAMMA trigger at Level 2. This trigger also

required:

VII. A cluster in the CEl'v1 with E > 7 GeV (> 5 GeV) in Run lB (Run lC)~

VIII. Knowing that the CE~I has a sufficient depth (18 Xo) to contain most of the

longitudinal development of an electromagnetic shower, we require the energy

deposited in the CHA (EHAD ) to be less than 15% of the energy deposited in

the CElVl (EEM).

IX. The lateral profile of the energy spread of the cluster should be consistent with

expectations based on test beam results for electrons. This was accomplished

using both the calorimeter and the strip chambers. The comparison based on

the energy measurements in the CENI is expressed in terms of the variable

LSHR. This is the excess of the measured compared to the expected energy in

the two "shoulder" CElYI towers adjacent to the seed, over the characteristic

energy fluctuation, which is partly due to the finite resolution of the CENI

energy measurement (see Eq. 3.2) and partIy 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 aU electrons

and photons. The comparison that was based on the CES is expressed in terms

of two X
2 's; X;triPI and X~irel' corresponding ta 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 beam data, to

the measured energy profile along Il strips or wires. At the trigger level we

required X;trip.f < 40 and X~ire.t < 45. Nlore than 97% of electrons and photons

satisfied the requirements on X;triP.f and X;irel.
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X. At least two oppositely charged tracks measured in the CTC with:

- PT > 1.6 GeV/ c for each track,
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- at 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 (~ 1.15°) away in 4> from the closest CFT track,

- The 4> separation between the two matching CFT tracks at superlayer 8

should be f)"fjJ < 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 eTC are

used).

XI. Calling Zo the =position of a track at the point of closest approach ta the z­

a.xis, we required the arithmetic mean of the =0 's of the two tracks to be within

70 cm from the nominal interaction point at z = O.

XII. Assigning kaon and pion masses ta the two candidate tracks, we imposed two

loose invariant mass cuts: kI(KTr) < 3.5 GeV/c2 and A/(,K1r) < 10 GeV/c2
.

The event was also accepted if lv/(KK) < 3.5 GeV/c2 and A/("'IKK) < 10

GeV/ c2 in order ta accept B~ -+ rjyy events.

4.2.3 Trigger tests and performance

The Run lB set of requirements were tested on data (taken at luminosity,...., 3 .1030

cm-2S-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 aIl the quantities formed

at Level 2 for the usual triggers, including the photon and CFT track lists that were

of interest to us. The fraction of events satisfying 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 rates as a function of instantaneous luminosity (running

average) for the requirements used in Run lB. Right: Same, but for Run le.

to a rate of '" 0.2 Hz at an instantaneous luminosity of 3 . 1030 cm-2 S-l) 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 ELEBJ<STAR_GAMMA (Level 3). As we see in Fig. 4.4, 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

ta 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 at Level 3 decreased the probability for unrelated elements

originating from different pP collisions to satisfy the Level 3 requirements. Thus all
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Figure 4.4: Left: Trigger rates and cross sections as a function of instantaneo'us lumi­

nosity (running average) for the Run lB and le Level 2 penguin triggers. Notice that

the trigger cross section has a weaker dependence on the instantaneous luminosity,

compared to the trigger rate. Right: Bame, but for the Level 3 penguin triggers.

the elements (Le. 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 . 1030 cm-2s- 1• However. the

data 1055 due to the prescale was minimal; this trigger considered "'" 22.3 pb- 1 out

of the"'" 23.0 pb-lOf data available.

•

The lowering of the electromagnetic energy threshold in Run lC, increased the

trigger cross section as a consequence. The Level 2 and Level 3 rates for the Run lC

trigger were "'" 8 times higher than the ones for the Run lB trigger, as can be seen

in Fig. 4.4. The penguin trigger collected 22.3 ± 0.9 pb-lOf data in Run lB and

6.6 ± 0.3 pb-1 in Run lC.
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4.3 Trigger efficiency
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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:

Nrecorded = Nproduced . €trigger (4.3)

•

•

We can classify the trigger requirements such that its effidency, €triggerl includes:

Topology and kinematics: Efliciency 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 CENI with ET > 10

GeV (> 6 GeV for Run lC),

XCES: XCES bit efficiency for 5uch a photon,

CFT: CFT efficiency for the two tracks, and

L2 isolation: Effidency of the requirement that there be no CFT track painting

to the seed wedge of the photon. From here on we refer ta this as the "L2

isolation" requirement .

4.3.1 Efficiencies derived from Monte Carlo

The kinematics and topology of the event are believed to be described adequately

by the wIonte Carlo. For the simulation of the electromagnetic energy clustering

(both on the trigger level and off-line) we used algorithms simiIar 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 B~ -7 Kea" K-a -7 K+tr- and B~ -7 4rf,4J -7

K+ K- events with PT(B) > 12 GeVIc (> 6 GeVJc) and ly(B) 1 < 1.25 in order ta

study the Run lB (Run 1C) sample. The thresholds on the momenta and rapidity of

the B mesons were imposed in arder ta avoid simulating events that had no chance

meeting the trigger requirements.
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4.3.2 Efficiencies measured with data

For the efficiency of the CFT requirements on the two charged daughter particles

(K+tr- or K+ K-) we use the parametric forms derived for non-muon tracks in Run

lB 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

PT 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 ta rneet the CFT

requirement.

Considering aIl the Level 2 and Level 3 efficiencies, except the XCES and the L2

isolation requirements on the photon at 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 rneson

and the photon, for B~ -7 Kea" Kea -7 K+tr- events.

In Fig. 4.7 we see how the lower energy threshold for photons in Run l C! allows

the penguin trigger ta 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 pararne­

terization of this efficiency as a function of ET derived from electrons in Run lB (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 ta be

set for the wedge of the photon, makes our signal-only ~lonte Carlo inappropriate
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Figure 4.5: a) k/onte Carlo events as generated (solid histogram) and after detector

and Run lB trigger simulation (dashed histogram) as a fu,nction of generator level

PT(B). The detector and trigger simulation t/,sed here do not include the )(CES and

the L2 isolation (i.e. no CFT track at the same wedge as the photon) requirements.

Therefore the trigger efficiencies shown here are missing these two elements. b) Par­

tial trigger efficiency vs. generator level PT(B). c) Monte Carlo events as generated

(soLid histogram) and after detector and trigger simulation (dashed histogram) as a

fu,nction of generator level ET (,). d) Partial trigger efficiency vs. generator Level

ET (,).
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Figure 4.6: a) Monte Carlo events as generated (solid histogram) and after detector

and Run 1C trigger simulation (dashed histogram) as a function of generator [evel

Pr(B). The detector and trigger simulation used here, does not include the XCES

and the L2 isolation requirements on the photon. Therefore the trigger efficiencies

shawn here are missing these two elements. b) Partial trigger efficiency vs. generator

level PT(B). c) J.\tfonte Carlo events as generated (solid histogram) and after detector

and trigger simulation (dashed histogram) as a functian of generator level ET ( 'Y). d)

Partial trigger efficiency vs. generator level ET ( 'Y).
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Figure 4.7: Left: The trigger efficiencies for the Run lB and Run 1Cimplementations

as a function of the PT of the B meson. The trigger efficiencies shawn do not

include the XCES and the L2 isolation (i.e. no CFT track at the same wedge as the

photon) requirements. The spectrum of the transverse momentum of the B mesons

as calculated by Nason, Dawson and Ellis [16} is shawn as a solid line. Right:

The (partial) trigger efficiencies for the Run 1Band Run 1C implementations as a

function of the transverse energy of the penguin photon. The ability to collect Lower

energy photons in Run 1C allows the trigger to reach B mesons at Lower momenta and

thus increase its signal yield substantially due to the rapidly falling [JT(B) spectrum.

•

to estimate the efficiency of the L2 isolation requirement on the photon. \Ve then

estimate the efficiency of this requirement using the decay Ë ~ e- DO X, DO --r K- rrT

observed in a sample of events containing electron candidates with ET > 8 GeV. \Ve

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 arouod the

B mesons is similar between these channels and thus the efficiency for the L2 isolation
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B~ --+ K·°-y B~ --+ t/rt

Monte Carlo events Run lB Run 1C Run lB Run 1C

ly(B)1 < 1.25 and

PT(B) > 12 GeV je or 737303 550968

PT(B) > 6 GeV je 1942314 1523628

After partial trigger simulation

(Topoi. & kin., ElVl, CFT) 21716 21964 23954 24425
1

1 Trigger efficiencies (in %)

Partial trigger simulation 2.95 ± 0.02 1.13 ± 0.01 4.35 ± 0.03 1.60 ± 0.01

XCES 93.9 ± 1.4 93.6 ± 3.2 94.0 ± 1.3 93.8 ± 3.1

L2 isolation 62.0 ± 7.8 88 6~11.4
1

63.2 ± 8.0 904-9.6. -12.9 . -13.2

Total trigger efficieney (%) 1.72 ± 0.22 094+0.13 2.58 ± 0.33 1 36~0.15 i. -0.14 . -0.20
1 1
jLdt(pb- 1) 22.3 ± 0.9 6.6 ± 0.3 22.3 ± 0.9 6.6 ± 0.3

2· (j(pP --+ BX) (J.Lb) 0.622 ± 0.144 5.816 ± 1.322 ~ . (j(pP --+ B~.X)

B(K·o --+ K+1r-) 2j3
1

1
B(</> --+ K+K-) 0.491 ± 0.008

If: B(B~ --+ K·°-y) = 1
1

B(B~ --+ (jry) (4.0 ± 1.9) x 10-5 1

1

1

Theo: Expected signal out 1
1

of trigger (events) 6.4 ± 3.5 9.6 ± 5.3 2.3 ± 1.3 34+1.8
1. -1.9

Table 4.1: Trigger efficiency for the B~ ~ K·o~'( and the B~ -+ (jrf decays in Run lB

(Run le) are quoted starting with B mesons of PT > 12 (> 6) Ge Vic and Iyl < 1.25

and applying the trigger cuts (see Section 4.2.2).

requirement can he derived from Ë -+ e- DOX, DO --t K-tr+ decays and applied ta

the penguin channels. Furthermore we reconstruct the ËJ -+ e- DOX, DO -f K-rr+

decays for events collected in the same time span that the penguin trigger collected



data. This guarantees that the same luminosity, detector, etc. biases are present in

bath samples.
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\Ve 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 ta be (59.2 ± 7.4)% in Run lB and (84.6 ± 12.2)%

in Run 1C for i3 ---t e- DOX, DO -t K-1r+ decays. (see Fig. 4.8 and 4.9). The

reconstructed events from this decay chain result mostly from B;; mesons, whereas

the penguin decays originate from B~ and B~ mesons. These B mesons result from

the hadronization of b quarks, which at the fragmentation process combine withu,

d or s quarks respectively. Differences in the fragmentation processes could result

in different isolation efficiencies between the ËJ -t e- DOX, DO -t K-rr-r" and the

penguin channels. Furthennore, contrary to the penguin channels, B ---t e- DO
)(.

DO ~ K-rr+ is not a fully reconstructed clecay and the extra particles could result in

lower L2 isolation efficiency compared to the penguin channels. \Ve use the PYTHIA

Monte Carlo program [54] to generate these decays along with the rest of the pp

collision outcome. 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 B~ penguin channels by (4.7 ± 2.0)% and (6.8 ± 2.1)%

respectively. From the L2 isolation efficiencies measured with the B ---t e- DO X.

DO ---t K-1r "f" 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 Level 3 Run lB penguin trigger

to be (1.72 ± 0.22)% for B~ mesons of PT > 12 GeV jc and Iyl < 1.25 subsequently

decaying to K·o7. The corresponding efficiency for Run 1C is (0.94:8:U)% for B~

mesons of PT > 6 GeV jc and Iyl < 1.25.



•
4.3. TRIGGER EFFICIENCY 95

Run 18 16.2 pb- I

2

i i i i

I­
I

J

, 1

,f\,:" ::1
9

"0
1
) - 94.1 % 16.50vont.

J lil,II ~(L2 isolation) :Ir (59.2 ± 7.4) ?

!: \
-rI

\

-J
'LJ Lr- ~.~: ..

, .,' l' , i i i i i i i i .

- AIl cuts e.cept L2 and 8 isolation
- .... AIl cuts e.cept 8 isolation

!:

:: ~ l
~-
~.

10 1 ....
~ . " .~ • " ~ • - ••• ;: : : : ~ c -: : ~ •.•••

o f .1. i !

1. 75 1.775 1.8 1.825 1.85 1.875 1.9 1.925 1.95 1.975

~

8. 40
(/)--c:
Q}
:>

w

•
Moss (Kn)

•

Figure 4.8: Run lB ..i\;f( K 1r) distribution with the kaon having the same charge as

the electron, indicating the reconstruction of the ÏJ -t e- DOX, DO -t K-1r+ decay

chain. The solid histogram shows the Events that satisfy ail the cuts mentioned in

Section 6.3, before the application of the requirements (m) and (p) in that section (i.e.

the isolation requirement on the electron at L2 and the B isolation requirements).

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 Ge V

at the trigger level. Due to difJerent prescale factors, the trigger that looked for such

Electrons collected a smaller fraction of the available Events, than the penguin trigger

did; the penguin trigger collected ""w 22 pb-lof data -in Run lB, while the ET > 8

Ge V electron trigger collected ""w 16 pb-1 during the same time period.
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Figure 4.9: As in Figure 4.8, but for Run le data.

In exaetly the same way, the eombined efficiency of the Level 2 and Level 3 Run

lB penguin trigger is found to be (2.58 ± 0.33)% for B~ mesons of PT > 12 GeVle

and Iyi < 1.25 subsequently deeaying to n. For Run le the trigger efficiency is

(1.36=g:~g)% for B~ mesons of PT > 6 GeVle and Iyl < 1.25.

The trigger efficiencies as weIl as the number of signal events expected to meet

the trigger requirements are summarized in Table 4.1.
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In order to get a feeling for how many penguin events are expected to be recorded by

this trigger we first ca1culate the number of penguin decays expected ta have been

produced with PT(B) > 12 GeV jc (> 6 GeV jc) and ly(B)1 < 1.25 during the data

collection in Run lB (Run 1C). We first get the measured cross section of [48]:

u(pp -t B~X;PT(B~» 12 GeV jc, ly(B~)I< 1) = (0.256 ± 0.059) tlb

q(pp -t B~X;PT(B~» 6 GeVjc, ly(B~)I< 1) = (2.392 ± 0.544) tlb

Then, we use the rapidity spectrum of B mesons as ca1culated by Nason, Dawson

and Ellis [16] (see Fig. 3.1) to obtain the fraction of B mesons with 1 < Iyl < 1.25

and we calculate:

u(pp -1 B~"-X";PT(B~» 12 GeVjc, ly(B~)I< 1.25) = (0.311 ± 0.072) tlb

u(pp -1 B~.X;PT(B~» 6 GeV jc, !y(B~)I< 1.25) = (2.908 ± 0.661) tlb

The number of penguin events expected ta be produced from both B~ and Ë~

decays, assuming the CLEO branching ratio of (4.0 ± 1.9) .10-5 for B~ -1 Keo, [32]

and S(Kea -1 K+1r-) = 2j3, is then estimated to he:

lVproduced(B~ -t Kea,,'!, Kea -1 K+1r-) ==

2· f Ldt· q(pp -t B~X) . B(B~ -t K eO"!). B(Keo -t K+1r-) =

:::: 370 ± 196 events per 22.3 ± 0.9 pb-lOf Run lB data

(originating from B~ and Ë~ mesons with PT > 12 GeVIc, IYI < 1.25),

and

:::: 1024 ± 541 events per 6.6 ± 0.3 pb-lOf Run le data

(originating from B~ and Ë~ mesons withPT > 6 GeV/c, lyl < 1.25) (4.4)

Assuming the production cross section of B~ mesons to be 1j3 of that for the

production of B~ mesons (48], the unmeasured branching fraction B(B~ -t ify"!) to be



equal to the branching fraction 8(B~ -+ K·°'Y), and 8(4) -+ K+ K-) = (49.1 ±0.8)%

[4], we estimate:

•
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Nproduced(B~ -+ 4>f, 4J -+ K+ K-) =

2· JLdt· O'(pp -+ B~X) . 8(B~ -+ 4>f) ·8(4) -+ K+ K-) =

~ 91 ± 48 events per 22.3 ± 0.9 pb-lOf Run lB data

(originating from B~ and B~ mesons with PT > 12 GeV je, Iyl < 1.25),

and

~ 251 ± 133 events per 6.6 ± 0.3 pb-lof Run lC data

(originating from B~ and B~ mesons with PT > 6 GeV je, Iyl < 1.25) (4.5)

Combining the number of penguin events expected to be produeed with PT > 12

(> 6) GeV/ e and Iyl < 1.25 and the efficiencies ealculated in the previous section

(see also Table 4.1), we expect that the 22.3 (6.6) pb-lof data eollected during Run

lB (Run lC), should contain 6.4 ± 3.5 (9.6 ± 5.3) B~ -+ K-O"t, K·o -+ K+rr- events.

The number of B~ -+ <jyy, cP -+ K+ K- events is expected to be 2.3 ± 1.3 (3.4:~:;) in

the 22.3 (6.6) pb-lOf data eollected during Run lB (Run le).

The number of signal events expected to meet the trigger requirements are sum­

marized in Table 4.1.
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Chapter 5

Data Selection

In the previous chapter we described the specialized trigger that collected "penguin­

like" events. We concluded that we expect around 6 B~ ~ K·o"'t events and", 2

B~ ~ rjyy events in the Run lB sampie of 22.3 pb-lOf integrated luminosity. In

the 6.6 pb-lof data collected during Run le we expect that the penguin trigger

collected '" 10 B~ ~ Keo, events and", 3 B~ ~ rjyy events. These signal events are

a very small fraction of the events collected by the penguin trigger though; almost

'" 3 x 105 ('" 5 X 105 ) events were collected by the penguin trigger in Run lB (Run

lC). Recall that the Level 3 penguin trigger accepted events at a cross section of

'" 13 nb ('" 85 nb) in Run lB (Run lC).

In this chapter we will first describe briefiy 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 from the plethora of non-signal ("background") events. The ability of the

requirements to enhance the signal-to-background ratio will be demonstrated with

the invariant mass plots of the B meson candidates.

99
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CHAPTER 5. DATA SELECTION

"Production and splitting" of data

•

•

Following an acceptance signal from the third level of the trigger (Level 3), the data

acquisition system writes the data on 8mm tape. The data were then processed by

"production" programs that reconstructed physics objects (electrons, photons, etc.)

from the electronic signaIs of the detector in a way similar to Level 3. The produc­

tion stage was initiated sorne time after the event was written to tape. Therefore it

is an "off-line" process, as opposed to the "on-Hne" manipulation of data from the

trigger. At the production stage the information about the condition of the deteetor

(calibration and alignment constants) was more precise than the information avail­

able at Level 3. Furthermore, sinee the proeessing time was not as big a constraint

at the production stage as it was at the trigger level, the time-demanding tracking

algorithms used at the production stage were more sophisticated than the Level 3

ones.

The production programs were executed on a "farm" of Silicon Graphies Ine. and

IBrv[ computers that also ran "splitting" programs which classified and stored the

events into different, but Dot mutually exclusive~ data sets, according to different

analysis criteria (e.g., events that contain at least one high energy electroD. 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 farm

processed events at a rate of approximately 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 "streamsll of

data at CDF, indicating the priority at which events were put through the production

and spHtting 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 ta 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



and high prescale factors. These events had the least priority and were processed

severa! months after they were collected. Stream B contain most of the events (~ 65

million) and were processed typically about a month after they were collected. NIost

of the analyses done on B mesons use stream B data. The KSGB data set is part of

the stream B data set.

•
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5.2 General strategy for signal reconstruction

Clearly the signal event5 are a very small fraction of the total number of events

collected by the penguin trigger. Nevertheless, there are sorne characteristics of the

signal events that can be exploited in our effort to identify thern and reject most of

the other (Le. "background") events.

We start by selecting reasonable photon candidates and good quality tracks re­

constructed in the SVX and the CTC. \Ve a150 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 1r0 ~ 11 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., KeO or 4J). In addition, the

mass of the combination of these two charged particIes is required to be close to the

mass of the hypothesized parent particle (e.g., the mass of the K'"K- pair must be

close ta the mass of 4> meson).

If the photon and the two charged particles selected 50 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-



binations we have sorne 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 "secondary" ver­

tex which is separated from the "primary" pP interaction vertex (in the vicinity of

which the B meson was created). On the other hand most of the particles traveling

through the detector volume originate from the "primary" pp interaction vertex. vVe

therefore place sorne requirements that select events where the decay point of the B

meson is detached from the pp interaction point.

Since we reconstruct aH 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" 1 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 rneson is isolated from

activity around it and we exploit this fact in order ta further reduce the background.

•
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5.3 Backgrounds

The general strategy outlined above is designed to select B-like events. Nevertheless!

apart from the non-B events and the combinatoric background, there are sorne B

decay modes which can fake the penguin signais 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 signal process only. I.e., no background

subtraction is necessary. Nevertheless, we briefly discuss sLx sources of background

IT(B~) =(1.56 ± 0.04) ps and T(B~) = (1.54 ± 0.07) ps [4]



to the B~ -t K·o"'( decays for completeness: namely, B~ --+- K 1(1270)0"'(, B~ -t KeOrrO,

BO -)0 Mr° BO -t Keo"" BO -t KeOrrO and BO -)0 fYV decaysd ,..,.., $ "& , d"" r •

•
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For B~ -t r/rt decays a similar discussion can be held, but the level of background

after aU selection criteria is 50 small, that we do not go into details for this channel.

B decays which result partIy in "'(Ke{892)0 combinations (Le., higher multiplicity

modes) can fake B~ -t Keo"( decays, if we only reconstruct the "'(Ke(892)0 part.

Naturally then, the reconstructed "(K·(892)O mass will be lower than the B~ mass.

Decays like B~ -t KI (1270)°,.,., K 1(1270)O -t Ke(892)OrrO are difficult to distinguish,

if we fail to detect the rro. However, simulations of such decays show that the

"(Ke(892)O mass resolution is adequate to reject this background; less than 15% of

these events faH in a two sigma window around the B mass [56]. Furthermore.

the branching fraction for B~ -t KI (1270)°"( is expected ta be less than that for

B~ -)0 Keo"'(, and 8(K1(1270)° -t Ke (892)°i'r°) '" 10%. Therefore, the contribution

from this kind of background is expected to be smal!.

B~ -t Ke0-;r0 and B~ -t ptr0 decays occur less often than B~ -t Keo"f decays:

8(B~ -t Keo,.,.) '" 4 X 10-5 , while B(B~ -t Ke°tr°) < 2.8 x 10-5 and B(B~ -t

ptr0) < 2.4 x 10-5 [4], 50 these decays do not dominate the electromagnetic penguins.

The neutral pion tends to be reconstructed as a single energy cluster in the CE~'I

calorimeter, but, as explained in the next 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 loose 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

satisfying the selection criteria by imposing tighter requirements on these variables.

There are several reasons why B~ -t Ke°tr° and B~ --r KeO,.,. decays should not

be a considerable background in the present analysis; (i) B~ mesons are produced

approximately three times less often than B~ mesons [4, 20J, (ii) such decays result

from b -t t -)0 d, instead of b --f t -t s transitions and they are suppressed by the



CKM matrix element ratio (lvtdl/ll't,1)2 < 14% (see Eq. 1.2, and (iii) the Keo"( and

Ke°tr° combinations will yield the B~ mass, which is :::: 90 ~leV /c2 higher than the

B~ mass [4]. Even if the mass resolution of '" 100 ~IeV /c2 in this analysis is not

adequate for an event-by-event separation, a statistical separation can be performed.

Furthermore, the shower shape variables can be used to suppress a large fraction of

B~ ---t K e
0 1r0 decays, as discussed in the next section.

B~ ---t pO 'Y followed by po ---t 1r+1r - decays, result in K'Ti and 'YK 'Ti mass distribu­

tions resembling the eorresponding distributions from B~ ---t Keo"( decays, when one

of the pions from the po decay is misidentified as a kaon: the K 1r mass peaks '" 100

NleV/c2 higher than the K·(892)O mass with a sigma of", 50 wleV/e2 and the "yK7ï

mass peaks "" 100 MeV/c2 higher than the B~ mass with a sigma of ,..... 100 ~leV /c2 .

Furthermore, the dE / dx energy loss in the drift chamber can provide separation be­

tween kaon and pions at the 10' level in the momentum range we are triggering on.

Therefore, a statistical separation can be performed between the B~ --1 K·o"'{ and

B~ ---t p0-y decay modes, i.e., the relative contributions ean be extracted. In addition.

sinee B~ ---t po, deeays result from b -t t -t d, instead of b~ t ~ s transitions, they

are suppressed by the CKNI matrix element ratio (Ivtdlllvt"I)2 < 14%. Thus, they

are not expected to dominate the B~ ~ Ke0'Y decays.

•

•
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5.4 Photon criteria

Out of ail 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 weil, we require that the candidate clusters are

inconsistent with being electrons and we apply cuts which are as efficient as possible

and aise enhance the fraction of single photons in the sample of selected photon



candidates2
. The requirements to select single-photon candidates follow the standard

CDF photon selection criteria [57] and are listed in detail below for completeness:

•
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1. We first reinforce the penguin trigger requirements on the candidate photon

clusters: e.g., requirements on minimum c1uster energy, XCES information,

lack of energetic tracks pointing to the same 15° 4J slice as the calorimeter wedge

of the photon candidate etc. (refer to Section 4.2.2). We then discard electron

candidates hy demanding that there is no three-dimensional track associated

with the electromagnetic cluster. Tracks found in the CTC are extrapolated

to the face of the CES; if they extrapolate to a c1uster of energy in the CENI,

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 calerirneter towers [58, 59]. Correction are aIse applied to

compensate for gain variations which couId result from changes in the photo­

multiplier gain or from a decrease in the transparency of the scintiIlator plates,

and thus a deterioration of the light collection efficiency. The transverse energy

of the cluster was then required to he ET > 10 GeV in Run lB data and ET > 8

GeV in Run le data. RecaIl that due to limitations at the trigger bandwidth,

we have required the decay products of the B meson ta be quite energetic.

This means that we collect a reduced number of signal events but this is not

necessarily a disadvantage; the charged particles originating from penguin de­

cays are more energetic than the randoIn tracks collected by the trigger (see

Fig. 5.1). Thus cutting high on the PT of the candidate tracks enhances the

fraction of signal events among the surviving ones. Nevertheless, even though

higher energy requirements on thern could get rid of more background events

and would probably enhance the signal-to-background ratio on the events that

2Electromagnetic showers can also originate from 71"0 -+ 1'Y, 11 ~ ""t'Y or 371"°, and K~ -+ 21r°,

followed by 1r
0 -+ "Y'Y decays.
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Figure 5.1: Comparison of PT and ET spectra for tracks and photons collected by

the penguin trigger in Run lB (solid histograms) and from simulated penguin decays

(dashed histograms). Penguin decays result in photons that are as energetic as the

photons collected by the trigger. Charged particles /rom penguin decays have on

average 1 GeV / c higher PT values than the tracks in data. Qver the ET and PT

values shown~ the trigger efficiencies vary only slowly.

survive, the number of ey.pected signal events would be very small to daim 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 le 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 ËJ ~ e- DOX, DO -t K-1r+ channel, which

has a similar decay topology. Given the topological similarities between the



penguin and the ËJ ~ 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 Ë ~ e- DO X decays; the energy requirement for electrons at

the trigger level was ET > 8 GeV, during both Run lB and Run lC.

•
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3. As at Level 3, we place an EHAD / EEM cut (see Section 4.2.2 and Fig. 5.2)

by requiring the cluster energy deposited in the CHA (EHA.D ) to be less than

10% of the energy deposited in the CEl\tI (EE~d. 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 than electromagnetic showers.

4. The photon candidates face more requirements that select ··electromagnetic­

like" showers. First we ask that the energy sharing between the towers that

contain the cluster be consistent with the expectations for an electromagnetic

cluster. We require LSHR < 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;triP") and the wires (X~ire") of Lhe CES

(see also Section 4.2.2). Naturally then, single photons yield low :'(2 values

(see Fig. 5.2), while hadronic or multi-photon showers yield higher values. \Ve

require X;triPI < 10 and X~irel < 10 (see Fig. 5.2).

These requirements have high efficiency in retaining single photons (l'''v 89%) and

rejecting hadronic showers (e.g., due to charged pions). They also retain a fraction of
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Figure 5.2: Comparison of calorimeter based (EHAD/EEM and LSHR ) and strip

chamber based (X;triP.s and X~ire.s) shower shape variables for electrons from

B -+ e- DOX, DO -+ K-tr+ decays in Run lB (open squares) with Monte Carlo (solid

circles). The Monte Carlo events (pp -+ bb) were generated with the PYTHIA.

event generator and were subsequently fed through the detector and trigger simu­

lation. Since the electromagnetic showers developed by electrons are very S'imilar ta

the ones developed by photons, the distributions shown serve as a justification for

the cuts chosen for the photons and electrons /rom the penguin and B -+ e- DOX,

DO -+ K-rr+ channel.s. The arrows indicate the values below which candidate photons

and electrons are accepted.



electromagnetic showers induced by neutral pions from 1T'0 --t T'Y 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 (X;tr,p.t and X~ire")

than showers induced by single photons [57]. However, the fraction of accepted

multiple-photon showers from neutral pions increases with the momentum of the

pion because the separation of the resulting photons decreases. For example, the

efficiency of the X;trip5 < 10 and X~ire" < 10 requirements for pions relative ta

that of single photons is ~ 65% for ET = 15 GeV 3 whereas for ET > 40 GeV

it is aimost 100% [57]. Requiring lower X;triP' and X~ire" values provides better

discrimination between single- and multi-photon showers; for example, requiring

X;trip, < 5 and X~ire" < 5 results in the efficiency for pions relative to that of

single photons be ~ 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

comparison between simulated single-electron showers and data from B -+ e- DO ..Y

decays. The plots serve as a justification for the requirements on single photons!

because single electron showers resemble those of single photons. In Ref. [57} one

can find a comparison of the values of the shower shape variables for single- and

multi-photon showers.

•

•
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6. In order to have a reliable measurement of the photon cluster properties 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 i7J1 tower (#9) which

has a smaller depth (in radiation lengths) than the rest of the CE~I towers and

thus contains a smaller fraction of the cluster energy in the CEl\I. Therefore

we only consider towers 0 - 8. We aiso 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.

3Penguin photons in Run lB (Run le) have an average ET of ...... 14 (12.5) GeV.



7. We also require the cluster to be away from the edges of the CES fiducial

region by requiring 9 cm < IZeEsl < 230 cm and IXcEsl < 21 cm (refer

to Section 2.2.4 for the CES coordinate system) as the minimal fiducial cuts

necessary to get at least half of the photon shower profile measured by the CES

and therefore have sorne confidence in the resulting X2 '5 calculated.

•
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These fiducial requirements reject ""w 3% of the photons, and thus the overaIl

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 magnetic field inside the tracking

volume of the CDF detector. The nominal value of the magnetic field used for Run

lB 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 10-4 T [61].

We ask for two tracks which meet the standard CDF charged-particle reconstruc­

tion criteria [53] and also satisfy the topology imposed at 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 at 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 aIl candidate tracks going through aH of the eTC layers and

thus being considered on equal footing, as far as the previous requirement is



concerned, we require that the radius at which each track crosses the end-plate

planes of the CTC be more than 130.0 cm. Recall that the outermost sense

wire is at a radius of 132.0 cm and the mean radius of the last CTC superlayer

layer is 128.1 cm.

•
5.5. TRACK CRITERIA III

•

•

10. We then make sure that the candidate tracks have the characteristics required

by the penguin trigger. Each track reconstructed so far (faund "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 ~4> < 0.008 rad ('" 0.45°), i.e. the track should extrapolate no

further than the immediate neighbors of the CFT seed wire.

Il. We require the matching CFT tracks ta 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 4> 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 ta have ~q)(trackl, track2) < 0.31 rad at 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 GeVle. This is around

the 50% efficiency point for a track to be reconstructed at Level 2 by the CFT

(see Fig. 3.6).



15. By default aIl the tracks are reconstructed using information in the eTC 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 all tracking detectors (SVX, VTX

and CTC). The increase in the X2 of the track fit due to the inclusion of the

SVX information is then calculated, and we call it the SVX X2• Each track used

in this analysis is required to have at least two SVX hits and SVX X2/hit < 6.0.

The SVX facilitates the reconstruction of tracks close to the beam line and we

can thus tell if a track carne from the beam Hne or not with an uncertainty of a

fev: 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 ta significantly

reduce the background and the precision of the SVX information is essential

for that.

•

•
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The efficiency to reconstruct a track in the SVX~ meeting the quality criteria

described above, is "" 62%, mainly due ta the incomplete coverge of the luminous

proton-antiproton collision region (0' :::: 30 cm) by the sillicon vertex detector. Once

one of the two penguin tracks is reconstructed, the second one meets the same

quaHty criteria with 90% efficiency. The combined efficiency for bath tracks is thus

'" 56%, and on top of this we have ta consider the", 88% CTC pattern recognition

efficiency [53], which is included in the efficiencies quoted above.

Apart from the quality criteria imposed on the photon and the tracks, the off­

Line kinematic requirements4 are oot satisfied by all photons and tracks surviving

the trigger selection, because of the non-zero trigger efficiency for abjects below the

off-Hne energy cuts. For exarnple, B~ ~ K-o."y events survivng the off-Hne kinernatic

requirements with a "" 92% efficiency in Run lB.

4PT > 2 GeVle for the kaon and pion and Er('Y) > 10 (> 8) GeV in Run lB (Run le).
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The CDF detector does not provide sufficient information to identify a track as a

pion or a kaon. Therefore we consider a11 candidate tracks and we assign the mass

of a charged kaon (493.65 MeV/c2 ) or a charged pion (139.57 MeV/c2 ) [4} to them.

\Ve then combine the four-momenta corresponding to each pair of tracks. In

cases where the two charged partic1es are the only daughters of a cornmon 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 a11 tracks as possible candidates! but

only the ones with PT > 2 GeV/c, the fraction of signal to random combinatorial

background is enhanced (refer ta Section 5.4 and Fig. 5.1).

In addition to this combinatorial background, the random mass assignment ta

each track, can result in significant increase of the combinatorial background. In our

case, the 4J -+ K+ K- decay is reconstructed using aIl track pairs of opposite charge

using only the K+K- mass assignment. We thus have one possible assumption per

track pair and just the random combinatorial background. On the other hand, we

reconstruct the K·a -+ K+1r- decay using aIl track pairs of opposite charge with both

the K+rr- and the rr T K- assumptions, resulting in two possible combinations per

track pair. In order to reduce the combinatorial background due to this K/rr mass

assignment ambiguity, we select the hypothesis that results in a combination mass

A/(K+1r-) nearest the Ke(892)O world average mass [4]. \Ve thus avoid increasing

the combinatorial background by a factor of two, while we guess right for 83% of

Kea -+ K+rr- decays. The success rate increases to 88% once we consider the track

pairs with a combined K+rr- or 1r+K- mass within 75 'NIeV/c2 of the world average

Ke(892)O mass.

In Fig. 5.3 we see the mass of the K+rr- and K+K- combinations after the track

quality criteria were imposed on the penguin trigger data (KSGB data set). We



display both the K+1r- and 1r+K- assignments per two-track combination, since a

selection such as the one described above would create an enhancement around the

K·(892)O world average mass even if there was no K·(892)O ~ K+tr- decays in

the data. The K·(892)O 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 at a common point at which a possible parent particle decayed inta the

two charged particles under consideration. \Ve calI 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 combinat ions

of two tracks that satisfy the secondary vertex hypothesis are retained. Furthermore

we calculate the confidence Ievel of the vertex constraint, C.L.(X2). Combinations

of tracks that originate from a common parent should have the confidence levels of

the fit distributed evenly between zero and one, if their X2 are distributed according

ta a true X2 distribution. On the other hand, combinations of tracks that have bad

X?'s for the common vertex hypothesis, have low confidence Ievels for the fit. \Ve

therefore require C.L.(x,2) > 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 ~ K+tr- and 4J ~ K+ K- decays. In

Fig. 5.5 we see the distribution of masses for tr+tr- combinations and the C.L.(X2
)

distributions for background, signal-plus-background, and signal-only tr+tr- vertex

constraint fit.

Since we look for the decays K·o ~ K+tr- and 4> ~ 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: Mass of K+rr- (left) and K+ K- (right) combinations for tracks meeting the

track quality criteria in the KSGB data set, The enhancements around 1 GeV/c2 in the

Mass(K+rr- ) distributions are due to rr+rr- pairs from p(770) 4' rr+rr- decays, where one

of the pions was assigned the kaon massa The arrows indicate the mass windows used for

the identification of ljJ(1020) or K·(892)o decays,
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Figure 5.4: Mass of K+tr- and/or 1r+K- combinations combinations for tracks

meeting the track quality criteria in Nlonte Carlo events. The arrows indicate the

mass window used to identiJy K-(892)O --1 K+1r- decays .

SpecificaUy, we require Nf(K+ K -) ta be within a 20 NIeV/ c2 window centered at

the world average 4>(1020) mass of 1019.4 NieV/c2 and AJ(K+1r-) to faU within an

150 ~IeV /c2 window centered at the world average K-(892)0 mass of 896.1 NleV/c2

[4]. These mass windows were faund to be 86.5% efficient for 4> -+ K+ K- decays

and 84.3% efficient for K-o --1 K+1r- decays. Given the inefficiency of assigning

the kaon and pion masses correctly ta the K-(892)O decay products, 74.2% of the

K-o -+ K+tr- decays are reconstructed with masses within ±75 MeV/c2 from the

world average K·(892)O mass. The intrinsic width, r = 50.5 ivleV [4], dominates the

line shape of the K- (892)° resonance, giving it a characteristic Breit-\-Vigner shape,

with the experimental resolution being significantly less. The 4>(1020) resonance has

also a Breit-Wigner shape, since the experimental resolution is comparable with its

intrinsic width of r = 4.4 l\'IeV [4].

Apart from retaining only combinations that are consistent with the K-(892)O and

4>(1020) parent hypothesis, we reject combinations which are consistent with the more

populous KO -+ 1r+tr- decay and contribute sorne of the background in the K-(892)O
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case. The reason is that a K O ~ 1T'+1T'- decay can have the two track combination

resulting in K+tr- or 1T+K- masses inside the window used ta select K·o~ K+tr­

decays, whereas aH K+K- combinations result in masses outside the q,(1020) mass

search window. We therefore retain only combinations with NI(1T'+tr-) outside an

approximately four sigma window (±15 MeV/c2 ) centered at the world average KO

mass of 497.67 l\tleV/c2 [4]. This requirement rejects 4.6% of the K·o -1 K+tr­

decays and none of the cl> -1 K+K- decays.

In summary then, we reconstruct K·o -4 K+tr- and cl> ~ 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:

•
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16. \Ve 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. \Ve retain only two-track combinations that are consistent with KaO ~ K+1T­

and cl> -1 K+ K- decays by requiring IAtJ(K+tr-) - ~~/PDG(Ka(892)O)1 < 75

IVIeV/c2 or liVI(K+K-)-AlpDG (cI>(1020))1 < 10 NIeV/c2
, with lV/PDG indicating

the world average masses according to Ref. [4]. Given two oppositely charged

tracks, we consider as correct the mass assignment (K+ 1T- or tr T K-) which

results in a two-track mass closer to the world average Ka(892)O mass.

18. Ka(892)O candidates are considered the two-track combinations that are in­

consistent with the KO -4 1j+1r- decay, because such decays "reflect" in the

Ka(892)O mass window specified above, when one of the tracks is assigned the

kaon mass. We require IA'1( tr"t"tr-) - AlpDG(KO) 1 > 15 'NleV/c2 • When both

tracks of the KO -4 tr+1T- decays are assigned kaon masses, the KO -+ tr+1r­

decays "reftect" at masses above 1.06 GeV/c2
, weH outside the aforementioned

4>(1020) mass window; in this case we do not reject two-track combinations

with 11\t1(1T'+tr-) - l\;lpDC(KO) 1 < 15 l\tleV/c2 .
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• 5.7 B meson reconstruction
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•

•

We reconstruct B meson candidates by forming combinations of the photon candi­

dates with either K·(892)O or q,(1020) candidates.

In Fig. 5.6 we show the mass distributions for the three body combinations

""tK+rr- and "fK+K- after the selection of photon, Ke(892)O and 4>(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 B~ or B~ meson masses of 5.2792 GeV/c2 and 5.3693 GeV/c2 respectively [4].

We therefore have to use sorne 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 rnake use of the long lifetime of B mesons. T(B~) =

1.56 ps and T(B~) = 1.54 [4]. In Fig. 5.7 we see the expected distributions of the

'~fiight distances" of sirnulated B~ mesons, i.e. the distances traveled by B~ mesons

before they decay5.

Because the lifetimes of the 4> and Keo mesons are almost a factor of 1010 smaller

than the lifetime of the B mesons [4], their flight distances are negligible compared

to the flight distances of B mesons. Thus we daim that the secondary vertex found

by vertexing the two tracks, indicates the point where the parent B meson decayed

as weIl. The secondary vertex resolution is around 100 ~rn 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:;

position of the primary vertices in a given event were reconstructed using information

from the VTX detector. The quality of the vertex was deterrnined based on the

number of hits in the VTX that were used ta identify the vertex. The (x, y) position

of the primary vertices were calculated using the average bearn-Hne measured on

5The distributions for B~ mesons are very similar, due to the almost identical lifetimes of the

two B meson species.
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Figure 5.6: Mass of the ,K+rr- (or 'Yrr+ K-) and ,K+K- combinations, for photon,

Kea and cP candidates selected in the penguin trigger data set according to the criteria

described in Sections 5.4 - 5.6. The aTTOWS in the inset figures indicate the search

windows for penguin events. They span ±220 MeVIc2 ('"'w ±2o) around the world

average B~ and B~ masses of 5.2792 GeV/c2 and 5.3693 GeVIc2 respectively [4].
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dimensional distance refers to the transverse (x - y) plane. The distributions are for

events that satisfy the selection criteria described in Sections 5.4~ 5.5 and 5.6.

•

each uninterrupted data-taking period, typically several hours long. The bearn-line

was rneasured using information from the SVX detector and it did not vary more

than 10 J.lm 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

at z = 0 from this average beam-line information, as well as the z locations of the

primary vertices from the event-by-event VTX information, we calculated the x, y

and z coordinates of the primary vertices in each event. The uncertainties on the x

and y coordinates were fixed to (jz: = Gy = 25 J.Lm, in accordance with the observed

circular beam spot size in the transverse (x - y) plane. The uncertainty along the z

direction was fixed ta (jz = 2.5 mm for aU events, in accordance with the observed

average resolution [12].

Due ta the high probability for a pP interaction and the high instantaneous lu­

minosities, the average number of pP interactions per beam crossing was expected to
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Figure 5.8: Number of good-quaLity primary pp vertices per beam crossing for events

in the penguin trigger 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 lB and 2.0 in Run le

(see Fig. 5.8).

From aIl 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 ftight distance of B mesons along the z direction is comparable to

the primary vertex resolution along this direction and much smaller than the spacing

between pp interaction points, which are distributed normally along the z a..xis with

(j ~ 30 cm.

Having identified the decay point of the candidate B meson with the secondary

6\Vith proton and antiproton bunches crossing every 3.5 #-,S and the ..... 800 kHz of pP inelastic

collisions, due to the high instantaneous luminosities and pP interaction cross section, we expect

more than 2.5 inelastic pP interactions per bunch crossing (refer to Section 2.1).



vertex, we recalculate the photon momentum 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 et> or K*o candidate, this time with "correct" momenta

for aU the candidate daughters, and thus obtain the four-momentum of the candidate

B meson.

•
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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. "vVe

caH the decay times of B mesons in their rest frame "proper decay times" .

~Iultiplying the "proper decay time" with the speed of light, we obtain the

"proper decay length" of a candidate B meson, using the following recipe:

PT·XT
ct = 2 j~l(B) (5.1 )

PT
where PT is the transverse momentum of the B me50n candidate, xr is the distance

between the primary and the secondary vertices, projected on the transverse (x - y)

plane, and .~I(B) is the mass 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 me5ons, reconstructed from their decay products using the same algorithm and

the same requirements as for real data. We al50 see background and background­

subtracted ct distributions of B meson candidates reconstructed as B~ ~ J /1/JK*o

decays in Run lB. Real B mesons manifest their presence in these semi-Iogarithmic

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 ct that are normally distributed around ct = 0 with a (J governed

by the measurement uncertainties. In a pP event mast of the particles traversing the
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Figure 5.9: The distribution of the pToper decay length, ct, of B~ mesons. Left:

B~ mesons 'in simulated B~ -+ Ke0-y, Kea -+ K"1r- decays. The arrowsindi­

cale the window within which we accept candidate B mesons. Right: Background

(dashed histogram) , signal plus background (solid histogTam) and background sub­

tracted (points) ct distributions for B~ mesons reconstructed in the Run lB data as

B~ -+ J /1/JK eo, J /1/1 -+ J.L+ j.L- and Kea -+ K+rr- decays. The background subtraction

was performed using the events in the sidebands of the B mass Tegion.

detector volume are generated at the pp collision point. This means that combining

two such charged particles should yield a secondary vertex which coincides with

the primary pp vertex. Nevertheless, due to the uncertainties in determining the

primary and secondary vertices, we usually measure a non-zero distance between the

two vertices. Thus, the candidate B mesons derived from such particles will have

ct values normally distributed around ct = O. Requiring ct > 0 for the candidate

B mesons, would therefore reject :::: 50% of such background events. But since B

mesons have a long lifetime (cr = 468 ± 12 J.Lm(4]), the ct > 0 requirement rejects

only :::: 8.5% of real B mesons. The ct > 0 requirement implies that PT . XT > 0



(see Eq. 5.1), sa 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 et values (see Fig. 5.9). This requirement is

satisfied by ::: 97.5% of real B mesons.

Apart from the requirement on the decay time of the candidate B mesons, we use

the fact that B mesons carry most of the energy of their parent b quarks [55]. This

means that B mesons should be isolated from activity around them. 'vVe formulate

the B meson isolation as the variable:

•
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(5.2)
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lB = PT(B]

PT(B) + LPr(i)
i'lB

where PT(B) is the transverse momentum of the B meson candidate and PT( i) is the

transverse momentum of each charged particle i, other than those constituting the

B candidate, contained within a cone of radius R = J(~T/)2 + (~cP)2 = 1.0 around

the 3-momentum of the B tneson candidate. In order to avoid considering irrelevant
R

particles ioto the LPT( i), Le. particles that were not fragmentation products of
iiB

the parent b quark, we only consider charged particles that are consistent with the

primary vertex: we required 1z~ - Zprimary 1 < 5 cm, where z~ is the z of the track

trajectory at the point of the smallest x - y distance to the (0,0) point, which is aiso

the point of closest approach to the Z axis.

In Fig. 5.10 we show the isolation variable, lB, for candidate B mesons recon­

structed as Ë -t e- DO X, DO ~ K-rr+ decays. Events in the sidebands of the DO

mass peak are used as background. Their lB distribution is used to statistically

subtract the background from the signal region in the DO mass peak, and thus

obtain a signal-ooly distribution. The momentum of the parent iJ meson is in­

ferred from the measured PT(eKrr) using the average correction factor of 85%, i.e.,

]JT(B) = PT(eK1r)/O.85 (see Fig. 5.11). AIso shown are the distributions of signal

events from the less populous B~ ~ J/1j;K·o and B-: --t J/tj;K+ decays. Statistical



requirement worsens.

To summarize so far, we combine the photon, Keo and d> candidates, selected as

described in Sections 5.4 - 5.6, and form B meson candidates. \Ve then make use of

two characteristic features of B mesons that irnprove the signal-to-background ratio,

their long lifetime and the fact that most of the energy in their vicinity is carried by

them:

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 /B > 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 I"V 95% efficient in selecting real B

mesons of PT > 15 GeVIc! 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 PT(B) > 6 GeVle the

lB > 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. Consequently, the combinatoric back­

ground events have higher lB values and the discrimination power of the lB > 0.7

•

•
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19. \Ve require the proper decay length, ct, of the candidate B mesons to be positive

and less than 0.3 cm (Le. 0 < ct < 0.3 cm).

20. We require the B candidate ta carry more than 70% of the scalar PT sum of aIl

the tracks (induding the photon) in a cane R = J(ATJ)2 + (Alj»2 = 1.0 around

its 3-momentum direction:

lB = JJT(BJ > 0.7

PT(B) + LPT(i)
i~B

After selecting B meson candidates that meet aIl the requirements 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 lB for B mesons from

fJ --1' e-DoX, DO --1' K-tr+ (top), B~ ~ J/1/JK-o,J/1/J --1' p.+p.- and K·o --1' K-rr­

(bottom left) , and B; --1' J /1/1K+ 1 JIl/; ~ p.+ P. - (bottom right) decays reconstructed

in Run 1B data. A background subtraction was performed using events in the side­

bands of the DO or B mass regions. The arrows indicate the point above which

candidate B mesons were accepted. The momentum cuts of the daughter particles

are adjusted so that the momenta of the parent B mesons have similar distributions

to those anticipated for the B mesons of the penguin channels.
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Figure 5.11: Fraction o/the parent B meson momentum carried by eKrr comb·inations

from B -t e- D04~' DO -t K-rr+ 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 ta allow

an observation of real B mesons.

The relevant 1\;/('Y K rr) and 1.Yl( 'YK K) regions are ±220 NIeVIc2 (:::: ±20') windows

around the B~ or B~ meson masses. NIonte Carlo simulations of the signal processes

indicate that in Run lB we expect O'(A/(,Krr)) :::: O'(A/'(-yKK)) :::: 105 ~IeV Ic2 • 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 le the lower average photon energy results in

a slightly higher mass resolution of 110 NleV/c2 •

5.8 Additional cuts and the final data samples

As shawn in Fig. 5.12, after applying the cuts listed in Sections 5.4 - 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 ,K-+-7r- (or"Y7r+ K-) and ,K+K- combinations, for photon,

Keo and (jJ candidates selected in the penguin trigger data set according to the cnteria

described in Sections 5.4 - 5.6 and with the B lifetime and isolation cuts described

in the text (cuts # 19 and 20). The arrows in the inset figures indicate the search

windows for penguin events. They span ±220 ~IeV/c2 (l''V ±2a) around the world

average B~ and B~ masses of 5.2792 GeV/c2 and 5.3693 GeV/c2 respectively [4].
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Figure 5.13: Alignment angle, t?alignment7 between the momentum and the flight path

of simulated B mesons (hashed histogram) and of combinatorial background com­

binations with Al(1K+rr-) and AI(,K+K-) in the 6 to 10 GeV/c2 region (clear

histogram) , The distributions shown correspond to combinations that satisfied the

selection cnteria described in Sections 5.4 - 5.7. The arrows indicate the points

below which candidate B mesons were accepted,

vVe use t'Vo more characteristic features of penguin B decays in arder to im­

prove the signal-to-background ratio. The first exploits the fact that we attempt

to reconstruct B meson decays by measuring all 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 !ine that indicates its flight path from its

creation to its decay point, We thus farm an "alignment angle" between the trans­

verse momentum, PT! and the x - y flight distance, XTI of the B mesan candidate:

Real B meson decays should yield small 19a1ignment, but usually non-zero due to

experimental resolutions, whereas the combinatorial background peaks away from•
_ -1 PT' IT

19alignment = cos ( )
PT 'XT

(5.3)



zero. In Fig. 5.13 we see the different behaviour between signal and background

events. \Ve choose ta retain events with Dalignment < 0.15 rad, a requirement satisfied

by 84% of B~ ~ K·o"'(, K·o~ K+1r- events and by 74% of B~ -+- rt, 4J ~ K+ K-

•
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events.

The second criterion makes use of the long lifetime 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 K·o or fi> 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 ta be significantly

different from zero. The uncertainty on the impact parameter of a track, 0'(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~ ~ K·o, decays, have dramat­

ically different do/O'(do) distributions compared to tracks from the combinatorial

background (see Fig. 5.14).

\Ve choose the value of the eut on the minimum impact parameter significance

for each track, do/O'(do), by varying the eut value 50 as ta obtain the maximum

ratio €;ignad €background, where €signal and €background 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:

S· 1 . .fi ./Vsignal
19na Slgot canee = ---;:=========

V1VSignai + lVbackground

(5.4)

•
where lVsignal and Nbackground are the number of signal and background events respec­

tively after the application of the selection criteria. li the cuts result in lVsignal and

Nbaclcgraund events, starting with N~ignal and N~ckgraund events respectively, we can
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Figure 5.14: Minimum -impact parameter significance, dol0'(do), distributions of

tracks from simulated penguin B decays (hashed histogram) and from combinato­

rial background with ,K+rr- and "yK+K- mass in the 6 to 10 GeV/c2 region (clear

histogram). The distributions shown correspond to combinations that satisfied the se­

lection criteria described in Sections 5.4 - 5.7. The arrows indicate the points above

which candidate B mesons weTe accepted.

write:

lVbackground = €background ° lV~ckground

and consequently:

Therefore, in order to achieve the maximum signal significance, we have to achieve

the maximum e;ignall€background value.•

S 1 fi
€signal • N~ignal

igna signi canee = -;:====?===========:====
€signal • lV~ignal + €background • lV~ckground

"!V~i9nal
N0. . _1_ + NO . fbacJrsround
• .ngnal f ..gnol .. background fl. l

..gno

(5.5)
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Proper decay length of B meson 0< ct < 0.3 cm

B meson isolation /8 > 0.7

Alignment angle {)alignment < 0.15 rad

~lin. impact parameter significance do/a(do) > 5.0 Il do/a(do) > 2.5
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Table 5.1: Chosen cuts for the B~ ~ K·o"r and the B~ ~ etrr decays in Run lB and

Run IG.

The efficiency for the signal is calculated as the fraction of events surviving the

cuts in the signai-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 rnass side 6 < l.\l(,K+tr-) < 10 GeV/c2 or 6 < AI("fK~K-) < la
GeV/c2 , that survive the cuts. In Fig. 5,14 we see that the background distributions

eut off at sorne point. Consequently the €;ignaJ!€background value is maximum there.

vVe thus retain B~ ~ K·o"y, K·o ~ K+tr- and B~ ~ f/rf, cp ~ K~K- candidates

with kaons and pions having do/a(do) > 5.0 and> 2.5 respectively. These require­

ments are 78% and 93% efficient respectively. The narrower 4> mass distribution

compared ta the K·o mass resulted in a smaller number of combinatorial background

in the B~ channel. Therefore the need to be strict in the selection requirements was

less for the B~ than for the B~ channel.

In summary, we apply the following cuts as weIl as the cuts listed in the previous

sections:

21. We apply an "alignment angle" eut by requiring the angledalignment between

the PT of the fully reconstructed B meson candidate and its flight path on the

x - y plane, to be less than 0.15 rad.



22. The two tracks should he inconsistent with the assumption that they come

from the primary vertex; we require that each track has a. minimum impact

parameter significance, do/a(do), of 5.0 in the B~ penguin search, or 2.5 in the

B~ case.

•
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•

•

23. Finally, we define penguin candidates as these events with "(K+rr- or ,K+K­

masses within ±220 ~leV/c2 (~ 2a) from the world average B~ or B~ mass

respectively.

In Table 5.1 we see the cuts on the characteristic quantities used ta select B meson

candidates. Enforcement of aIl the requirements discussed 50 far, since Section 5.4,

results in the selection of one B~ candidate, in Run IC, with a photon candidate

of ET = 18.5 GeV, a negatively charged kaon candidate with PT = 2.6 GeV/c, and

a positively charged pion candidate with PT = 8.4 GeVle. The mass of the K-rr-T­

combination is 0.9023 GeV Ic2 , and the mass of the "'(K-rr-<:" combination is 5.309

GeVIc2
. No B~ candidates were found. In Fig. 5.15 we see the mass distribution

of the B candidates surviving a11 the selection criteria. The event display of the

candidate B~ ~ Keo"'(, Keo ---1' K+rr- 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 ta 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 B~ ---1' Keo"'(, Keo ~ K+rr- and B~ --+ rjyy,

q; ~ K+K- decays .
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Figure 5.15: Mass of the ,K--rr- (or "''(rr+ K- ) and ,K+K- combinations, for photon,

Kea, f/J and B candidates selected in the penguin trigger data set according to ail the

criteria described in Chapter 5. The arrows in the inset figures indicate the search

windows for penguin events. They span ±220 ~IeV/ c2 ('" ±2(1) around the world

average B~ and B~ masses of 5.2792 GeV/c2 and 5.3693 GeV/c2 respectively [4J.
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Figure 5.16: Event display of the B~ --l> K·°"Y, K·o -~ K~1r- candidate, with the beam (z)

axis being perpendicular to the page. The charged partic/e trajectories are shown as curved

lines originating at the beam axis, crossing the inner eTC boundary (inner circ/el and

extending to the outer eTC boundary. The central calorimeter wedges are shown as bars

spanning 15° in cP arranged in a cylindrical geometry outside the CTC. The magnitude and

direction of the missing energy on the transverse plane fIT), along with the total transverse

energy in the event ("Sum Er "), are shown near the top of the figure. The lIT direction

is also indicated by the arrow originating at the beam axis. At the top right corner we see

the maximum energy recorded by a single calorimeter tower; it corresponds to the penguin

photon candidate. At the lower right corner we see the direction of the highest energy track,

which is the penguin pion candidate. ..4. close-up view of the pion and kaon tracks is shown

on the left panel of the figu.re. The crossesindicate the eTC wires grouped in concentric

superlayers.
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Chapter 6

Efficiency Corrections

In the previous chapter we arrived at the final data sampie 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, i.Vob~t!rvt!d, is equal to the number of penguin events produced at the BD

collision point of the Tevatron, .:.Vproduced, scaled down by the efficiency, €total, of

retaining these events in our final sample:

(6.1)

•

Part of the selection inefficiency is introduced by the on-line trigger requirements,

while the rest is due to the off-Hne 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 Nproduced and the rest of the factors

involved, we can extract the desired branching fraction. It is therefore essential to

know the correction factor €total which will allow us to infer i.Vproduced from the number

of observed signal events, lVob6erved, 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 sampIe of candidate penguin

events. During this discussion we indicate how to evaluate these efficiencies and we

137



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 levei of activity in the vicinity of the candidate

decay products, etc. We then dernonstrate that the usage of Monte Carlo sarnples

to estirnate sorne of the efficiencies is justified by proving that we get reasonable

estimates of the selection efficiencies for the reference B signal.

•
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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~ ~ Ke0--y,

Kea ~ K+rr- candidates l :

IVobserved( KeO,) =

2 .JLdt(peng) . C7(pP ~ B~X) . B(B~ ~ Kea--y) . B(KeO ~ K+ir-) .

€total(KeO,)

from which we get the branching fraction of the B~ ~ Keo, process:

(6.2)

•

2 . f Ldt(peng) . C7(pP ~ B~X) . B(KeO ~ K+1f'-) . €total(Ke0--y)

where B(B~ -+ KeO,) is the branching fraction of the penguin process; f Ldt(peng)

is the integrated luminosity of the penguin data sample; C7(pP -r B~X) is the cross

section for producing a B~ meson plus anything eIse; étotal (Kea,) is the total effi­

ciency for retaining the B~ ~ Keo" Keo -+ K+-1r- events which resulted from the

pP collisions; and the factor of two accounts for both B~ and B~ production, be­

cause the cross section C7(pP ~ B~X) refers ta the production of either B~ or B~

LThe equations and the discussion that follows applies to the B~ ~ qry process as weil, with the

obvious, and trivial, modifications. For the B~ production cross section we write u(pp -+ B~X) =
~ X u(pp -+ B~X), where 1. and Id are the fractions of the time a b quark combines with an s or

a d quark to create a B~ or a B~ meson respeetively.
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mesons only, whereas in the observed candidate events, Nobserved( K-Or ), we do Dot

distinguish events originating from either B~ or B~ parents. The total efficiency,

ftotal (X-Or), can be broken down into a product of partial efficiencies, each reflecting

the application of sorne 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

B~ --+ K-o,,!, K-o --+ K+1r- channel:

(6.3)

•

•

fkinematicddopology (r K 1r) .

€kinematicd.:topology ( ""1 K 1r) is the efficiency of the kinematic and topology require­

ments on the products of the B~ ~ K-o,,(, K-o~ K"1""rr- channel. These require­

ments incIude the selection of photon candidates with ET above sorne threshold and

charged particles with PT 2:, 2 GeV/ c, as well as the requirement that the tracks be

close to each other (~~ < 18°) and to the photon cluster in azimuthal angle (see

trigger requirements l, IV, V, VI, VII and X in Section 4.2.2). Since the ~Ionte Carlo

is believed to adequately model the kinematic aspects of the decays, we obtain this

efficiency using rvlonte 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 Nlonte Carlo approach is adequate for this point. Despite this, there is a valid

argument against the use of ~Ionte Carlo for the evaluation of this efficiency: as we

see in Fig. 1.3, the theory (according ta which we generate the Monte Carlo samples)

does not correctly predict the momentum distribution of B mesons observed at CDF.



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 "barn" with the same momentum spectrum as the ones

which result in the penguin decays.

•
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•

•

€trigger _C E M ( '"'() is the efficiency of the energy clustering algorithms and of the

trigger requirements on the quality of the candidate photon cluster in the CEl'J(

calorimeter, namely the cuts on the fraction of energy deposited in the electromag­

netic vs. the hadronic part of the central calorimeter (EHAD / EEM) and the profile

of the energy sharing between the CEM towers (LSHR ) and between the strips and

wires of the central strip chambers (X;trip.t and X~lre.t)' For details refer to the trigger

requirements l, VIII and IX in Section 4.2.2. The response of the detector to the

penguin photon and the efficiency of the cuts on the photon quality quantities are

studied by feeding l\lonte 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 lnay be altered by the presence of energy deposited

in the calorimeters by other particles. In arder to take into account such effects, we

should ideally rely on the data itself, rather than a J\'lonte Carlo model of the pp

collision outcome. Therefore we have to use events with photon-like clusters in the

CE~I. 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 identify 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.

€trigger_"(CES('"'() 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 all trigger and off-Hne requirements, because we apply ftrigger_'<CES('Y)

as a correction factor after aH cuts. It is found that (94.7 ± 1.2)% of B~ -» K·or
events survive the XCES requirement in Run lB and (96.7 ± 1.4)% in Run lC. For

B~ -» 4rt events €trigger_'<CES('Y) is found ta be (94.8 ± 1.2)% and (96.7 ± 1.4)% for

Run lB and Run lC respectively.

ftrigger_CFT(K,tr) is the efficiency of the trigger requirement that bath the kaon

and the pion from the penguin decay be found by the CFT. This efficiency has heen

parameterized as a function of the transverse momentum of charged particles (see

Fig. 3.6) and it is applied on the l\'lonte Carlo tracks with the use of random numbers.

€trigger ..environment (,) is the efficiency of the HL2 isolation" requirement, Le. that

there be no energetic track found by the CFT which points towards the same 15° ri>

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 araund the photon cluster

and we prefer ta use the data ta describe the situation, rather than ~Ionte Carlo.

Studying this efficiency with a reference B channel using data coHected in the same

period as the penguin trigger data, and taking care that the B mesons in both the

penguin and the reference channel have sirnilar momentum distributions, guarantees

to a great extent that the penguin and the reference B decays are embedded in

a similar environment; that similarity should result in a reliable estirnate of the

efficiency €trigger..environment(')' In Section 4.3.2 we discuss the use of B -» e- DO X,

DO -» K-tr+ decays to measure the efficiency of the L2 isolation requirernent for the

penguin channels. The L2 isolation efficiencies for the penguin channels are shown

in Table 4.1.

€offline_CEM('Y) is the equivalent efficiency to €trigger_CEM( ....j) , where this time

the energies have been calculated off-Hne taking into account the best corrections

corresponding to the relevant data-taking period2. The quantities used off-lïne ta

select good quality photon candidates are the same as used at the trigger level, but

2These corrections are not available on·line and are stored in a database for off-line use.



with stricter criteria (see requirements 1-5 in Section 5.4). In order ta have a reliable

estimate 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 ~Ionte Carlo and data, for the reasons explained in the discussion of

€trigger_CEM(f).

€o//line_traclcing(K, rr) is the fraction of ~he time we are able to reconstruet the track

of a charged particle going through the deteetor 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 PT > 400 ~leV le and

equal to (92.8 ± 2.6)% [53}. The efficiency for reconstructing two oppositely charged

tracks with PT > 400 ~IeV le was (88.1±4.3)%. The performance of the silicon vertex

detector is modeled well in the detector simulation, and consequently we trust the

result of ~Ionte 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; those too are modeled well by the NIonte

Carlo. Nevertheless, using tracks reconstructed in the data can take into account

effects that the ~Ionte Carlo does not take ioto consideration, e.g., malfunctioning

detector components. As we shaH see in Sections 6.3 and 6.4, we use DO -+ K-rr~

decays reconstructed in data collected in parallel to the penguin data to take care of

such effects.

•

•
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•

€o//line-track_vertexing(K, 7r) is the fraction of kaon-pion pairs from K-o decays which

satisfy the Hcommon origin/vertex" requirements, described in Section 5.6. This

efficiency can be studied with NIonte Carlo samples or, preferably, with a two-prong

decay of a meson in the data. We use DO -+ K-rr-T- decays as noted above.

€o//line-d("(Krr) is the efficiency of the 0 < 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 ta be modeled very well in the ~Ionte Carlo
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Figure 6.1: Monte Carlo vs. data distributions of (left) proper decay length of B

mesons~ and (right) the minimum impact parameter significance for kaons and pi­

ons from the B --1- e- DOX, DO --1- K-rr T decays. The ct distributions are shawn for

events with kaons and pions having dO/(j(do) > 1.0, while the dO/(j(do) distributions

correspond ta events with 0 < et < 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 estimate the

efficiency of the ct requirements on the B mesons. We check the validity of this

approach with ËJ --1- e- DOX, DO --1- K-rr+ data and conclude that indeed the NIonte

Carlo predicts the distribution of B meson decay lengths (see Fig. 6.1).

•

€ollline..t!nvironment(rKrr) is the efficiency of the "B isolation" requirement, i.e.

that the B meson candidate be mostly isolated from charged particles in its vicinity

(see requirement 20 in Section 5.i and the discussion therein). 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 ËJ --1- e- DOX, DO --1- K-rr+ 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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Figure 6.2: Top: Comparison of generator level PT( B) distributions for the

B~ ---+ Kao" Kao -+ K+rr- and ËJ ---+ e-DoX, DO ---+ K-rr T channels in "Run lB

- like" (left} and "Run 1C - like" (right) Monte Carlo, after aU requirements im­

posed on them. Bottom: Comparison of ET (EM cluster) distributions with cuts as

noted. "EM cluster" 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 IJT(eKrr) > 15 GeVIc (> 13.5 GeVIc) in the Run lB (Run le) sample,

leads to similar PT(B) spectra for the penguin and the Ë ---+ e- DO ..~, DO ---+ K-rr~

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 PT of the parent B meson,

]JT(B), but because we only have a partially reconstructed decay, we infer PT(B)

from the measured ]JT(eKrr) using simulated fJ --+ e- DOX, DO ---+ K-rr+ decays. In

Figure 5.11 we see that PT(eKrr) = 0.85 . PT(B) on average. We use this average

correction factor to infer Pr(B) from the measured PT(eKrr) value and we require



Monte Carlo
Pt(eKIT) > 13.5 GeV/c. p,(K) > O.• GeV/c. p,(IT) > OA GeV/c•
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Monte Carlo
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Figure 6.3: As in the preV1.0US Figure, but for the B~ ---+ 1>"(, 1> -1 K+ K- and

B ---+ e- DOX, DO --t K-1r+ channels.

lB > 0.7 for the B ---+ e- DO )(. DO --+ K-rr~ decays, as we did for the penguin decays.

•

\Ve find that the efficiency of the L2 and B isolation requirements is (59.8 ± 7.4)%

in Run lB and (76.2 ± 13.1)% in Run le for ËJ ---+ e-Do..y:, DO ---+ K-rr+ decays.

Differences in the b quark fragmentation processes that lead to the B~ parent of

the B~ ---+ Keo, channel, the B~ parent of the B~ --+ 4rt channel, and the mostly

B: parents of the B ---+ e- DO.y decays, can result in B decays embedded in dif­

ferent environments. Furthermore, contrary to the penguin channels, ËJ --+ e- DO X,

DO ---+ K- rr+ is not a fully reconstructed decay and the extra particles could result

in different L2 and B isolation efficiencies compared to the penguin channels. These

effects, along with the residual differences in the ]JT(B) spectra are corrected with

the use of pP -1' bb ~Ionte 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 B~ and B~ penguin channels by (4.1 ± 2.3)% and

(6.4±2.4)% respectively. From the L2 and B isolation efficiencies measured with the



lJ ~ e- DOX 1 DO ~ K-1r+ channel, mentioned above, we infer the ones appropriate

for the penguin channels, shown in Table 6.1.

f ollline-impact(K,1r) is the fraction of penguin decays that satisfy the requirernent

that both the daughter kaons and pions be significantly displaced from the pP collision

point. As shawn in Fig. 6.1, the Monte Carlo predicts the distribution of the impact

parameter significance for the DO products of ÏJ ~ e- DOX, DO ~ K-tr+ decays.

Consequently, we rely on simulated events ta obtain fol lline_impact (K, 1r).

foilline..alignment is the efficiency of the requirement that the B candidate momen­

tum form a small angle with its flight path (see requirement 22 in Section 5.8). In

the estimation of fol fline..alignment we rely on Nlonte Carlo, as in the fol fline-et ("'1 K 1r)

and foffline_impact(K, 1r) determination.

foflline_ma~&-C1Jt~(K1r&,K1r)is the efficiency of the mass cuts imposed on the kaon­

pion combinations and on the B meson candidates (see requiremeuts 17 and 18 in

Section 5.6 and requirement 23 in Section 5.8). As explained in Section 5.71 the dis­

tributions of the reconstructed masses are expected to be described well by the ~Ionte

Carlo and we thus rely on such samples of events ta estimate fof Iline_ma~~..cut3 (K1r&,I(1r).

In Table 6.1 we show the total efficiencies for selecting B~ -f Keo, and B~ -f qyy

decays in Run lB (Run le) starting with B mesons of PT > 12 (> 6) GeVle and

Iyl < 1.25. Apart from the XCES, track reconstruction, and L2 and B isolation

efficiencies, the rest have been estimated with wlonte Carlo events where only the

signal processes were simulated, omitting the rest of the pp collision outcome.

•

•
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•

6.2 ËJ --+ 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 sorne cases we ultimately rely on data.

For sorne of these efficiencies we need events containing an energetic electromagnetic

cluster in the CEl'vI; for sorne we need events containing two oppositely charged
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•

B~ ~ K-o..., B~ ~ 4rt
Monte Carlo events Run lB Run 1C Run lB Run le

ly(B)1 < 1.25 and

l'T(B) > 12 GeVIc or 737303 550968

n(B) > 6 GeVle 1942314 1523628

After trigger simulation

(except XCES and L2 isolation) 21716 21964 23954 24425

After off·line requirements

(except track reconstruction,

and B isolation) 3629 2309 3523 2208

Efficiencies (in %)

Trigger and off·Une (partial) 0.492 ± 0.008 0.119 ± 0.002 0.639 ± 0.011 0.145 ± 0.003

XCES 1 94.7 ± 1.2 96.7 ± 1.4 94.8 ± 1.2 96.7 ± 1.4

L2 and B isolation 1 62.3 ± 7.8 79.3 ± 13.7 63.6 ± 8.0 81.1 ± 14.1

Track reconstruction 88.1 ± 4.3

Total efficiency (%) 0.256 ± 0.035 0.080 ± 0.015 0.339 ± 0.046 0.100 ± 0.018

J Ldt pb- 1 22.3 ± 0.9 6.6 ± 0.3 22.3 ± 0.9 6.6 ± 0.3

2· a(pp ~ BX) (#lb) 0.622 ± 0.144 5.816 ± 1.322 t .cr(pp ~ B~X)

8(K -0 ~ K+tr-) 2/3

8(t/> ~ K+ K-) 0.491 ± 0.008

8( B~ __ K·O..,) 5
4.22 ± 1.15

1
4.88 ± 1.46Number of lignal even~5 X 10

B(B~ .....~) 105 12.99 ± 3.53 1 15.92 ± 4.68Number of lignal events X

If: 8(B~ ~ K-°"Y) =

8(B~ ~ t/J"Y) (4.0 ± 1.9) x 10-5

Then: Expeeted signal events 0.95 ± 0.52 0.82 ± 0.46 Il 0.31 ± 0.17
1

0.25 ± 0.14

Table 6.1: Number of penguin events expected ta survive ail selection requirements

in Run lB and Run 1C. Here we use t = l. The effieieneies for the B~ --+ Kao",,!

and the B~ --+ rjYy decays in Run 1B (Run 1C) are quoted starting with B mesons of

PT > 12 (> 6) Ge Vle and Iyl < 1.25 and applying the trigger and off-line selection

requirements.



particles that are the only daughters of a meson decay; and for sorne we need B

mesons to study, among others, the effect of the "environment" in which the penguin

decay is embedded.

vVe can extract information for aIl of these by studying the B decay channel

ÏJ -+ e- DOX, DO -+ K-1r+, where X indicates either an electron neutrino alone, or

accompanied by one or more pions, from decays like B -+ eDeov , Deo --1- D°1r. 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.

•
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•

•

At the second trigger level the electron-like clusters are a subset of the photon­

like clusters (refer to Section 4.2.1). vVe can then request that the photon candidates

satisfy the electron clustering algorithm. This results in equal Level 2 clustering

efficiencies 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 ÏJ --1- e- DOX,

DO -+ K-1r+ channels as weIl, 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.

Similarly to Eq. 6.2 we write for the number of observed Ë3 --1- e- DOX, DO ~ K-1r+

candidates, JVobserved(eDO X), and the branching fraction, B(ÏJ --1- e- DOX), inferred

from this observation:

Nobserved(eDOX) =

4· JLdt(eX) . l1(pp -+ BX) . B(ÏJ -t e- DOX) . 8(DO--1- K- 1r-t") •

€total(eDoX)
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(6.4)

•

•

where f 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); (j(pP --). BX)

is the cross section for producing a B~ or aB; meson plus anything else; ftotal(eDo.X')

is the total efficiency for retaining the ÏJ --). e- DO X, DO --). K-1r+ events which

resulted from the pp collisions; and the factor of four accounts for B~, B~, B; and

B~ production, because the cross section (j(pp --). B~X) refers to the production of

B~ mesons only, whereas for the observed candidate events, Noblerved(eDOX), we do

not distinguish between events originating from B~, B~, B; or B; parents. The cross

sections for producing B~ and B: mesons are taken to be equai [4}. The efficiency

for the Ë3 --). e- DO X process is the weighted average of an the channels contributing

to the semi-inclusive ËJ -? e- DO X process, with the weighting factors accounting for

the abundances of the various contributing channels: B -t eDoll; B --). eD·v, D· -t

DOX; and B -1 eD··II, D" -t DO ...Y; and B -1 e(Dnrr)nrll, (Dntr)nr -1 DO X, where

(Dn1r)nr indicates non-resonant production of extra pions.

The advantage of using the ËJ -t e- DOX reference signal can be maximized by in­

ferring B(B~ -? K·o"() from a measurement of its ratio with the known B(ËJ -t e- DO X);

any common factors cancel in the ratio, while the effect of systematic uncertainties

that are common ta both channels is reduced. We can duly write then:

B(B~ -t K·o,) _
B(B -t e- DOX) -
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= 2. Nob.erved(KeO"() . JLdt(eX) . B(DO -+ K-1r+)
Nob.erved(eDO X) JLdt(peng) B(KeO -+ K+1r-)

€total (eDOX)
€total (Keo"()

Therefore we get:

B(B~ -4 Kea,) = (6.5)

N (Kea ). B(B -+ e- DOX) . B(DO -4 K-1r+) .
• ob.erved' B(KeO -+ K+1r-)

2. 1 . fLdt(eX)
lVob,erved(eDOX) f Ldt(peng)

€total(eD
OX)

€total (KeO,.y)

•

•

where the production cross section for B mesons that result in B~ 4 Kea, decays

and for B mesons that result in B -4 e- DO X decays, are equal and thus cancel in

the ratio; the cancellation will be exact if the momentum spectra of the parent B

mesons 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 B~ mesons is a fraction of that for B~ and B; mesons; a(pp 4 B~X) =
t x (j(pp -4 B~X). Therefore Eq. 6.5 written for the B~ -t cP""!, c/J -t K+K- decay

would have a multiplicative factor of ~ on the right hand side.

6e3 Selection criteria for fJ ~ e- DOX candidates

In this section we discuss the selection criteria imposed on the inclusive electron

data in order to reconstruct B -t e- DOX, DO -t K-1r+ 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/pions originating from a meson, suggest that appropriate

candidate-selection requirements can lead to partial efficiencies that nearly cancel in

the ratio. The selection requirements described below serve exactly this purpose.



•
6.3. SELECTION CRITERIA FOR B ~ E- DOX CANDIDATES

6.3.1 Selection of electron candidates

151

•

•

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 l, II, VII, VIII and IX in Section 4.2.2), with sorne 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 he a

track which extrapolates to the CEM cluster; the trigger requires that this be

a CFT track at Level 2 (refer ta Fig. 3.6), which is found at Level 3 to have

PT > 6 GeV/ c and extrapolate ta the CES position of the cluster within ±3

cm along the x and ±lO cm along the z axes.

b) Off-Hne, we require that there be a three-dimensional track associated with

the electromagnetic energy cluster in the CE~I (tracks found in the CTC are

extrapolated ta the radius of the CES and if at least one of them extrapolates

ta the examined cluster, we have an electron candidate).

c) The electron cluster is required ta have ET > 8 GeV at Level 2 and ET > 7.5

GeVat Level 3, in both the Run lB and Run lC samples.

d) Off-Une the energy of the cluster is corrected in exactly the same fashion as that

of the photon candidate in the penguin search (see item 2 in Section 5.4). Both

the Run lB and the Run le 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 ËJ -r e- DOX process in Run lB was raised

ta 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 dusters, we daim 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

ftrigger_CEM(") in Section 6.1). The similarity 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 bath 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 at the same 15° 4> CErvI wedge as the photon cluster. In

order to work with electrons that are selected with the same requirements as the

penguin photons, we impose this "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 Dot require the candidate tracks to be found by the CFT, nor that

they satisfy the same topological requirements as the penguin tracks (items

10, Il and 12 in Section 5.5). Doing 50 would make an track criteria the

same between the penguin and the ËJ -t e- DOX, DO ---1> K-1i'" processes, but

it would substantially limit the number of observed ËJ ---1> e- DOX, DO -t K-rr+

events, which would increase the statistical uncertainty on the penguin branch­

ing fraction. Furthermore, the chance for a track to be found by the CFT is

well modeled as a function of the track PT (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 fJ -t e- DOX, DO -; K-1i+ sample. We do require though

that the traclcs be near the electron, by requesting that the 1] - cP separation
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between the electron and the track be less than 1.0, with 4J in radians.
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•

•

i) We then require that each of the two oppositely charged tracks selected for the

reconstruction of the B --t e- DOX, DO --t K-1r+ signal have PT > 400 MeV je.

Because the track reconstruction efficiency is found to be constant for PT > 400

MeVle [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-1r+ reconstruction

j) We pair oppositely charged tracks, and we constrain them to intersect at a

cammon point. We only retain pairs which have a confidence leveL for this

canstraint greater than 1% (!"efer 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 Ë --t e- DO)(, DO --t K-rr T 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. 6.4 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 (uRight Sign" combinations) and in the opposite case ('"\Vrong Sign"

combinations). "vVe consider track combinations with masses between 1.75 and

2.0 GeVIc2
•

6.3.4 B candidate selection

1) SubsequentLy we add the four vectors of the two tracks and the eLectron and we

require the mass of the three-body combination ta be .i\'I(eKrr) < 5.0 GeV jc2 ;

the un-recanstructed daughters of the Ë --t e- DOX, DO --t K-rr+ decays, de­

noted by X, make the mass of eK1r combinations less than the world average

B mass of 5.279 ± 0.002 GeV/c2 •
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Figure 6.4: Mass of K 1r combinations in the entire Run lB electron sample, after

ail selection criteria imposed on the search for B ~ eDOX, DO ~ K 1f' decays. The

"Right Sign" distribu.tion is for same charge electrons and kaons, as should be the

case if they were both products of the ÏJ ~ e- DOX, DO ~ K-7T'+ chain, whereas in

the "Wrong Sign" distribution the kaon has opposite charge ta the electran.

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 lB > 0.7, as we did for the penguin candidates. \Ve infer PT(B) from

the measured PT(eK7T') value using the average p~~~») value of 0.85 (refer to

Fig. 5.11 and the discussion of €ollline~nvironment('YK 7T') 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 eK7T' momentum, ]JT(eK7T'), on the

decay path of the B meson, XT, is required to he positive, which is another



0) In addition we require the two tracks to be largely inconsistent with the as­

sumption they come from the primary pp vertex; we require that each track

have impact parameter significance, dol(j(do), greater than 2.0. As shown in

Fig. 6.1, we can reliably model the efficieney of the last two requirements using

~[onte Cario samples of ËJ ~ e- DO)(, DO ---:,. K-rr+ deeays.

way of saying that the momentum of the eK1r system points less than 90°

away from the B flight path (Le. pT(eKtr)· x"T > 0). This requirement is

equivalent to the ct > 0 requirement on the penguin candidates. We choose

the primary pP vertex the same way we did for the penguin candidates, and a

coarse approximation for the B deeay vertex is taken to be the DO decay point,

the two-track vertex. One could argue that this approximation is rather erude

because the lifetime of DO mesons is a quarter of the B meson lifetime, and

eonsequently the resolution of the detector is in principle adequate to allow the

identification of the DO decay point as distinct from the B meson deeay point.

Nevertheless, data and simulated events are treated identically and it is shown

that the distributions observed in the data are reproduced by the ~Jonte Carlo

(see Fig. 6.1). \Ve also require ct < 0.3 cm, as in the penguin ehannels.

•

•
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p) FinaIly, we have to make the PT spectra of the B mesons which result in the

B ---:,. e- DO X, DO ---:,. K-tr+ and the penguin processes to be similar. Reeall that

this is a crucial condition for the caneellation of the production cross section of

the parent B mesons of the penguin and the reference proeesses, as weIl as for

the similarity of the environments in which the B deeays were embedded3 . As

shown in Fig. 6.2 and 6.3, requiring J1T(eK7r) > 15 GeVle (> 13.5 GeVle) in

the Run lB (Run le) sample, leads to similar ]JT(B) spectra for the penguin

and the ËJ ---+ e- DO X, DO ---:,. K-rr+ proeesses.

J Required in arder ta have quite similar efficiencies between the penguin and the reference

channels.
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Figure 6.5: Mass of K 1r combinations, after aU selection criteria imposed on the

search for B --r eDOX, DO --r K 1r decays. The ';Right Sign" distributions are for

same charge electrons and kaons, as should be the case if they were bath products of

the iJ --r e- DO X, DO --r K-rr+ chain, whereas in the "Wrong Sign" distributions the

kaon has opposite charge ta the eleetron.

•

The masses of the selected K rr combinations are shown in Fig. 6.5. As demonstrated

with a larger data sample (see Fig. 6.4), the fact that we observe DO -+ K1r 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 bath products

of the ÏJ --r e- DOX, DO --r K-1i"T chain, whereas in the "Wrong Sign" distributions

the kaon has the opposite charge of the electron.
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• 6.4 Relative efficiencies and systematic uncertain­

ties

•

The efficiency €total(eDOX), can be broken clown ioto a product of partial efficiencies,

each reflecting the application of sorne of the selection requirements irnposed on the

data in the process of retaining the final sample of candidate events, with sorne of

them at the trigger level, and the rest off-line. \Ve can write for the ËJ -r e- DOX,

DO -r K - rr + channel:

€total(eDO X) =

€kinemahc.s&topology (eK rr) .

€trigger_CEM(e) • €trigger_'(CEs(e) • €trigger_CFT(e) . €track_CEM-rnatching(e) •

€offline_CEM(e) . €offline_tracking(e, K, rr) . €offline-track_vertexing(K,tr) .

€offline-ct(eKrr) . €offline_environment(eKrr) . €offline_impact(K, tr) .

(6.6)

•

where the partial efficiencies are analogous to the ones involved in the B~ -r K-o,,'f,

K-o -r K+ rr - channel. 1t is apparent from the previous section that the penguin

and Ë -f e- DO X, DO -f K-rr T 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 -r e- DOX, DO -f K-rr+ 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 -+ e- DO X) 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 efficiencies due to various
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€kinemoticl&topology (,K 1r) and €kinematicI&:topology ( eK1r) 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 PT(B) spectra between theoretical predictions

(input to the l'vlonte Carlo) and the actual observations is a source of systematic

uncertainty on the determination of the ratio of these fractions; a steeper PT( B)

spectrum in real-liCe would mean lower-than-predicted chances for the decay products

to satisfy 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 rnultiplicity of the reference and penguin processes, we can not

assume that l!lll"emahcdo:copOlOn(e~iT) is unaffected by such a change. We thus weight the
flunemahcdo:copolo911(...,K lr)

l'vIonte Carlo PT(B) distributions by the ratio of the measured B production cross

section, (j(pp -t BX), over the theory prediction input in the NIonte Carlo. In

Fig. 6.6 we see that this ratio is 2.9 - 0.078· PT(B) with PT(B) in GeVIc and we thus

obtain a 2% (4%) uncertainty on the ratio of the efficiencies b~tween the B~ ---1' Keo"'(

and the ËJ -4' e- DOX channels in both Run lB (Run lC). For the ratio of efficiencies

between the B~ ---1' 4;, and B -t e- DOX channels the discrepancy between data and

theory results in a 6% (1%) uncertainty for Run lB (Run lC).

Determination of efficiencies from Nlonte Carlo was done with a sample of B -t e- DOX

decays that have sorne 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

meson the DO appears, the kinematics of the resulting kaon and pion are different

and thus the efficiency for reconstructing the B -t e- DOX, DO -t K-1r+ decay is

different. We vary the fraction of D mesons coming from DU and (Dntr)nr mesons

(j •• ), coming from D· mesons (j.) and coming directIy from the B meson (f) from
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Figure 6.6: Ratio of Data measurement vs. Monte Carlo prediction for the cross

section cr(pp ~ BX) according to Fig. 1.3.

the nominal values of [4]

(f" = 0.35, J' = 0.53, f = 0.12), to the sets:

(J'- =0.24, J' = 0.62, J = 0.14) and

(J" = 0.47, J' = 0.43, f = 0.10)

We observe a 12% (11%) change in the ratio of efficiencies between the reference

and penguin channels in Run lB (Run le) which we take to be this contribution

to the systematic uncertainty on the ratio of branching fractions. The relative con­

tributions of D-- and (Dn7r)nr states to the fraction J" 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 Il% uncertainties.

€trigger_CEM(,) and €trigger_CEM(e) correspond to the requirements on the CEM

cluster of the penguin photons and the ECLB electrons. We mentioned earlier that

we require off-Hne that both the electron and the photon have passed the same

cluster finding algorithm, that in Run lB (Run le) the energy at the trigger level



'VVe thus estimate a systematic uncertainty of 7% (8%) on the ratio of the efficien­

cies ftl"u f1 ,._cEM(e) for the BO -+ Keo"'( channel in Run lB (Run lC). For the BO -+ f/>r
ft,.,ggf!,._CEM<'Y) d s

channel we obtain 8% (9%) uncertainty in Run lB (Run lC).

be above 10 (8) GeV for both and that we apply the same quality criteria on the

CEM clusters. Nevertheless there are difIerences in the ET spectra of the photon and

electron clusters, and we assign an uncertainty due ta this difIerence, by weighting

the ET(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 lB case, where ET is given

in GeV in these equations. For the Run 1C case we weight the ET(ElVI cluster)

distributions by 1 + (18 - ET)!lO and 1 - (18 - ET )/20 for 8 < ET < 18 GeV. For

ET > 20 (18) GeV the Run lB (Run 1C) efficiency reaches a plateau (see Fig. 4.7)

and we expect ft"lgge,,_cEMie~ ta be constant. The weighting described here allows for
ft,.,ggf1,._CEM "'1

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(ElVI cluster) distributions,

while no weighting is applied above that energy.

•

•
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•

E~rigger_.xCES(e) and ftrigger_'(CES("'() indicate the chances of ECLB electrons and

penguin photons satisfying the XCES trigger requirement. The efficiency of this

requirement is applied as a correction factor to the final sampie of simulated events.

Using the parameterization shown in Fig. 3.5 to the final ~iIonte Carlo samples we

estimate that the Run lB XCES efficiencies are (94.7 ± 1.2)% for the B~ -+ Keo",(

channel, (94.8±1.2)% for the B~ -+ 4YY channel and (94.0±1.4)% for the ËJ -+ e- DOX

channel in Run lB. In the Run le the efficiencies were (96.7 ± 1.4)%, (96.7 ± 1.4)%

and (96.4 ± 1.6)% respectively. Therefore there is a 2% uncertainty on the ratio

ft"'ggf!"_~CEs(e)

ft"lgge,._~CESh)•

fmatching_CEM .Jrack indicates how often we find the electron track and match it

with the electron-induced CElVI cluster. We estimate this efficiency correction from

the Monte Carlo electrons, presumably without taking aIl possible inefficiencies into

account. This way we infer a greater B(B~ -+- Keo"'() than what we should by



•
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using the true €matching_CEM J-raclc, and we'll he arriving 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.

€CFT(e) and €CFT(K, 7r) are the efficiencies of the trigger requirements that the

ECLB electron and the two penguin 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 0 requirements is 1.2% in

Run lB and 1.6% in Run lC. 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 ITII dependence of this efficiency), we assign a 3% systematic uncertainty due

to the uncertainty on the CFT bin 0 and bin 4 efficiencies.

€ollline_CEM(e) and follline_CEM(,) are the efficiencies of the quality requirements

on the ECLB electrons and the penguin photons imposed off-lîne (EH.-lD / EEM, 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 CE~l 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(E~l cluster) distributions to an agreement within 1

GeV, but there are systematic differences. Hence we use the efficiency as it is pre­

dicted by ~lonte Carlo for these cuts, whereas the mismatch of the ET(ENI cluster)

has already been considered as a source of systematic uncertainty in the trigger

efficiency ftrigger_CEM(, or e) above.

fol lline-traclcing(e, K, 7r) and fol lline..traclcing( K, 7r) are the efficiencies to reconstruct

the indicated charged products in the reference and the penguin channels. Recall

that the track reconstruction efficiency is found to be constant for PT > 400 ~IeV/ c

and equal ta (92.8 ± 2.6)% [53]. Since we have three tracks in the Ë --+ e- DOX,

DO --+ K-7r+ channel compared ta two in the penguin channels, aIl with PT > 400



GeV/ c and embedded in very similar environments around the parent B mesons, we

expect follfin~.Jrad'intl(e.K.1r) = (92.8 ± 2.6)%. As it has been mentioned before, we rely
fol Ilin~.Jrad'ing(K,Jr)

on the Monte Carlo to account for the SVX-related requirements. Residual effects

present in the data cancel in the ratio of efficiencies.

•
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•

•

follline-track..vertezing(K, rr) is the efficiency to reconstruct the two 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 fvertez(K, rr) should be equal and thus cancel in the ratio. 'vVe 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.

follline_impact(K, rr) is the efficiency of the requirement that both the kaon and the

pion be displaced from the primary pp vertex (impact parameter significance require­

ment). In Fig. 6.1 we see that the Nlonte Carlo predicts the distribution of the impact

parameter significance for the DO products of f3 -1 e- DOX, DO -t K-rr"f" decays.

Consequently we rely on Monte Carlo to estimate the efficiency fol lline_impact( K, rr)

for the reference and the penguin channels.

follline-a(eKrr) and follline-a('yKrr) are the efficiencies of the 0 < ct < 0.3 cm

requirement on the fJ -t e- DO)(, DO -t K-rr+ and penguin candidates respectively.

We rely on Nlonte Carlo ta estimate these efficiencies, since it is shown ta 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 ct and the minimum impact parameter significance

requirements. By generating l\Ilonte Carlo samples with B lifetimes ±10' from the

nominal values [4], we estimate the uncertainty on the ratio of branching fractions

to be 4% for the B~ -t K-°'"Y case and 6% for the B~ -t 4YY case, in bath Run lB

and Run lC.

ftriggef' ..environment ('"Y), follline..environment ( '"YK 1r) and fol lline..environment(eK11') are the
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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 mor~ than 70% of the total PT in an Tl- 4> cone of R = 1.0 around it ("B isola­

tion"). For the fJ ~ e- DOX, DO ~ K-Tr+ case the efficiency €ollline-l!nvironment(eKTr)

includes both requirements, since neither was applied at the trigger level. Identical

requirements were imposed on both processes. The PT 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- DOX, DO ~ K-7T'+ channels. We correct for such effects with the use

of pp ~ bb rvlonte 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 ± 0.021) and

(0.940±O.022) for the B~ --t K·o, and B? --; 4>l 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 B~ ~ r/Yy channel is treated in the same manner as the B~ --t K-o, above,

but the production cross section for B~ mesons is not the same as for B~ mesons;

for the same PT(B) the ratio of the production cross sections is the ratio of the

fragmentation probabilities for (i) a b quark ta combine with an s quark and form

a B~ 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

measured values. CDF has measured ~ = 0.34'± 0.10 ± 0.03 [19] and, more recentIy,

t = 0.427 ± 0.072 [20]. The Particle Data Group quotes t = 0.264 ± 0.048 [4], a

value derived from the LEP experiments at CERN. The uncertainty on this ratio is a

source of systematic uncertainty on the ratio of branching fractions for the B? ~ 4rr

case, but it is not mentioned in Table 6.2, were the rest of the uncertainties due ta



various systematic effects are summarized.

From 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 fJ ---t e- DOX, DO ---t K-1r+ and the penguin channels given in Table 6.3. The

dagger in this table refers to the following discussion. The Particle Data Group {4)

quotes B(DO ~ K-1r+) = (3.85 ± 0.09)% and B(B ~ e- X) = 0.1045 ± 0.0021.

They also quote a measurement of 8k~;'::~.~·~) = 0.67 ± 0.09 ± 0.10 [63) and they

consequently suggest B(fJ ~ e- DOX) = (0.67 ± 0.09 ± 0.10) x (0.1045 ± 0.0021) =

(7.0 ± 1.4)%. They point out though that Ref. [63) used B(DO ~ K-1r+) =
(4.2 ± 0.4 ± 0.4)%, which is now out-of-date. The second uncertainty on the

B~i~:D.~~) measurement was due to the uncertainty on the DO branching fraction.

As seen in Ref. [63) (Eq. 1 and Table 1), the actual measurement was 8~~;'::~.i~) x

B(DO ~ K-1r+) = (0.67 ± 0.09) x 0.042. \Ve use this result to obtain:

CHAPTER 6. EFFICIENCY CORRECTIONS
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B(E ~ e- DOX) x B(DO ~ K-7r T
) =

(0.67 ± 0.09) x 0.042 x (0.1045 ± 0.0021) = (294 ± 40) x 10-5

(6.7)

•

6.5 Test of Monte Carlo predictions

In order to test the use of Nlonte Carlo for the determination of part of the efficiencies

and ta strengthen the case for forming ratios of branching fractions, we compare the

number of fJ ~ e- DO X, DO ~ K-1r+ events observed in the data with a prediction

based on lVlante Carlo Ë3 ~ e- DOX, DO ~ K-7r+ events.

We generate, decay and feed through the detector and trigger simulation B~,

B~, B~ and Ë~ mesons following the steps described in Chapter 3. We generated

and simulated B ~ eDoll, B ~ eD*II, D· ~ DOX, B ~ eD*·II, D*· ~ DOX, and

B ~ e(Dntr)nrll, (Dn7T')nr ~ DOX decays. In aIl cases the parent B mesons have

PT > 12 (> 6) GeVle and Iyl < 1.25 in arder ta avoid simulating events that have

no chance of meeting the Run lB (Run 1C) selection criteria.
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Source of systematic uncertainty Effect on the ratio of B's

1) Parameterization of CFT efficiency 3%

2) Parameterization of XCES efficiency 2%

3) Track reconstruction efficiency 3%

4) Differences in L2 and B isolation efficiencies 2%

5) Differences in f/r(e)/ f/r(-y) distributions 7% 8% 8% 9%

6) Difference 00 PT(B) between theory and data 2% 4% 6% 1%

7) Monte Carlo statistics 2% 3% 2% 3%

8) Noblerved(eDoX) statistics 19% 23% 19% 23%

9) Uncertainty on B lifetimes 4% 6%

10) Fraction of DO mesoos from other D states 12% 11% 12% 11%

Il) 8(8 --+ e- DO X) x 8(Do --+ K-7rT ) 14%

~ BO --+ Ke0-y ~ BO ~ 4rt 1

~------------------l~ Run :B 1 Run lC ~ Run l~ 1 Run lC

•
2%

Total systematic uncertainty 28% 31% 30% 31%

(CDF: 1 - 8) 21% 25% 22% 25%

(external: 9 - 12) 19% 18% 20% 19%

Table 6.2: Systematic uncertainties on the ratio of branching fractions between the

pengu.in channels and the reference ËJ -t e- DOX channel in Run 1Band Run 1C.

•
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Table 6.3: Ingredients for the calculation of the branching fraction limits for the B~ -t

K·°"Y and B~ ~ 4YY decays in the Run 1Band Run 1C samples. The uncertainties

on the ratio of efficiencies are numbered according to the entries in Table 6.2. The

dagger on the B(Ë -t e- DOX) x B(DO ~ K-rr"') value refers ta the discussion at

the end of Section 6.4.

J Ldt(eX)
16.2/22.3 4.2/6.6 16.2/22.3 4.2/6.6f Ldt(peng)

Nob,erved(eDOX) (events) 57.0 ± 10.8 31.8 ± 7.3 57.0 ± 10.8 31.8 ± 7.3

B(Do ~ K-rr+} (3.85 ± 0.09)%

S(il ~ e- DOX) x B(Do ~ K-rr+) (294 ± 40) x 10-5 (t)

S(K·O -t K+1r-) 2/3

B(tI> ~ K+ K-) 0.491 ± 0.008

i 1/3

€total(eDUX)
0.460 0.613 0.347 0.492

€total (penguin)

(CDF uncertainties: 1- 7) ±0.042 ±0.066 ±O.040 ±O.053

(external uncertainties: 9,10) ±O.058 ±O.072 ±0.O46 ±0.062

~ B~ ~ K·°-y ~ B~ ~ 4rt
---------------1~f--R-un-1-B----,I~R-un--1C----1~ Run lB 1 Run le

•

•

We take into account the differences in the branching fractions and selection effi­

ciencies between these four distinct decay channels and we weight the NIonte Carlo

samples properly to get two representative samples of ËJ ~ e- DOX, DO ~ K-rr+ de­

cays; one for Run lB and one for Run lC. 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 ± 4.3)% x (92.8 ±

2.6)% = (81.8 ± 4.6)%, whereas for the rest of the requiremeots we rely on the

simulation as it was discussed in the previous sections. We do not apply the "envi­

ronmental" requirements 00 the B isolation, off-Hne, and the CEM cluster isolation
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1

ËJ ---+ e- DOX, DO ---+ K-1r+

l'""'--------------i Run lB ~ Run 1C

Efficiencies (in %)

Trigger and off-line (partial) 0.256 ± 0.030 0.082 ± 0.009

XCES 94.0 ± 1.4 96.4 ± 1.6

Track reconstruction 81.8 ± 4.6

Total efficiency (%) 0.197 ± 0.026 0.065 ± 0.008

J Ldt (pb- 1) 16.2 ± 0.7 4.2 ± 0.2

4 . (j(pp ~ BX) (J1.b) 1.244 ± 0.288 Il.632 ± 2.644

8(B ~ e- DOX) x 8(DO~ K-rr~) (294 ±40) x 10-5

Signal events after aU cuts:

Predicted by ~Ionte Carlo 117 ± 35 93 ± 28

Observed in data 94 ± 17 41 ± Il•
Table 6.4: Predicted and observed number of Ë ~ e- DOX, DO ---; K-rr"1" events for

the same data-taking period as the penguin data.

from CFT tracks ("L2 isolation~'), at the trigger level, because we base the Nlonte

Carlo prediction on simulated events of single B decays only.

•

We expect 117 ± 35 ËJ ~ e- DOX, DO ~ K-1r+ events in the 16.2 ± 0.7 pb-lof

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 lB electron data set (74.2 ± 3.1 pb- 1) we expect 535 ± 162

B ---; e- DOX, DO ~ K-rr+ events and we observe 507 ± 34. In Run 1C we expect

93 ± 28 B ~ e- DOX, DO ~ K-rr+ events and we observe 41 ± Il (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



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). Indeed, if in reality the B produc­

tion cross section faUs more rapidly with PT(B) than theory predicts, the B mesons

in Monte Carlo are generated with higher momenturn, 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 exarnple, see the efficiency of the trigger requirements for B~ -+ Keo"'(

events, as a function of PT(B) in Fig. 4.7). This effect would he more apparent in

Run lC, were the lower energy threshold on the electron allows the reconstruction

of lower energy B mesons.

We therefore argue that while the use of NIonte Carlo for the determination of

sorne of the efficiencies is justified to sorne extent (see examples in this dissertation

where the l\ilonte Carlo distributions describe the data quite weIl), it underestimates

the number of Ï3 -+ e- DO X, DO -+ K-rr+ events expected in the data, a possible hint

that it does not account for sorne of the inefficiencies present in data. Nevertheless,

in the ratio of branching fractions between Ë3 -+ e- DOX, DO -+ K-rr+ and penguin

decays reconstructed in the same data taking periods, many inefficiencies are cornmon

to both channels. Consequently, the Nlonte Carlo prediction of the ratio of efficiencies

is expected to be robuste 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).

•

•

•
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Chapter 7

Branching Fraction Upper Limits

In the previous chapter we discussed the way we would infer the penguin branching

fraction given a sampIe 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. \Ve then stated that when one forms the ratios of

branching fractions between the penguin and ËJ ~ e- DOX, DO ~ K-tr"'r" channels,

he minimizes uncertainties associated with the B meson production cross section and

other common (in)efficiencies and systematic 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 lB and Run 1C

data

Following the discussion in Section 6.2, we express the ratios of branching fractions

between the penguin and ËJ 4' e- DOX, DO 4' K-rr+ channels as:

169
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and

B(B~ -:; KeO,) _
8(B -:; e- DOX) -

= 2. N(KeO,) . JLdt(eX) . 8(DO -:; K-rr+)
N(eDO X) f Ldt(peng) S(KeO -:; K+rr-)

Etotal(eDOX)
Etotal (KeO, )

(7.1)

B(B~ -:; qry) _
B(B -:; e- DOX) -

_ 2 . Id. N(4YY) . f Ldt(eX)
- III N(eDO X) f Ldt(peng)

S(DO -:; K-tr+) Etotal(eDOX)
S( 4> -:; K+ K-) Etotal( <PT)

(7.2)

•

•

where f Ldt are the integrated luminosities of the inclusive electron, "eX", and

the penguin, "peng", data samples; Etotal are the total efficiencies for retaining the

iJ -:; e- DOX, DO -:; K-rr+ (eDO X) and the penguin (KeO, and 4YY) events which

resuited from the pp collisions; the factor of two accounts for iJ -t e- DOX events

produced by B~, Ë~, B; and B; mesons, whereas the penguin decays come from B~

and Ë~ (KeO,) or B~ and Ë~ (rfYY) only; J.V refers to the number of candidate events

satisfying aIl selection criteria; B denotes the various branching fractions, which are

taken from Ref. [4], uniess stated otherwise; and III and Id 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 ta be

equal, Le. fa = lu [4].

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 iJ -t e- DOX

channels, e.g., :C:!:_K;:~), by using B(DO -:; K-rr+) = (3.85 ± 0.09)% [4]. We

aiso farm the "absolute" penguin branching fractions, e.g., 8(B~ -:; KeO,), by using

8(B -t e- DOX) x 8(DO -+ K-rr+) = (294 ±40) x 10-5 (see Section 6.4). For t = t
we obtain:
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• 1Run lB, i = 11

B(B~ ~ K-°'Y)
N(K-°'Y) x (6.67 ± 1.69) x 10-4

8(S ~ e-DOX) -

8(B~ ~ K-°"Y) - N(K-°'Y) x (5.17 ± 1.45) x 10-5

8(B~ ~ </Yr) N(fjYy) x (2.08 ± 0.54) x 10-3

8(E ~ e- DOX) -

B(B~ ~ t/Yr) - N( rJyy) x (1.59 ± 0.48) x 10-4 (7.3)

1Run lC, i = 11

B(B~ ~ Ke0'Y)
N(Ke0-y) x (1.42 ± 0.40) x 10-3• 8(B --+> e- DOX) -

8(B~ ~ K-°'Y) - N(Ke0-y) x (1.08 ± 0.34) x 10-4

8(B~ ~ </Yr)
= N(fjYy) x (4.63 ± 1.30) x 10-3

8(E --+> e- DOX)

B(B~ ~ qyy} - N(ifrt) x (3.54 ± LlO) x 10-4 (7.4)

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 i values.

The value of 1/3 is the favorite theoretical assumption in the lîterature. The Particle

Data Group quotes t = 0.264 ± 0.048 [4] and CDF reports t = 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 B~ ~ Ke0'Y channel in Run lC, we set a



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 systematic uncertainty, u, by solving the following

equation numerically:

•
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Nob,crucll foo
1- C.L. = L Jo P(n;x)G(x;Jl,u)dx

n=O 0
(7.5)

•

•

where Nob,erved is the number of observed signal events; P(n; x) is the Poisson proh­

ability of observing n events with mean x, and G(x; Jl, (7) is the Gaussian probability

to observe x events when the mean is IJ and the standard deviation is u. We evaluate

the right hand side of this equation for each p. in increments of 0.001, starting with

/-l = 0 events. The upper limit on the mean is the smallest Ji. value for which the

right band side becomes equal ta, or just smaller than, the left hand side. Sbould

the true mean be larger, the probability of observing Nob,ef"ved events or less, would

have been smaller than 1 - C.L.. Following these steps we reproduce the results in

Ref. [31] and [641 1. In the place of N(K·°"Y) and N(qyy) 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

ËJ ~ 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 lB and Run le

data

Using Eq. 7.2 we can write for the total number of B~ ~ K·o"'(, K·o ~ K+1r- events

expected to be selected during the course ofhoth the Run lB and Run le data-taking

l In the latest Review of Particle Physics {4] we are presented with confidence intervals only, not

upper limits.
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periods:
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•

•

lylB(K·O;) + N1C(K·o;) = (7.6)

B(B~ ---t K·o"() . [NIB (eDOX) . f~~ + N1C(eDOX) . f~~]

and we then can write for the branching fraction of the B~ ~ K·o; channel, and in

a similar fashion for the B~ ~ 4rf, 4J ~ K+K- channel:

8(B~ ~ Kea;) = (7.7)

NIB+IC(KeO ) 1
• ; . lYlB(eDOX) . flB + IVIC(eDOX) . fIC

rel • rel

where the factors frel absorb the relative efficiencies, integrated luminosities and

other factors in Eq. 7.2, except the number of observed candidate ËJ ~ e- DOX~

DO ~ K-tr"t" events. The superscripts lB and le refer ta Run lB and Run le data

taking periods, while 18+le refers ta the entire data taking period (both Run lB

and Run 1C). \Vhen we form ratios of branching fractions between the penguins

and B ~ e- DOX channels, we leave B(B ~ e- DOX) out of frel' In any case the

numerical values of N1B(eDOX)'f:~ and lV lC (eDOX)'f:~ are given in Tables 7.1- 7.4.

Note that the uncertainties on these two products are nat uncorrelated; uncertainties

9-12 in Table 6.2 are 100% correlated2 , while the rest are dominated by the statistics

of the Ë ~ e- DOX, DO ~ K-7T'+ events and are taken ta be uncorrelated.

For example, from Eq. 7.3 and 7.4 we obtain NIB(eDO X) . f;~ = 5.17±:~~±O.98

and NIC (eDO X) . f;~ = IO.82±~~;1±1.95' where the first uncertainties are uncorrelated

and the second are correlated3 . Therefore, lylB(eDOX) . f:~ + lylC(eDOX)· f;~ =
28585 ± 7077 and Eq. 7.7 Yields:

(7.8)

2The uncertainty on 1; is also common to both data sets.
3From Table 6.2 the uncorrelated uncertainty is 21% (25%) and the correlated is 19% (18%) for

the B~ -+ Keo..., channel in Run lB (Run le).



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 8(B~ ~

K·o1) of 1.5 x 10-4 at 90% C.L. and 1.9 x 10-4 at 95% C.L. Similarly we pro­

ceed in calculating upper limits for the B~ ~ c/Yy channel. The results are shown in

1Lables 7.1 - 7.4.

•

•

•
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7.2. RESULTS FOR COMBINED RUN lB AND RUN lC DATA

Relative branching fraction B~ -+ K-o, vs. Ë -+ e- DOX

Run lB Run 1C Run 1B+1C

1 8(Bd -+ K-U...,.) 4
6.77 ± 1.69 14.17 ± 3.97 4.58 ± 0.95Nobserved x 8(B -+ e- DO X) x 10

Total uncertainty 25% 28% 21%
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1 Nob~erved (events) o 1 1

•

Upper Limits with 90% C.L.

lVmean (events) 2.50 4.43 4.17
8(B~ -+ K-°"Y) 1.7 x 10-3 6.3 X 10-3 1.9 X 10-3
8(B -+ e- DO X)

Upper Limits with 95% C.L.

Nmt:an (events) 3.34 5.68 5.20
B(BS -+ K-°"Y) 2.3 x 10-3 8.0 X 10-3 2.4 X 10-3
B(B -+ e- DO X)

Absolute branching fraction B~ -+ Ke0"Y

Run lB Run le Run IB+IC

Nobs~rved x8(B~ -+ Ke0-y) x 105 5.17 ± 1.45 10.82 ± 3.35 3.50 ± 0.87

Total uncertainty 28% 31% 25%

1 Nob6erved (events) o 1 1

•

Upper Limits with 90% C.L.

lVmean (events) 2.56 4.57 4.30

B(B~ -+ Keo,) 1.3 X 10-4 4.9 X 10-4 1.5 X 10-4

Upper Limits with 95% C.L.

lVmean (events) 3.46 5.97 5.45

B(B~ -+ KeO,) 1.8 X 10-4 6.5 X 10-4 1.9 X 10-4

8(BO --+ K-O,y)
Table 7.1: Ratio of branching fractions 8(B ~ e- DOX) and absolu.te branching frac-

tion 8(B~ --+ Keo",!) .
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Relative branching fraction B~ -; qry vs. ËJ -; e- DOX

fa.-! Run lB Run le Run 1B+1C
~-3

1 x BJB~ -; 4>7) x 103 2.08 ± 0.54 4.63 ± 1.30 1.44 ± 0.31
Nobserved B(B -; e- DO X)

Total uncertainty 26% 28% 22%

Absolute branching fraction B~ -+ (jyy

fa.-! Run lB Run le Run IB+1Cfd - 3

Nob 1 d xB(B~ -+ t/rt) x 104 1.59 ± 0.48 3.54 ± 1.10 1.10 ± 0.29serve

Total uncertainty 30% 31% 26%

ooo

Upper Limits with 90% C.L.

Nmean (events) 2.52 2.56 2.45

B(B~ -+ t/ry) 5.2 x 10-3 1.2 x 10-2 3.5 X 10-3
B(B -; e- DOX)

Upper Limits with 95% C.L.

Nmean (events) 3.38 3.46 3.25

B(B~ -+ qry) 7.0 x 10-3 1.6 x 10-2 4.7 x 10-3
B(B -; e- DOX)

1 Nob,erved (events)

•
1 Nob,erved (events) o o o

Upper Limits with 90% C.L.

Nmean 2.60 2.63 2.52

B(B~ -+ ciry) 4.1 x 10-4 9.3 X 10-4 2.8 X 10-4

Upper Limits with 95% C.L.

Nmean 3.55 3.60 3.38

8(B~ -; t/rt) 5.6 x 10-4 1.3 X 10-3 3.7 X 10-4

•
Table 7.2: Ratio of branching fractions B~~ -:-b'Jl) and absolute brnnching frac­

tion B(B~ --+ rirt) using t = 1/3.
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Relative branching fraction B~ ~ 4ry vs. ÏJ -+ e- DOX

~ = 0.264 ± 0.048 Run lB Run le Run IB+IC

1 8(B~ -+ 4ry) 3 2.63 ± 0.84 5.85 ± 1.99 1.81 ± 0.51Nobserved x B(B -+ e- DOX) x 10

Total uncertainty 32% 33% 28%
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1 Nob,erved (events) o o o

•

Upper Limits with 90% C.L.

Nmean 2.65 2.68 2.56

B(B~ ~ cfry) 7.0 X 10-3 1.6 x 10-2 4.6 x 10-3
8(B -+ e- DOX)

Upper Limits with 95% C.L.

jVmean 3.65 3.71 3.46

B(B? ~ cIrY) 9.6 x 10-3 2.2 X 10-2 6.3 X 10-3
B(B~e-DOX)

Absolute branching fraction B~ ~ t/Yr

~ = 0.264 ± 0.048 Run lB Run le Run 1B+1C

Nob 1 d xB(B~ -+ qry) x 104 2.01 ± 0.70 4.47 ± 1.61 1.39 ± 0.44serve

Total uncertainty 35% 36% 32%

1 jVob,erved (events) o o o

•

Upper Limits with 90% C.L.

Nmean 2.73 2.76 2.65

B(B~ ~ qry) 5.5 X 10-4 1.2 X 10-3 3.7 X 10-4

Upper Limits with 95% C.L.

Nmean 3.83 3.89 3.65

B(B? -+ cIrY) 7.7 X 10-4 1.7 X 10-4 5.1 X 10-4

Table 7.3: Ratio of branching fractions 8~~ -:-Pl) and absolute branching frac­

tion 8(B~ -+ rJrt) using t = 0.264 ± 0.048 [4J.
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Relative branching fraction B~ -; rjry vs. ËJ -; e- DOX

t = 0.427 ± 0.072 Run lB Run 1C Run IB+IC

1 8(B~ -; qry) 3 1.62 ± 0.50 3.62 ± 1.19 1.12 ± 0.31Nobserved x 8(B -; e- DOX) x 10

Total uncertainty 31% 33% 28%

1 Nob3erved (events) o o o

•

Upper Llmits with 90% C.L.

Nmean (events) 2.63 2.68 2.56
B(B~ -; c/rt) 4.3 x 10-3 9.7 x 10-3 2.9 X 10-3

B(B -; e- DOX)

Upper Limits with 95% C.L.

•fVmean (events) 3.60 3.71 3.46
B(B~ -; c/rt) 5.8 x 10-3 1.3 X 10-2 3.9 X 10-3

B(B -; e- DOX)

Absolute branching fraction B~ -; 4rf

~ = 0.427 ± 0.072 Run lB Run IC Run IB+IC

Nob 1 d xB(B~ -; qry) x 104 1.24 ± 0.42 2.76 ± 0.99 0.86 ± 0.27serve

Total uncertainty 34% 36% 31%

1 Nob,erved (events) o o o

•

Upper Limits with 90% C.L.

lVmean 2.70 2.76 2.63

B(B~ -; c/rt) 3.3 x 10-4 7.6 x 10-4 2.3 X 10-4

Upper Limits with 95% C.L.

Nmean 3.77 3.89 3.60

B(B~ -; 4rt) 4.7 x 10-4 1.1 x 10-3 3.1 x 10-4

Table 7.4: Ratio of bronching fractions B~"1 ;~l) and absolute bronching frac­

tion B(B~ -+ cIrt) using t- = 0.427 ± 0.072 [20J.
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Chapter 8

Summary and Outlook

Using a data sample of JLdt = 28.9 ± 1.2 pb-lof proton-antiproton collisions at

..;s = 1.8 TeV collected with the COF detector at the Fermilab Tevatron coUider,

we searched for "penguin" radiative decays of B~ and B~ mesons which involve the

flavor-changing neutral-current transition of a b quark into an S quark with the

emission of a photon, b -of S'Y. Specifically, we searched for the decays

B~ -+ K-(892)°'"'f

B~ -+ q;(1020)'Y

with the daughter mesons reconstructed via the decay modes

K-(892)O -of K+1r­

</)(1020) -+ K+K-

and the photon measured in the central (1171 < 1) electromagnetic calorimeter.

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

information on all 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. 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 pP collisions produce a

plethora of particles, most of them with low energies, the energy thresholds imposed

by the trigger cannat be trivial, otherwise the rate at 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 ta 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-lof data were collected with a 10 GeV

threshold, while in the last 6.6 pb -1 we were able to relax this requirement to 6 GeV.

As shown in Tables 4.1 and 6.1, the expected yield of this trigger is ,...., 25

B~ ~ K·o"'( events per 100 pb-l, for the 10 GeV energy threshold on the photons,

with 1/5 of them surviving the off-Hne requirements to reject background events.

After all selection criteria, we are left with one candidate B~ ~ K-o"'( decay and no

B~ ~ </rt candidates in the entire Run 1 data sample. \Ve then proceed to set upper

limits on the branching fractions of the penguin channels. The upper limit for the

B~ ~ K-o"'( decay is consistent with the branching fraction measurement reported

by the CLEO collaboration, 8(B~ ~ K-°"Y) = (4.0± 1.9) x 10-5 [32], while the upper

limit for the as yet unobserved B~ ~ 4rY decay is the most constraining one set to

date [4]. Theoretical predictions for B(B~ ~ K-o"'() are in excellent agreement with

the CLEO result.

•

•
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•

8.1 Branching Fraction Limits

We exploit the topological similarity between the ËJ ~ e- DO X, DO ~ K-1t'+and the

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

the ËJ ~ e- DO X channels. Uncertainties associated with the B meson production

cross section, common efficiency corrections and other systematic effects are minimal

l Momenta and energies of the decay products mentioned here refer to the transverse x - y plane

of the CDF detector.



in the ratio of branching fractions. The uncertainty on the tJ -+ e- DOX yield is the

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

We as5ume equal production rates for B-: and B~ mesons, while the probability of

producing B~ mesons relative to B~ mesons, 16/Id, is taken to be 1/3 2. 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-rr T decay chain, B(B -+ e- DOX) x

B(DO -;. K-1r+) = (294±40) x 10-5 (see end of Section 6.4), to extract the following

absolute branching fraction limits

•

•

8.2. FUTURE PROSPECTS

8(B~ -;. ifrt) -3

B(B -+ e- DO .J~) < 3.5 x 10

B(B~ -;. qry) < 2.8 x 10-4

B(B~ -+ K-°"Y) < 1.5 x 10-4

8.2 Future prospects

at 90% C.L.

at 90% C.L.

at 90% C.L.

at 90% C.L.
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For the data-taking period to commence in the year 2000 (Run 2), the Fermilab

accelerator complex is being upgraded with the "~Iain Injector" which will replace

the ~Iain Ring in providing the Tevatron with proton and antiproton beams. The

center-of-mass energy of the collidiDg beams will be JS = 2 TeV, the iDstantaneous

luminosity will reach 2 x 1032 cm-2 sec-l, with beams colliding every 396 DS, com­

pared to 3.5 J.LS in Run 1, and the Tevatron is expected to provide an integrated

luminosity of JLdt = 2 tb-1 in Run 2. The CDF detector is also being rebuilt into

2In Chapter 7 we present results for two other fsl fd values, one from LEP experiments and one

from CDF.



an upgraded "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: Ci) the extended

coverage of the silicon trackers to 11]1 ~ 2, thus covering almost all the luminous pP

collision region, compared to the 60% coverage provided by the silicon tracker in Run

1, (ii) the three-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 3 and of the trigger to use tracking information

at Levell, impact parameter information for tracks at Level 2, and to handle 300 Hz

of data at Level 3. We thus anticipate significant increases to the trigger bandwidth

and to the signal-to-background ratio at the trigger level for tracks originating from b

decays. Consequently, we expect to lower the photon energy threshold ta 5 GeV and

the track momentum requirement to 1.5 GeV and collect '" 135 B~ ~ Keo"( events

per 100 pb-l, or '" 2700 per 2 fb- 1, with a similar trigger ta the one implemented in

Run 1. Additional off-Line requirements will improve the signal-to-background ratio

and still leave a significant number of B~ ~ Kea, events observed, allowing for a

precise measurement of this branching fraction.

•

•
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•

As soon as 8(B~ ~ Keo"() is measured, it will be interesting ta study the decay

B~ ~ pO"'f, where the p meson can be reconstructed from its decay into two charged

pions. The theoretical prediction of 8(B~ ~ pO,) '" 10-6 [34] puts this decay within

reach for Run 2. The ratio of branching fractions 8~~;~-;:J~) is proportional to the

ratio 1~12, with the proportionaLity constant being model dependent. A measure-
1ft..

ment of l~v.1constrains one side of the CP unitarity triangle. B~ ~ pO"(,po ~ 1r+1i-
t.

decays with one pion misidentified as a kaon, results in K 1r and ,K1r mass distribu-

tions resembling the corresponding distributions from B~ ~ Keo, decays. Therefore,

these decay modes cannat be separated on a event-by-event basis, but the relative

contributions of these channels should be extracted statistically. This task will he

30riginally the Tevatron will operate with proton-antiproton bunches crossing every 396 ns, but

there are plans for crossings every 132 ns.



facilitated by the particle identification system (from dE/ dx information from the

new drift chamber) which is going ta provide separation between kaon and pions at

the 1qlevel in the momentum range of interest. Discrimination against backgrounds

from higher multiplicity penguin decays, B~ -+ K·tr° and B~ -+ p0
1r

0 decays, where

the 1r0 is detected as a single electromagnetic cluster of energy in the calorimeter, has

been studied with Monte Carlo and such backgrounds are shown ta be manageable

•
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[56}.

Information on 1~v. 1 can also be obtained from the ratio of branching fractions
h

8~~1r:;)). The size of the B2 penguin sample is expected to be 1/3 to 1/2 the size of

the B~ penguin sample, for decays where the same CK~1 matrix element is involved

(e.g., B2 -+ dry and B~ -+ Keo,,'( decays, which involve \le" 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 l\JleV/c2 for the ET > 10

GeV photons in Run 1. Since the mass difference between B~ and B~ mesons is "" 90

MeV/c2 , event-by-event separation of B~ -+ Keo'"'( from B~ -+ Keo'"'( events will not

be possible. But photons can aiso be measured from their conversion to electron­

positron pairs. The loss of signal yield due to the "J 5% probability for a photon

to convert in the materiai 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 from 1r0 will be almost twenty times better, allowing a cleaner

separation between electromagnetic and hadronic penguin decays. Comparison of

the 1~ 1 results from B~ and B~ penguin decays, and B~ and B~ mixing, will help
"h

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 momentum after

its fragmentation.

Calorimeter tower The smallest calorimeter unit read out by the same electronic

channel. In the central detector region (11]1 < 1), it spans 0.1 x 15° in '1 - (j)

space.

CDF Collider Detector at Fermilab.

CEM Central electromagnetic calorimeter.

CES Central 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 ta 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.
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Level 1, etc. See L1, 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 at the same rj; as the penguin photon.

MC See Monte Carlo

Monte Carlo Computer programs which use random numbers to simulate physies

proeesses, like proton-antiproton collisions, and/or the response of the detector

to the passage of particles through its volume.

Prescaling A specifie trigger eomponent is said to be presealed by a factor x, when

this eomponent is considered for the overall trigger decision only one out of x

times that this trigger eomponent 's conditions were actually satisfied.

77, pseudorapidity It is defined as TJ = -ln[tan(8/2)], where 8 is the polar angle

with respect to the proton-antiproton beam axis (z axis).

Seed tower The calorimeter tower containing the highest energy deposition amangst

a group of contiguous calorimeter tawers.

SVX Silicon vertex detector.

Transverse The transverse ta the proton-antiproton beam axis eomponent of a

vector quantity, e.g., momentum. We also talk about transverse energy by

considering the energy as a vector which originates at the proton-antiproton

collision point, points ta the energy deposition in the calorimeters and has a

magnitude equal to that energy deposition.



Vertex The primary vertex is the point of the proton-antiproton collision, and the

secondary vertex is the B meson's decay point.
•
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XCES The trigger level requirement that there be substantial energy deposition in

the strip chambers embedded in the CEM.
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