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ABSTRACT

MEASUREMENT OF THE RATIO
BR(Bt—JJyK*)
BR(BV= J/pKT)
AT THE COLLIDER DETECTOR AT FERMILAB

Julio B. Gonzalez-Atavales

Nigel 8. Lockyer

We report on the first recoustruction of the decay mode BY(B®) — JpsKY in
a hadronic environment. The data were obtained at the Collider Detector at Fer-
milal (CDF) in pp collisions at /5 = L8 TeV. The resulting J/pK§ signal con-
sists of 36 % 6.4 events with a signal-to-noise ratio of 11. We also reconstruct the
decay modes Bt — JipK*t and B* — JWK**. Assuming identical production
rates for B* and B° mesons we measure the ratio of branching ratios BR{B* —
Jip K BR{B® — JjpK®) = 0.88 £ 0.18 (stat.) £0.06 {sys.). This ratio provides an
indirect measurenient of the ratio of lifetimes T(B*}/7(BY). We also use the value
BR(B* — JpK*) = 0.110  0.015 {stat.) £ 0.09 (sys.}% reported by the CLEQ
collaboration to obtain BR(B® ~ JipK®) = 0.125 + 0.031 (stal.) £ 0.014 (sys.)%.
This is the first measurement of & branching ratio in the b-quark system at CDF. The
stalistical significance of this result is similar to the significance of a previous result

by the CLEO collaboration. We compare the ralio of branching ratios measurement

and the branching ratio result to recent values from other experiments and theoretical

il

predictions.
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You've asked me
What the lobster

is weaving there
with its golden feet ?
I reply

the ocean knows this.

You said

What is the ascidian waiting for,
in its transparent bell 7

What 13 it waiting for ¢

1 tell you,

il is waiting for tine

like you,

by Pablo Neruda
translated by

Robert Bly

Chapter 1

Introduction

This thesis describes the first reconstruction of the decay mode B B%) — JipKY in
a hadronic environment. We also reconstruct the decay modes B%* — JHK® and
BY — JipK*E. The data were obtained at the Collider Detector at Fermilab {CDF)
i jip collisions at /s = 1.8 TeV during the 1992-93 run (Run-la). An important
quantity defined for unstable particles is the branching ratio, which is the probability
Lhat a given particle will decay into a particular final state. Using the reconstructed
JRpKS and JAERE modes we make a measurement of the ratio of branching ratios
BR{(B* — JWR*Y/BR(B® — JipK®). The K° is an admixture of 50% K2 and 50%
K. The K cannot be reconstructed at CDF, so the KY signal is inferred from the
abserved JAPKY signal. By using isospin invariance, the ratio of brauching ratios is
shown to correspond to the ratio of lifetimes r{ B¥)/7(B%), which is an important

quantity Lo lest the present understanding of the bquark system. Our measurement

of BR(B*Y — JpK*)BR(BY — JpKC) together with the BR(BY — JppK*)




measured by the CLEO collahoration (CLEQ) can be used to calculate BR{I® —
JApK®). The statistical significance of this result is similar to the significance of a
previous result by the CLEQ collaboration. This is the first time a branching ratio
has been measured in the b-quark system at CDF.

In this Chapter we will first point out some landmarks in the developiment of &
physics and then give a brief summary of how our measurement relates lo the main

theoretical issues presently discussed in the study of b-physics.

1.1 A Brief History and Status of Beauty

The first evidence of the exislence of a quark from a third generation came from
the discovery in 1977 of a narrow resonance in the mass region 9.5-10.5 GeV/c? by
Lederman et al. at Fermilab. The resonance was observed in the mass spectrum of
muon pairs produced in the process p + nucleus — ptp~ + X. A year fater these
results were confirmed in ete™ experiments al the DORIS storage ring in Hamburg,
The important T{45) was first observed in e*c” collisions at CESR at Cornell in
1980. The mass of this state (~ 10.6 GeV/c*) is approximately 20 MeV/c* above
the threshold for open beauty production, neaning this state is the first bb resonance
which can decay into BB mesons, each containing a b-quark. Since then CESR has
accumulated high statistics at the T(45), which is currently the principal source of

information on B decays.

The discovery of the b-quark had been predated by some theoretical anals'sis which
predicted a third generation of quarks. The third-family lepton (7) had already been
discovered in 1975, predicting (via the assumption of lepton-quark universality) the
existence of a third family of quarks. In 1973 Kobayashi and Maskawa had already
shown the need of a third quark family in order to incorporate CP violation in the
Standard Model (5.M.).

The first fully reconstructed I3 mesons were reported in 1983 by the CLEO [ collab-
oration. Since then the b-quark system has provided a great deal to our understanding
of the 5.M. The surprisingly long lifetime of the B mesony (~ 1.5 ps) provided the
first evidence that the couplings given by the Cabibbo-Kobayashi-Maskawa (CKM)
malrix (see Section A.1} could be different from 1 or A (A = sin{lcanibbe))- The
observation of mixing in the &-systemn by the ARGUS collaboration at DESY, again
much larger than expected, was further evidence that this systemn can provide rich
quantum mechanical phenomena.

Presently, one of the main goals of particle physics is to observe CP violation
outside the Kaon system. The first observation of CP violation was reporicd about
30 years ago (sce Appendix A) from the CPviolating decay K? — a*rx~, but so
far there is not a clear understanding of its origins. The extremely successful S.M.
predicis small CPviolating effects in the I system (mesons containing “charm™} while

substantial effects are expected in the B system (19, Chapter X).
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Our present knowledge of the 3 system is primarily based on data obtained at
e*e” colliders, in particular a;. machines operating al the T(4S5) resonance. The
irruption of hadron colliders as a viable alternative is a recent cvent. The first full
recoustruction of B mesons at a hadronic machine was reported in 1992 by the CDI
vollaboration {d). The observation was perforined at PENN by Richard Hughes for

his Ph.D. thesis. lle measured a cross section of
a(pp = bX Pre > 11.5 GeV/e gl S 1.0) = 61 £ 1.9+ 2.4 pb {1.1)

using a sample of 14 events. The main advantage of a liadronic machine compared
to an ¢*e” collider is a much higher cross section for producing b-quarks (50,000 nb
compared 1o 1 b for Y{45) machines). On the other hand, beauty is produced enly
in a tiny fraction of ali collisions. Also, a typical b event has many more particles in
a hadron machine than in an T(45) e*e™ collider. This led many to believe that B
megons could not be reconstructed cleanly enough to study CP violation in a hadron
machine.

‘The measurement reported here demonstrates the possibility of very cleanly recon-
structing the “golden mode” for the study of CI violation in a hadronic environment.
The higher &production rate of Pp collisions results in our JApK'g sample of 36 events
being larger than the 10 events sample reported by CLEO [3]. By the end of Run-la

our samnple was the largest in the world’,

'New data taken during the ongoing Bun-lb makes the present JpKS sample at CDF larger
than the one reported here.

The study of CP violation is beyond the capabilities of the present experimental
{acilities [5]. The small branching ratio for the interesting nrodes (~ 9.0005 for the
JpK), and the veed to identify the B(B°) nature of the H-meson at production
time, mean that huge numbers of b-quarks need to be produced. The alternatives
30 far are dedicated machines (the so called B-lactories) or dedicated experiments at
existing or futnre hadron machines. At the monient, two f-factories are being built
{one at SLAC and one at KEK) while a lixed target experiment has been approved
al DESY (HERA-B). There is also a proposal for a collider experiment (L1IB) at the

Large lladron Collider at CERN (LHC).

1.2 Theoretical Context

The physics of hadrons containing beauty is expected to help in testing the present
understanding of the Standard Model because the heavy mass of the b-quark allows for
cleaner theoretical predictions than in other quark systems. From an experimental
point of view, the long lifetime of the bquark (er(B) & 0.045 cm) and the first
successful operation of a silicon vertex detector at a hadrouic machine by the CDF
collaboration has allowed significant progress in the isolation of b events.

The measurement the of ratio of branching ratios reported here can be shown to

correspond Lo a mneasurcinent of the ratio of lifelimes r{B*)/7(18’) by assuming the
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following equality between Linc.parti al decay rates
(Bt - JRpK*Y = 1(BY — JpKY) (1.2)

The ratio of lifetimes is an important quantity to test the validity of the understanding
of a heavy quark system. The naive spectator model assumes that the lifetime of a
mieson containing a heavy quark {c or b) is entirely determined from the properties
of the heavy quark; that is, the light quark is a “speclator” in the decay (see left
diagram in Fig. 1.1). This models predicts, in particular, a universal lifetime for all
mesons conlaining the same heavy quark. In the charm quark sector this expectalion

is violated, the measured ratio of lifetimes being [48]:

T{D*)
(D%

= .55 4+ 0.04 (1.3)

The equality of the decay rates? can be motivated by realizing that the quark
transition involved it the decays (b — ¢os) conserves isospin®; i.c. il commutes with
the isospin operators. The initial and final states of both modes are isospin partuers

permitbing us to write

It

< Jp K MO — écs)|BT > < K r= O — Fes)rt|B® >

i

< JPKYO®b — ccs)|B° > (1.4)

2A similar argument for DF, D9 saileptonic decay rates can be found in Rel. [18, Section 1V.G].

3lsospin is an approxiniate symmetry of the strong interactions. In the quark mnodel, the u and
the d are in an isospin doublel. Isospin syninetry then means m, & my. To a very good degree of
approxintation, the strong interaction does not distinguish a “down” quark from an “up” quark.

-3

with 7+, 77 = (r%)! the raising and lowering isospin operators. The same ;dl'gulncut,
can be used for b — &%y and & — 35,

Auother way of motivating this assumption is by considering the ipain diagrams
which contribute to both modes us shown in Fig, 1.1, In both diagrams the light
guarks do not participate tu the decay interaction, so no difference is expected. The
non-spectator diagram shown in Fig. 1.2 ——thought 1o play a role in the varialions of
lifelines amoug & miesons-—idoes not contributle to this decay as it requires the same

quark flavour (q,) in both final states.

<t
o

&
i,é,ﬁ//ies\
N - W
B b s FAVAVAVAY g
u{d) > u(d) o) u(d)

Pigure LI: Two diagrams 8] which contribute to the decay imodes
BB — JHRH(KY). The left onc is a spectator diagram, which is
color-suppressed by tire need to mateh the color of the decay products of
the W with the color of the'other quarks. The right one is a penguin dia-
gram, which is suppressed because at keast three ghions are needed to create
the Jfp(cc) state (9, Section 8.10). The relative mmplitude of the penguin
diagran: to the tree level diagran is expected to be ~ 1073 [21).

*Thanks to Tkaros Bigi for pointing out this argument to us.
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Figure 1.2: Exchauge diagram for B° decays. In this diagrain the light
quark participates in the interaction allowing differences between B and B°
decays. This diagramn does not participate in the decay mode B® — JipK°.

With this assumption we then have:

BR(B* — JI$K*) _ T(B* = J/$K*)[E(B* - X)
BR(B® — J/$K%) ~ T(B°—= J[$KO)[T(B° - X)
1/T(B* = X)

1/T(B° = X)
#(B*)/r(B%) (15)

A theoretical prediction based on QCD and using an expansion in 1/m; is available

in Ref. [2]. It gives

(BY) | 400512

T(B% (200 MeV)? (16)

where fg is the BB meson decay constant which is estinated to be (7, Eq. (110)[19,

Table 12] fp ~ 180 + 50 MeV. This means that the ratio is expected Lo exceed 1.0

by a few percent to ten percent, in better agrecement with the prediction of the naive
spectator model. There is confidence that the ratio is greater than unity®.

At the moment, CDF has a direct measurenient of the individual lifetimes r(3+)
and 7(85) [6] and obtains

r(BY)
r(B?)

= 1.02 £ 0.16 (stat.) £ 0.06 (sys.) (1.7)

The result presented in this thesis is complementary and independent of this mea-
surcrment.

We expect Lhat the methods developed for the ratio of branching ratios measure-
ment can be directly applied to other decay modes already observed at CDI, for
example B® — JpK* and BY — JjpK** (sce Section 5.5). This will have a twofold
significance. By computing the ratio of branching ratios with respect to the JipK*
and then using the CLEO BR(B* — JfpK*)® we will be able to mcasure absolute
branching ratios with betler statistical significance than CLEO. Another use of the
ratio of branching ratios is as a test of the applicability of the factorization hypoth-
esis {10] for colour-suppressed processes [11]. We can readily see that the following
relation holds: '

BR(B° — J]yK*°)
BR(B® — J/pK")

[(B® — J[¢ K )/ I(B° — X)
T(B° — J]$Ko)/T(B° — X)

i =

SCommment from Ikaros Bigi.

$This is CLEO’s most populated B decay mode.
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P(B® — JJp K0
T J]oK) 9

with a sumilar relation for the charged modes. Models based on the factorization
hypothesis can predict the ratio of decay rates R and the fraction of longitudinal

polarization

By _ 1B K
T =B R (19)

As shown in Ref. [12], the data available to date allow one to discard some models

based on the factorization approach. There is a preluninary CDF result [13] for

P
f{f = 0.66 £ 010109 (1.10)

which could be complemented with a measurement of R.

Testing the applicability and limits of the factorization approach is importani
because it provides predictions for branching ratios for yet unobserved decay modes.

It is expected that CP violation should be manifested in the b-quark system. So
far CP violation has only been observed in the Kaon system, butl the theoretical
implications remain uncertain {1, section 26.2.3)(21]. The BY5°) — JAKG decay
mode is congidered to be the “golden mode” for the study of CP violation in the &
quark system because the theoretical implications of an observed asymmelry are very
clean. We review a few concepts of CP violation in Appendix A and the theoretical

simplifications that give the JAPKY the status it presently eujoys.

Chapter 2

THE COLLIDER DETECTOR AT FERMILAB

The CDF detector is a general purpose detector surrounding the 30 interaction re-
gion at the Fermilab Tevatron {see Section 2.1). It conuists of a central and a for-
ward /backward region where tracking, calorimetry, and muou detection subsystems
are arranged 1o cover almost the entire solid angle. A perspective view is shown in
Fig. 2.1. The components used for this analysis are all contained in the central re-
gion, where the combination of 2 14.1 KG magnetic field and a large tracking chamber
(CTC) permit a precise measurement of the momentum of charged particles. Two
other tracking devices are present in this region: the SVX and the VTX, as shown in
Fig. 2.2. Three sets of drift chambers are used to idewtify muons (CMU, CMP and

CMX) by their penetration of th; central calorimeter.

This section will first describe the accelerator and then the main components
of the CDF detector which have relevance for this measurement. A more detailed

overview of the detector can be found in Ref. [22].




Figure 2.2: A cut-away view through the forward half of CDF. The detector
is forward-backward symmetric. The emphasis is on the central detector,
while the forward calorimeter is not to scale, but is included to illustrate
the full CDF pseudorapidity range.



2.1 The Tevatron at Fermilab

The Tevatron at Fermilals [23, 24, 38] is presently the most powerfu! accelerator in
the world, providing pp collisions with a center of mass energy of 1.8 TeV. lis layout

is shown in Fig. 2.3.

€0 Tateraction
LINAC X
Region

B0 Interaction Region
{CDF Detector)

Booster

DO knteraction Region
(D0 Detector}

Ed Interaciion
Region

Mitin Ring

Anti-proton Seurce
Debuncher
Accumulater 2 Extract Tevairon
ih\!eﬂ
Figire 2.3: Layout of the Fermilab Tevatron. It delivers collisions with a
center of mass energy of 1.8 TeV. It is at present the world’s most powerful
accelerator

The process of producing these collisions starts at a Cockeroft-Walton accelerator.

This device adds an electron io hydrogen atoms and electrostatically accelerates the

I~ jons to 750 KeV. Then a linear accelerator 150 m long (the Linac) applies an
oscillating electric field to increase the energy of the ions 1o 400 MeV. Before entering
the third stage, the ions pass through a carbon foil which removes the two electrons.
The third stage consists of a rapidly cycling synchrotron ~ 150 m in diameter (the
Booster) which increases the proton’s energy to 8 GeV in approximately 20,000 revo-
lutious. There are normally 12 bunches of proton’s in the Booster, which are fed into
the Main Ring, a synchrotron made out of 1,000 conventional, copper-coiled magnets.
Presently the Main Ring increases the protous energy to 150 GeV. The final boost of
energy is provided by the Tevalron, a synchrotron located directly below the Main
Ring. Equipped with 1,000 superconducting magnets the Tevatron accelerates the
protons to 900 GeV.

The autiprotous are produced by locusing 120 GeV protons from the Main Ring
into a target. The collisions in the target produce a wide range of secondary particles
including many antiprotons. These are selected and sent to the Debuncher where the
momentium spread of the p sample is reduced by stochastic covling. Afier this the
antiprotons are moved Lo the Accymulator ring for storage. When enough autiprotons
have been collected, they are injected into the Main Ring and then into the Tevatron

where the energy is raised to 900 GeV.
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2.2 The Central Tracking Chamber (CTC)

The CTC is the main tracking system at CDF, providing precise momentin measure-
ments of charged tracks [25]. It is a large drift chamber with a length of 3.2 my and an
external diameter of 276 cm. The chamber has 84 layers of sense wires arranged into
5 axial superlayers and 4 stereo superlayers. An axial superlayer contains 12 sense
wires parallel Lo the symmetry axis. A stereo superlayer has 6 sense wires oriented
at 1£3° (alternating between successive stereo superlayers) with respect to the sym-
metry axis and satisfying r(zm) = r{—~zp) where r is the distance to the origin in
the z-y plane and zp refers to the z-coordinate of the forward endplate. Within each
superlayer, groups of sense-and field-wires are arranged in planes that configure cells
inclined at an angle of 45° with respect to the radial direction {Fig. 2.4). This tilt is
devised to compensate for the Lorentz angle!, reducing dead time and linearizing the
time-to-distance relationship at the end of the cells by making the drift trajectories
a])pro:;ixllatel)' azimuthal. The large tilt angle resulls in an azimulhal overlap (about
20%), which guaraniees that particles with Pr > 2.5 GeV/c will cross a plane of
sense wires in each superlayer and generale a series of hits with small drift times.
These “prompl” hits are used by the Central Fast Tracker (CFT) to reconstruet high

momentum Lracks on-line.

n the presence of crossed magnetic and electric fields electrons drifting in a gas will approxi-
malely move at an angle § with respect to the electric field direction.

17

554 .00 mm LD.

oo 2760.00 mm 0D, — 3

g

Figure 2.4: End view of the Central Tracking Chamber showing the 9 su-
perlayers and the azimuthal orientation of the cells.
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2.3 The Vertex Time Projection Chamber (VIX)

The VIX detector used for Run-la is an upgraded version of the similar detector
used in the 88-89 run [26]. The VTX consists of 28 double time projection chambers
(modules) located along the z-axis covering a length of 2.8 m and with a radius
of 21 ¢ The main purpose is to provide r-z information to complement the r-¢
information provided by the C1'C detector. It achieves a 2 mm z-vertex resolution

for the primary vertex.

2.4 The Silicon Vertex Detector (SVX)

The SVX detector used for Run-la was the first silicon detector to be successfully
operated in the environinent of a hadron machine. With a measured impact parameter
resolution for a single track of ¢ = 13 + 40/ Pr pm [27], this detector became a key
element in the study of B-decays.

The Tevatron’s pp collision point is distributed along the beamline with ¢ = 30 cm.
This requires a long detector. The SVX detector consists of two barrels (an isometric
view of one of them is shown in Fig. 2.5) each containing four radial layers of silicon
strip detectors located between radiuses of 3.0 and 7.9 cm. Each layer is made out of
twelve groups of silicon detectors. Each of these groups (a ladder) has three silicon
detectors, 8.5 cm long, electrically bouded along z, so each individual readout channel

sees a 25.5 cm long strip. A group of four ladders at a common azimuthal angle iy

19

called a wedge. The silicon detectors are composed of p-type silicon sirips deposited
on an n-type silicon substrate 300 pm thick. The pitch of these strips is 60 gm for
the three inner layers and 55 pm for the outermost layer. The charge deposited by
an ionizing particle is detected by an IC located at the external end of the ladder.
This chip amplifies, samples, sparsifies, and multiplexes data from 128 input channels
which are DC coupled to the silicon strips. Given that the total number of SVX
channels was 46080, sparsification of the data was necessary to reduce the size of the

data read out.

Alignment

The SVX position relative to the CTC must be known precisely enough to rep-
der its measurements meaningful. Two procedures were used to determine the strip
positions. During assembly the strips of the silicon detectors were measured directly
with a TV camera to an accuracy of 2.5 gm. During installation of the VIX-SVX
assembly into the CTC optical s‘urveys were conducted. After installation, an off-line
procedure using CTC tracks was used to align each barrel (treated as a rigid body)

to the CTC, to align the individual ladders within a wedge, and to determine the

wetlge-to-wedge relative position.
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READOUT EAR

SiLICON
DETECTOR

READOUT END

BULKHEAD

COOL ING
TUBE

DUMMY EAR ‘PORT CARD

Figure 2.5: An isometric view of one of the SVX barrels showing the four
layers of ladders mounted on the beryllium bultkheads.
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The alignment of the three inner ladders implied radial shifts on all th?ee layers
which could be as large as 200 pm [27] for some of the ladders. The shifts are a

systematic effect of unknown origin.

2.5 The Central Muon System {CMU)

The CMU consists of 48 groups of drift chambers located at the back of the hadron
calorimeter (see Fig. 2.2 and Fig. 2.6). Each group is divided into 3 chambers (CMU
modules), each chamber subtends ~ 4.2* in azimuth. The location of the chambers
within a central calorimeter wedge is shown in Fig. 2.6. The chambers {one is shown
in Fig. 2.7) are composed of 16 cells arranged in four Jayers of 4 cells cach. There are
only 8 anode wires in a chamber because alternate cells in a layer share the same wire.
The drift times at cach layer (two are shown in Fig. 2.7) can be used to implement a

Level I central muon trigger [28] by requiring
Min(lts ~ta], Jts — 1]} < fuax {@n

where Ipmax 18 a pmgrammable'thresho}d that can be varied in 1 ns steps. This
requirement is equivalent to the condition of a maximum angle o between the muon
candidate and the radial centerline {going through the origin of the CDF global
coordinate system). Without considering multiple scattering, the angle o is related to
the Py of the muon, a larger o indicating a smaller Pr. Thus the Level | conditionof a

maximum drift Lime is cquivalent Lo requiring a minitmum Pr of the muon candidate.




Figure 2.7: Cross section of a single muon chamber, showing drift times for
layers 2 and 4. There are only 8 anode wires because alternate cells in a
layer share the same wire.

2.6 The Central Muon Upgrade (CMP)

This additional set of chambers is located behind steel shielding. The material in the
calorimeters provides five absorption lenghts which added to the steel shielding results
in a tolal of 8 absorption lengths. While reducing the punch-through contamination
of the muon candidates, the extra shielding only allows for muons with Pr > 25
GeV/e to reach the CMP chambers. This reduces the imporiance of this system for

our analysis. This system adds additional coverage beyond that of the CMU,
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2.7 The Central Muon Extension (CMX)

This set of chambers pmvidcs additional coverage in the range 0.6 < {g] < 1. During
Lhe early part of the run a very high rate of fake triggers was observed due to “fake”
stubs. Many of these stubs originate from particles scattered off the beam pipe or the
forward calorimeter by low angle tracks. To reduce this problem a new beam pipe
with less material was installed mid-run to reduce the noise hits. For most of the
run only muon candidates which passed the Level 2 trigger were considered in the
Jf trigger. The hadronic energy deposited in the calorimeter tower associated with
the muon candidate track was required to be greater than 0.5 GeV, as expected for

a minimum jonizing particle from the interaction point.

Chapter 3

TRACKING AT CDF

An important difference between the modes under consideration comes fron the char-
acteristics of the final tracks. For the JAPA'E mode the tracks identified as the K'*
are significantly harder than the tracks identified as r's from the JAPRY mode. Even
more, the long lifetime of the K means that these tracks will have a large impact
parameter with respect to the beam spot. The performance of the tracking algorithn
for tracky with large impact parameter in a real event is expecied to be worse than
for tracks coming from the beam spot.

In this chapter we will describe the tracking algorithm used for Run-la.

3.1 CTC Tracking ,

The tracking algorithm used at CDF follows the usual prescription of splitting the task
of track-finding into two stages {28, section 2.3]. The first stage is pattern recoguition,
where groups of hits in the detector are identified as belonging Lo a track. The second
stage is fitting the hits to a track model. In the case of CDF, the track model is a

25
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helix described by the 5 parameters ¢, ¢, col 8, dy and 2o (Appendix B).

3.1.1 General Scheme

The CTC tracking combines features from {wo independent algorithms, convention-
ally labeled *A” [30] and “B” (31]. The steering routine for pattern recognition and

track fitting is CFCDRY. The steps {ollowed by Lhis routine are:

1. Do the pattern recognition in the r-¢ plane. Use both algorithins “A” and “B”

to identify tracks indepeudently.
2. Delete extra versions of identical tracks.
3. Do the stereo patiern recognition and fit.
4. Apply selection criteria and deleie tracks considered irrecoverable.

5. Altempt lo recover iracks that [ailed but were not deleted by previous step.

Also try to improve marginal successes,

Double versions of the same track are recognized by finding frack pairs which
share too many identical hits: only the “best” track is kept. The sterco pattern
recognition procedure and the fit procedure from algorithzn “A” are applied to all 2D
tracks available at this stage, Only tracks that satisfy a set of quality requirements
are kepl. Tracks that fail the selection criteria are deleted except for those that have

enough hits Lo Tikely be real tracks. The criteria used to keep a low-quality track is

® There arc at least 16 hits in the inner 2 axial superlayers.
o There are al least 18 hits in the inner § axial superlayers.

o There are at jeast 27 hits.

About 95% of the kept low-quality tracks are stereo failures from algorithm “A”.
Approximately 25% of these can be saved by running the stereo pattern recognition

from algorithm “B”.

3.1.2 Tracking Algorithms
Here we deseribe the two tracking algorithms used for Run-fa.
Algorithm “AY
¢ Find all line segments in the axial superlayers.

¢ Moving from the outermost to the innermost superlayer, find links between
segmenls in the superlayer under consideration and unlinked segments in the

two imumediately outer axial superlayers or tracks already identified.

e Perform a fast approximate circle fit to all the axial hits associated with the

track so far. This fit yields intermediate values for ¢, dg and g,

e For each ¢ fitted track, hits on sterco cells which could have hits from the

track under consideration are converied to a z position.
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o A zevo-gradient fitter is used to fit the § parameters simultancously.

Algorithm “B”

Find a “high quality” seed segment in an axial superlayer.

Extend this seed segment in both directions. The initial step of this process
uses the beam axis point to define an initial circular road where to look for hits.

After a second segment has been found the beam position is not used.

Perform a full axial fit.

Do stereo pattern recognition for these fitted 2D tracks and perform a 5 param-

eter fit.

As expected [29, section 2.4.2) method “A” is the fastest and it is used for the
Level 3 trigger.

The line seginents for method “A” are found by looping over innermost wires, t.
If wires ¢, ¢+ | and i + 2 all have hits, loop over hits on wire ¢ and ¢ + 2, ignoring
hits marked as “noise” or as “nsed” by earlier tracking results. The hits lrom wires
¢ and 1 + 2 are used to provide a rough estimate of the aspect angle associated with
cach combination. Giver that each wire may register several hits and each hit has an
azimuthal ambiguity, there are several combinations which are sorted by increasing

a; this means the algorithm scarches for high- Pp tracks first. For each combination a

29

prediction for the drift time in layer i + | is made aud hits matching this prediction
within a road are scarched for on wire i + 1. If au acceptable set of three hits is found
then extra hits are searched for in the supertayer (neighbouring cells are included
in the search). A scarch is considered a success if there are fewer misses than hits
associated with the segment. A wire is considered a miss if no hit is found within the
road and no preceding hit extends inside the road (“obscured” hit).

When a good line segment is found, the hit on wire ¢ is marked as “used”. The
segment is also converted Lo an equivalent circle by assuming do = 0 and taking the
line as tangent to the circle. This allows us to compute ¢ and ¢ for all line segments.

To link segments across superlayers all equivalent circles in the outer superlayer
are cxtrapolated to the center of the inner superlayer and an expectled position, iy’ |
is computed. Then all inner segments are compared to these extrapolations, and a
test is performed on the slopes of the segments.

The left drawing in Fig. 3.1 shows the two variables used to compare the extrap-
olated circle to the inner segment. The code requires ¢ < 7/2 and { < 1 cm. Because
the extrapolation uses the assumption of dy = 0 these requirements are biased against
large impact parameter tracks; for that reason the road is kept as wide as possible.
The right drawing in Fig. 3.1 shows the angle-test applied to link candidates. With-
out resolution effects, the angles 8 anud ' should match for segments tangential to the

same circle. The code requires |sin{0 — ¢')] < 0.025.
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Figure 3.1: Geomnetry for test used to link segments across superfayers. Left

drawing shows variables used in the “position” test while right drawing
shows angles @ and 0" used in the “angle” test [30].
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3.2 SVX Tracking

The SVX information is used to dramatically inprove the impact paranseter (dg) and
angle {¢o) resolution of CTC tracks. 1t also improves the momestumn resolution.
The SVX tracking algorithm uses the progressive method Lo associate hits in the
8VX to tracks already found by the CTC. The algorithm starts with the CTC fit and
then updales the track parameters whenever there is a new hit found in the SVX.

The advantages of this precedurc are [34):

® The method is fast and stable.

» Paltern recognition and track fitting arc done simultaneously. In case more

than one candidate is found, the X* is used to select the best candidate.

» Multiple scatfering s treated correctly,

¢ Alignment corrections can be included cach time a new hit is added.

The algorithin searches for hits around the intersection point of the extrapolated
track and the measurement plane being considered; the track error matrix delines
Lhie gize of the reéion where hits ‘are searched for. When a track is extrapolated the
effects of multiple scattering and jonization energy loss are accounted for. If a cluster
is found the information is added to the fit and the procedure is repeated until all
four SVX layers have been searched for hits. Track candidates are required to have

al least two clusters in the SVX and a X7 below a certain value.




Chapter 4

DATA SAMPLE

The data used was collected during the [992-1993 CDF run (Run-la) and corresponds
10 a total integrated luminosity of 19.3 pb™'. At the Tevatron only one in ahout one
thousand collisions produces a bb pair. Thus some selection mechanism is required
that rejects minimum bias events and keeps b-events. The decay mode Jfp — p*u~
provides a simple trigger to sclect interesting events on-line. During Run-la a Jfp
sample was selected via a trigger set up in three levels of increasing complexity. A

description of these levels follows.

4.1 Jfp Trigger

The Level 1 central muon trigger requires a muon stub with Pp > 2.0 GeV/e,

The Level 2 central muon trigger reyuires that at least one of the Level I muons
match a CFT track. The CFT only searches for tracks with Pr > 3 GeV/e, so
vequiring a CFT track imposes this higher Pr cutoff on one of the muons, There is
also an extra requirenient that the two Level | muons canuot be in adjacent modules

32
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i ¢ if they are CMU. If one muon is CMX they cannot be in the same module. This
separation requirement is needed to reduce backgrounds from punchthrough which
are manifested as a cluster of muon stubs close 1o each other,

The Level 3 trigger uses a faster tracking algorithm than the one used offline
to reconstruct tracks in the CTC. It also links muon stubs with CTC tracks. The
matching between muon stubs and CTC tracks is required to be within 4. The
M(p* i) of the surviving muon candidates is required to be within 600 MeV/c? of
the Jip mass. Events passing all these requircments were written Lo tape for further

processing offline.

4.2 Offline Production

At this level of the data-processing thie detector information is analyzed and organized
according Lo quantities of interest for physics analysis. Patiern recoguition is run on
the hit information cellected by the CTC to form track candidates, and then a fit s
performed to obtain track parameters [rom these candidates. Track segments from

the muon chambers are linked with CTC tracks to form muon caudidates.

4.3 Jf Candidate Events

To obtain the final sample of Jf¢ candidate events we apply the lollowing requirements

on the matching quality between the stub in the muou system and the associated CTC
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The X2 < 9.0. For #'s with hits in the CMU detector, X? is the one measured

= by that detector. If the muon has a CMP fit but not a CMU fit then X? is
= the one measured by the CMP system. If the muon only has a fit in the CMX
= system then we require X% < 12.0, LT T T
= N“‘oogo L Wia/yd 1 73000 £ 400 B .
———— [ B o= 3.0963 & 0.000) Gev/c® Jly - pp
= . . . =133 20, !
= o for CMU muens also require X2 < 12.0. ; [ :: . ::: f :’: :::;:-
— % 8000 |- WV /M(B)s 5.3 .
— The p* p~ pairs satisfying all these requirements are then constrained to originate n
= 2 . . . . 2 . - 6000
= at a common vertex. The X% for this fit is required to satisly Prob(X}) > 0.01. The -
= @
= resulting distribution of M{u*g~) is shown in Fig. 4.1. The fitted function is the 4‘-‘) 4000
—— [

sum of Lwo gaussians representing the Jfip signal plus a constant term representing E
= 2000

the background.

The final sample of JAp candidate events is obtained by simultaneously vertex and [ LV IRV SVES EPEFENVIE WP ISP S WP N

29 295 3 305 31 315 32 325 33
+ - 2
mass constraining the p¥ ¢~ pairs to the Jfi mass and requiring that the increment M{pp) (GeV/c™)

Figure 4.1: Resulting distribution of M{u* i~} for events satisfying require-
meuts described in the text. Track parameters have been constrained to
originate at a common vertex. The fitted fanction Js the sun of two gaus-
sians to represent the J signal plus a constant term to represent the back-
ground.

in X% resulting from the mass constraint salisly Prob{AX%) > 0.0L

AR




Chapter 5

B MESON RECONSTRUCTION

I this chapter the selection criteria used to extract the different B signals are de-
scribed and motivated. We also present the resulting distributions for three decay

modes of interest Lo us.

5.1 Track Selection

The identification of exclusive decay modes of B mesons is accomplished via the dis-
tribution of the mass of the B candidales formed using the momenta of all daughters
of the decaying B. It is important then to select tracks whose parameters are well
measured. For tracks whiclh only have CTC information, it turns out that it is enough
to require the track information Lo be three dimensional. For tracks which have asso-
ciated hits in the SV X the selection is more complicaied due to random association of
noise hits with the track. These noise hits will have two important effects. In geueral,
these noise hits will steer the track parameters in random directions. Thus a track
coming from the primary vertex will get steered away from the primary vertex and

J6
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may create fake secondary vertexes [35, section “Data selection”]. The second effect
is that long lived particles like the K or the A” will not point back to their point
of origin, which will cause a decrease in efficiency when pointing constraints plus a

quality of the it cul are imposed on these particles,

5.1.1 8VX Track Selection for K Reconstruction

We have made a study of the presence of spurious VX hits on the tracks used to
reconstruct the A candidates [36]. To show the existence of bad SVX hits we select

a sample of tracks which satisfy the following requirements:

® Both 7 tracks inust have d,foq, > 8. Here d, is the # impact parameter with

respect to the beam position and og4, s uncertaiuty.
¢ The K¢ secondary vertex must be outside the active volwine of the SVX.

¢ One of the tracks must have an SVX fit.

We show in 'ig. 5.1 the normalized distribution of 3 (s*7~}. The existence of 2
K¢ peak proves the SVX hits are spurious. A sclection algorithin is needed in order
to reject bad SVX inlormation for single tracks hefore they are used to search for
KYs.

There are two types of quantitics which can be used to identify single tracks with

bad SVX hits. One type is based on the X}y, from the fitted SVX clusters. The
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other one iy based on requiring high quality SVX clusters. For our study we defined

a liigh quality cluster to be:

o The cluster is not shared with other tracks.

s The cluster has no dead strips.

NKSGHORT.R7 UNKSHORT, - . .
EC;;U( T 2HOR] Igﬂéﬁeg T T 140 Gy = ;q T E,‘ng T Y65 o The length of the cluster is less than 4 strips.
. . ) . o
180 ¢ : T 5 Tosd
160 ¢ -39 120 .2821]
140 F '§§§§§ ) -::fggé We cousidered three SVX selection algorithms and rated them according to the
120 | _ssg 100 -3657]
100 E_ E 80 - number of K¢'s found by the following K¢ finder scheme:
80 | 4 60 3
60 F 3 40 K I Iy . Con . e
w0 E 3 E ¢ The SVX information for an individual track is used only if it passes the $VX
20 E 3 20 e .
o 2 ckAed e selection algorithm under consideration,

|
<
ok
o

The SVX information is rejected if the n*r~ has only one track with §Y X hits

. ey . . \ if AR i side ird SV X layer.
Iigure 5.1: Normalized mass distribution for K§ candidates which decay or if the decay vertex is outside the third SVX layer

outside the active volume of the SVX. Oue of the tracks is required to have
an SVX fit thus demonstrating the presence of spurious hits. Left plot shows .
the resulting distribution when only the CTC information is used for both
tracks. flight plot shows the effect of using the bad §VX information. There
is a considerable widening of the distribution from o = 1.6 to ¢ = 2.4,

defog, > 3 and dpfog, < 5.0. lere dy is the K¥ lwpact parameter with

respect Lo the primary vertex and gy, its uncertainty,
:

The three SV X selections are labeled “A”, “B3" and “C" and are defined as follows:

L e

“A” Require §x* < 6, with éx? defined to be the increment of the Xiyy when a

cluster is added to the fit. Also require one of the clusters to be a high quality

clusler.
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“I¥ When fitting the track to the clusters only consider clusters for which §x% < 6.

Also require one of the clusters to be a high quality cluster,

“C" Require Xyy /uhits < 6 and at least two high quality clusters {37).

In Table 5.1 we show the performance of each selection algorithm. For comparison
the entry *CTC only” shows results when the SVX information is uot used. The
coluimnu labeled “% increase” shows the % of extra X’s that we find by using the SVX
information. The colurnm “% SVX-5VX” shows the percentage of 7t 7~ combinations
whicli have an SVX fit. The “S/N” columu shows the 8/N ratio from the K$ mass
peak.

We conclude that:
e Algorithm “C" gives us the highest number of K¥'s.

s Between 20 and 30 % of the reconstructed K}'s have SVX information which

passes our quality requireruents.

» The proper use of the SVX information increases the K'Y reconstruction effi-

ciency by aboutl 20% but it does not improve the S/N ratio of the K.

Iinally, we choose the following SVX selection algorithm when reconstrucling

The SVX tuformation is used only if:

Table 5.1: The effect of different SVX track selection algorithms. Left
numbers are for runs earlier than 42000 while right ones are for runs later
than 46000,

—

Algorithm | # KY | % ncrease | /N | % SVX-SVX

STC only | 261076012 1 0/0 | 13/15 0/0
sA*  |asoozemse t w112 | mya ] 28

B 3400/6870 21714 12/12 29124

“om | 345076970 | 23716 | 14/ 28/21

o The xZyx/nhits < 6 where nhits is the number of fitted SVX clusters.

o 1 nhits = 4 the SVX fit is accepled. For nhits = 2,3 we lurther require at least

two high quality clusters.

® Both tracks must have SVX information and the recoustructed 2-1) vertex must

be inside the area defined by the third SVX layer.

If these requirements are not met the CTC information is used instead.

5.1.2 SVX Track Selection for Other Tracks

By recoustructing several B decay modes (we have looked at B® — JapK*(892)¢
in addition to the modes shown later in this chapler) we realized that the M(B)

resolution improves slightly when a more relaxed set of SVX requirementy is applied
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Lo the other tracks used for the M(B) reconstruction.

For tracks that are not used to reconstruct a K'Y candidate the SVX information

is used only if:
o The X3yx/nhits < 6 where nhits is the number of fitted SVX clusters.

o I nhits = 3,4 the SVX fit is accepted. For nhits = Z we further require at least

oue high quality cluster.

If these requirements are not met the CTC information is used instead.

5.2 Improving the Tracking Resolution

The track reconstruction algorithin described in Chapter 3 is intended to reconstruct
tracks without waking use of the information provided by the assumed track produc-
tion mechanism. For instance, the u* g~ track candidates used Lo reconstruct the JAp
should originate from a commnen vertex.

When searching for a specific physical process, the extra information available
can be used to improve the track parameters by imposing exira conditions. The
use of constraints is also useful Lo eliminate background by first imposing the given
constraint and then culting on the “quality of the fit” X%. By increasing the wumber
of constraints applied it is possible to define an incremental X1 which is the increment

in X% when new constrainty are imposed.

43
For Rua-la a software package was available that allowed us to impose the follow-

ing requiraments:

* A set of tracks could be forced to originate from a common vertex. This is

called a vertex constraint.

o The line along the total momentum of tracks originating al a common vertex
could be forced to include a given point. This is called a point constraint. This
coustraint could be imposed in the z-y plane only {called a 21 point constraint)

or in three dimensions (called a 3D point constraint).

s The masy of & set of tracks could be forced 1o some value, This is called a mass

congtraint,

The code allowed for several sccondary vertexes and one primary vertex.

5.2.1 Constraints for the JiyK* Mode

The following is an ordered hist of the constraints applied 1o the tracks used o recon-

struct this mode.

‘

The gt~ tracks should originale at a common vertex.

The M{u*u~) = M{Jj).

¢ The p*u™ tracks plus the K'* track candidate should originate at a cotninon

vertex.
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o A 2D and then a 31 point constraint to the primary vertex is nposed on the
at e K* gystem.
5.2.2 Constraints for the JH K Mode

The following 13 an ordered list of the constrainls applied Lo the tracks used to recon-

struct this inode.

The ptp~ tracks should originate al a common vertex.

The M(ptp~) = M(J/p).
s The n*tn~ track candidates should originate at a common vertex.

The M(r*r-) = M{K2).

»

» A 3D point constraint to the p*p~ vertex is imposed on the n¥x~ total mo-
mentum,
¢ A 2D and then a 3D point constraint to the primary vertex is imposed on the

ptu~ K2 system,

5.3 Kaon Selection

During the 1992-1993 run, CDF did not have a particle 1D systein which could dif-
ferentiate Kaons from pions in the Pr range of interest (roughly Fp > 0.5 GeV/c

for B events passing the Ji trigger). To select the K* track candidates we use the

fact thal particles from B decays have a %y distribution whicli is harder than the
background avound the 1 mnass [38, Fig. 7.4].

The er{KY) = 2.676 cm allows one to reconstruct a very clean K9 signal by
applying cuts on d.fog, and the L (KY%). In Fig. 5.2 we show the K% sample
used in the B® reconstruction. We have required d, foy, > 2, L, (KZ) > 1.0 cm
and Prob{Ax%) > 0.01 for the vertex and point coustraint increments of X3, Here
Ly (K2) refers to the K decay length with respect 1o the beam position along the
K% momentun. Il we define ©5 Lo be the K§ decay point, £p the bean position, and

P the direction of the momentum of the K¢ we theu have
Ley(KQ) = (85— &p) - P (5.1)

where all vector quantities are in the z-y plaue.

Having a clean Kaon signal for the JAPK¥ mode but not for the JApK* mode
results in very different signal-to-noise ratios {or the reconstructed 8 signals. This
indicates that Kaon ID is an important component for a detector trying to do B

phiysics in a hadron collider.

5.4 Combinatoric Background Reduction

The Jfip sample defined in Chapter 4 has been shown to have a "prompl” component
with no lifetime and a long lived component which is supposed to originate from

13— JpX (40, Page 1]. We show these two components in Fig. 5.3. The quantity
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2250 |- S B B I
—~ WK} ¢ 10000 T A30 s . :

N [ pt = 0.4968 1 0.0001 Qovsc’ Ry = nn

02000 F o, « 3.52 1 0.16 Mevre®
; [ oo, » 2.9 2 0.39 wavsc® j
® 1750 [ WK e, 7 1
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g ]
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M(x'n)

(GeV/c?)

Figure 5.2: Distribution of M(x*x~) for K2 candidates used in the B®
reconstruction. The K signal is very clean and allows for a significant
reduction of the combinatorial background around the B® signal.
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plotted is A which is defined to be the “pseudo™er{ B) computed with p* = ‘mcasured
yuantities plus a correction faclor L take into account the missing Iy carried by X,
It is possible to obtain the fraction of JAY's whick come from a B by fitting the A
distribution to a prompt component {to nodel the Jf's with no filetime) plus a long
lived component {for the JAs from B} plus an extra function obtained from the
Jf sidebauds [11] (to model the comtinuum under the Jf). For Jid's with Pr » 4
GeV/e the # raction is found to be 19.6:10.4%. The data can be split in Py bins and
a B3 Traction iy obtained for each bin. This way the B fraction is shown to increase
smoothly from 13.3 4 0.5% for 4 < Pr <5 GeV/e, 10421 £4.9% for 13 < Pr < 14
GeV/e.

The 20% B purity of the J/i¢ sample added Lo the presence of extra tracks in
B events produced by the hadronization of the b-quark and the underlying event
tequire the use of selection culs to reduce the combinatorial background to the B
signal. Hadronization refers to the process by which a parton from a high energy
collision acquires & partner from the vacuum to form a colourless meson or baryon.
Tliis process induces other tracky around the original parton. The underlying event
refers to the tracks created by the fragments lvom the ip collision.

For Run-la data there were four types of selection eriteria successlully used to

extract different B signals. These criteria are summarized below:

1. Fr cuts on the extra trucks used to formn the A{13}.
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Figure 5.3: Distribution of A (pseudo-ct) for the Jfip sample with both
muons in the SVX [40]. luset shows the A distribution for the Jfy sidebands
while main plot shows the distribution for the Jf) signal regions.
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2. Cuts requiring a B vertex that is displaced [rom the primary verlex.

3. Cuts requiring that the topology of the tracks used to form the M(B) be cou-

sistent with the specific decay mode.

1. Isolation cuts using the empirical observation that the {raction of Pr carried by
tracks around the B candidate is smalier for 5 events than for the background

events [12].

The combination of criteria 2 and 3 provides a very power{ul rejection of the
combinatorial background by first incrementing the B purity of the Jf sample and
then rejecting tracks which are not consistent. with coming from the secondary vertex
determined by the p* ™ pair. At a hadron machine an important contribution to the
combinatorial background comes from tracks originating at the primary vertex.

For the B signals reconstructed in this thesis we have only used cuts based on

criteria 1 through 3.

5.5 B* o JipK*t Decay Mode

As an independent example of the B reconstruction methods we show the mode
B & JjpK*% which we observed for the first time at CDF. The A** iy reconstructed

via the decay chain K** — K%r. The cuts applied are:

e Both muons have SVX information.




s cr( ) > 0.01 am.

o Pp(B) > 6 GeV/e, Pr(K™) > 1 GeV/e, Pr(n®) > 0.5 GeV/e.

S

o dfog, > 2 Lo (K]) >0
o [M{KSrt) = M(K%)] < 0.08 GeV/c?
. ey . S SR o
3 -2
s Prob(AXE) > 0.0L o s b B o aryK’t ]
; N(BY 1 35.5 & 4.4
We show Lhe resulting distribution in Fig. 5.4, The signal is very clean due to the § 5 |- % = 5.201 & 0.004 Gev/c
6 = 11t 2 wevse’
cleann ¥ sample shown earlier (Fig. 5.2) and the requirement of SVX information on 3 W b B N {BeKS s 5.3 E
the muon tracks. ~
~
— 0
= +
5.6 B o JppKE and BO(P) — JPKY Modes g
"o isolate the B signals used in Lhis measurement we require the following set of cuts.

= Cuts common to both modes M(J/\p‘K%) (Gev/c®)

== Figure 5.4: Mass distribution for JipK*% decay mode. The sclection re-
— A quirements are described in the text. Both muons have been required to
¢ One y must have Pr > 1.8 GeV/e and the other one Pr > 2.5 Ge¥ /e have S¥X information '

¢ The p* p~ inust satisly Lhe trigger requiremnents.

o cr{}) > 001 cm.

o Pp(83) > 7 GeV/e, Pr(K) > 1.5 GeV/e
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e Prob{AXE) > 001 where AXE is the increment in X4 after a new constraint

has been added.
o The K* track and n's tracks must satisfy g > 86 cn.

llere fig refers to the radius at which a given track leaves the volume of the CTC.

The relations used to compute Rg are described in Appendix B. N 2 A B S S B B
el ]
4
Extra cuts for JA'§ mode ;’
(] 10 - —
o
o ,L ]
e d.foy, » 2 with d, the 7 track impact parameter with respect to the beam w
A
position, ~ s ]
]
Y-
o The L, (K$) >t cm. 0
&t ]
e Pr(n) > 0.35 GeV/e. H fﬂ-‘ JH m UL‘
OEH..D ‘.4‘.‘“..“.‘...
5.4 55 56

5.1 52 53
The cr{B) is computed with the J/i secondary vertex and the Pr(B). This way M(J/\{IK:) (GoV/cz)

we eliminate the systematic effect coming from the different number of SVX tracks " o .
Figure 5.5; Mass distribution for JJOK§ decay mode plotted in 10 MeV/c?

the two modes have. The trigger and Pr requirements on the mwon tracks are needed bins. :

to allow for a good M.C. simulation of the Kaon spectrun. The flg > 86 cm and
Pr(x) > 0.35 GeV/c culs are required to use our measured value of the tracking
efficiency.

The resulting mass distributions are shown in Fig. 5.5 and Iig. 5.6,




Chapter 8

MEASURING THE RATIO OF BRANCHING RATIOS

T T [ T T T e T ey

~
o
i

o
=1

In this chapter we discuss the relationships and quantities needed o determine the

o
(=3

ratio of branching ratios.

o
&

6.1 Method

A
o

A

1

‘The basic relations between the observed number of events and the brauching ratios

Events/ ( 10 Mev/c® )

=

for each mode are xhown‘in Eq. 6.1 and Eq. 6.2.

g e b oaa ped ket ke, PUNE PR SO ST Sy
31 5.2 5.3 54 5.3 3.6
t 2

M{J/yK") {GaVv/c")

Lxo(ip—b— BY) x BRIBY = J{oh*) x ege = N(JJoRY)  (6.1)

b 5.6: Mass distribution for JAPK® dec de plotted in 10 MeV/c? )
)E)'fg:re 5 ass distribution for Jib ecay mode | / L% o(pp— b— BY x BR(B® = J/yK%) x ego = NSRS (6.2)

Here £ is the integrated luminosity, eg+ and ege are the reconstruction efficiencics for

=
=

each mode including the branching ratios BR(JM — p*p~) and BR{KY — xtx).
At this point we need to assumme that the probability of the process b — B* is the

same ay for the process b — B®. This assumption has been used hefore at COF (see

3
&
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Ref. {38] and references therein). A bb quark pair will fragment in an isospin-invariant

manner as long as it does not interact with the fragments from the pp collision [49].
This is expected to hold in the central region at high momentum transfers.

We then obtain the Tollowing expression for the ratio of branching ratios

BB = J{yR*)  NUIPpK®) LB 63)
BR(B® — J[ORY) ~ 2N(J/PKE) * eps (6.

where the factor of 2 i3 a consequence of the fact that the K® decays as a K§ ouly
50% of the time; when it decays as a Ky, we lose Uhe event because CDIP cannot detect,

Kp's.
8.2 Determining the Number of Observed Events

We determine the number of observed events for each mode from Fig. 6.1 and Fig. 6.2.
These plots shiow the distribution of normalized mass, i.e., we compute the mass of
the 13 candidate, subtract the B mass and divide by the uncertainly of the mass mea-
surm;lcnt computed using the errors on the track parameters. We use the normalized
mass because we are mixing data that have tracks in the SVX with data that only
have GTC tracks. These two sets of data have different mass resolutions. Dividing
by the predicted resolution takes care of this effect.

A binned-maximum-likelihood method (38, Scction 7.5] is used to fit the number

of observed eveuts, The function fitted is

{m—p)? bw

1
-\/—ﬂ;exp(— 202 )+ Ng Ko (64)

flm) = Ng x bw 5

where bw is the bin width.

The it is performed with the software package PAW. This code evaluates the
function [ at the center of cach bin to obtain a prediction for the number of euntries
per bin. It then varies Ng, p and Np to maximize the log-likelihood function {we fix
o= 1.0).

To compute the number of entries predicted by the function f we simply sum

across the bins of interest

N=3 fmg) = / f—gﬂdm (6.5)
7 w
Phe number of signal events is then given by Ny and the number of background
events in a :2.5¢ region around the fitted mean g is given by Vg,
I Table 6.1 we summarize the number of fitted events for each decay mode.

Table 6.1: Numnber of fitted events (Ng) from distributions shown in Fig. 6.1
and Fig. 6.2,

Deeay Mode Ng

HpKY 6.0 £ 6.4

o * 1393 £ 15.7
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Figure 6.1: Normalized mass distribution for JAp K2 decay mode plotted in

‘ Figure 6.2: Nornalized mass distribution for Jlo N* decay mode plotted in
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Chapter 7

CTC TRACKING EFFICIENCY

The description of the details of the tracking algorithm “A” indicates that the perfor-
mance of the algorithm may be lower for soft tracks, large impact parameter tracks,
and tracks in “busy” envirouments. The pion tracks from the K% will be softer and
have larger impact parameters than the K* tracks, so a different efficiency may be
expected for the two I decay modes, In this chapter we report on the measurement
of the tracking efficiency used in this analysis.

To measure the tracking cfficiency we embed M.C. tracks in data Jfp events. We
developed a new technique which orients the M.C. tracks with respect to the Ji
from the data in a way which permits the reconstruction of the B mass after the
whole event lias been retracked. This allows a more realistic definition of the tracking
efficiency than the definitions used by previous aualyses. We have also allowed the
K* tracks to decay, which is an improvement over all previous treatments {32},

We provide a summary of the procedure, A detailed report can be found in
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Ref. [33].

7.1 Method

The algorithm used is detailed here.

L. For each Jfiy event, several M.C. events are generated for the particular decay

mode under consideration.

2. The tracks related to the Kaon (the Kson itsell for the At and the pions
for the K¢) are rotated to keep their relative orientation to the Jj direction.
The rotated tracks are required to be within the geometrical acceptance of the

detector.

3. A simulation program is used to generate the hits these tracks would produce

in the CTC. The same program is used to merge these hits into the data event.
4. The event is retracked.

5. The embedded tracks are searched for.

To rotate the momenta we used the formula described W Appendix €. This
is a new procedure which allows us to reconstruct the B mass after retracking the
event. The definition of the tracking efficiency is then straightforward using the fitted
number of B's from the mass distribution of all 1 candidates in the event. To form

the B candidates we use all the tracks i the event.
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The procedure of making a 31 rotation on the final tracks does not conserve the
Pr ool the rotated tracks. The tracking efficiency is a function of the Py so this effect
could skew our results. We checked that, on average, the Py distributions before and
afler the rolation are the same.

A track generated with the M.C. may not be reconstructed because it does not
go through the active volume of the CTC or because of inefficiencies of the tracking
algorithm. To disentangle the inefliciency coming fronm the geometrical coverage of
the detector from the inefficiency coming from the tracking algorithm we compute
the “exit radius” (fromm now on flg) of the helix as explained in Appendix B4 and
measure the tracking elliciency ouly for tracks with Az > 86.0 cn

The routine used to genevate the hits receives as input the helix parameters for
the particular track and starting and ending radiuses between which the simulation
takes place. It then applies d£/dx losses and multiple scattering smearing Lo simulate
the effect of the material from the starting radius of the particle to the iside of the
CTC. This means that particles [rom secondary vertices, like the 7=~ fram the K2

vertex, are scablered less than particles from the primary vertex.

7.2  Efficiency Definition

There are two definitions available for the tracking efliciency measurement. The

knowledge of the original track parameters of the embedded track allows one Lo search
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for it iu the reconstrucied event by comparing the original parameters o the param-

eters of all tracks in the event. This definition has the lollowing characteristics:

¢ [t allows one 1o measure a “single” track cfficiency, as it is possible to identily

an cutbedded track as “found” or “lost™.

¢ It is not realistic when compared to the 3 reconstruction procedure followed in

the data for which we never have the original track parameters.
To implement this defipition we define a “matching X*” as
Wi = ART CovT(h) Ak (ry

where Ah refers to the differcuce between the reconstructed track parameters and the
original track parameters and Cov(h) is the covariauce matrix for the reconstructed
track (with parameters ). We define a track to be *found” by the x3, methed if
there i3 at least one track in the retracked event with 33}, < a where o depends on
the starting radius of the particle [33].

We can provide a more realiglic measurement of the efficiency thau the 13, def-
inition becanse our embedding algorithim allows us 1o reconstruct a B peak aller
retracking, We define the tracking efficiency to be the ratio of fitted B events in the
peak to the number of embedded Kaons. This definition has the [ollowing character-

istics:




6d G5

=t
et
et
e
=
=
==
g
=
=
=
=
=
=
=
=
e
——
e
e
e
e
e
—
e
e
——
e
——
——
—_—
==
=
=
—
—
=
==
=1
==}
==
==
==
=
==
==
=
]
=
=
=
=
——
——
==
———t
=

=

¢ There is no way of knowing whether a particular track has been found or not.

We are only concerned with the total number of reconstructed B’s.

= o It is more realistic than the previous definition as it follows the usval 8 recon-

struction procedure more closely.

7.3 Tracking Efficiency Results for JigA* Mode
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To estimate the importance of modeling the finite lifetime of the A'* we show results ! —T- = * 247000 2 N
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imposed this restriction), [u Fig. 7.1 we show the tracking efficiency as a function of [ :4000 F ]

Pr{K'*) wgether with the reconstructed B peak afler retracking the event. The Iy L booo E 3

- - - E

0z | - 3 E

= curve quickly reaches a plateau, so we fit a constant value for Pr > 1 GeV/e, The fit . 71000 e 3
Y SR R BRI | RPN ST SR SR DI

2 4 6 5.1 5.2 5.3 5.4 5.

gives an efficiency of 97.4 & 0.1%. The mass plot is for embedded tracks with Pr > 1

GeV/c. By fitting the number of reconstructed B events and taking the ratio to the

Figure 7.1: Tracking eflicieucy for embedded K tracks. The K%'’s are not
allowed to decay. Left plot shows the tracking efliciency (according to the
X3, delinition) as a function of Pr. Right plot shows the reconstructed B
peak after retracking the event.

number of embedded Kaons we get an efficiency of 96.5 4 0.7%. The small difference
hetween these two methods is taken as a systematic error. We estimate a 1% upper
bound for this uncertainty. :

We now proceed with the full simulation. The K*'s are allowed to decay according

R

=

to Table 7.1. The charged daughiers from the decay are also embedded.

In Fig. 7.2 we show the tracking efficiency as a function of Pr{K*) together with

=

the reconstructed B peak after retracking the event. The Pp curve slowly reaches a
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plateaun. We it a constant value for #r > 3 GeV/e, The fit gives an efficiency of

94.6:£0.2%. The mass plot is for embedded tracks with Pr > | GeV/e. The efficiency

fron: the mass plot is measured to be 91.0 & 0.6%.
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Figure 7.2: Tracking efficiency for embedded K* tracks. The K*'s are
allowed to decay. Left plot shows the tracking efficiency (according to the
X}y definition) as a fuuction of Pr. Right plot shows the reconstructed B
peak after retracking the event.

We conclude that, as expected, the finite lifetime of the K'* lowers the tracking
efficiency (~ 6% for Pr{K*) > 1 GeV/c}. Softer tracks have a higher chance to decay
before crossing enough CTC wires, thus the loss in tracking efficiency is greater for

softer tracks.
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7.3.1 Systematic Effects for the JpA* Mode

We study the effect of the topology of the data events used. The event topology for
events with a JA produced ju the decay of a BB meson will differ from a generic Jf
event. Given that the tracking efficiency depends on the number of tracks ncarby,
we need to check how much our result depends on the event topology. We estimate
the importance of this effect by requiring the di-muon pair Lo have an SVX fit. We
then measure the efficiency with and without a ¢r cut on the Jip vertex. The er cut
greatly increases the B3 purity of the sample allowing us to estimate the size of the
systematic introduced by the event topology.

We measure the tracking efficiency to be 91.1:+£0.9% when no er cut is applied and
911+ 1.6% when a c7 > 0.01 em is applied. We conclude that the event topology of
the J/ events does not contribute a significant, systematic error to our measurement.

We also measure the probability that a track found by one efficiency definition
fails when the other definition is used. About 1% ol the tracks show this hehaviour,

Finally we assign a 1.4% systematic error Lo the measurenient of the tracking

efficiency.

7.3.2 Tracking Efficiency for the JAPK* Made

We have measured the tracking efliciency for Pr(K*} > 1.0 GeV/c to be Y1.0 &

0.6 (stat.) £ 1.4 (sys.)%.
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Table 7.1: List of simulated decays for the K'*.
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't Decay Modes

Fraction (I,/T)

1,
atgd
ataty

wta0g¥

ety,m?

63.5 %
212 %
5.6 %
L7 %
3.2 %

1.8 %
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7.4 Tracking Efficiency Results for the J// 2 Mode

Ia Fig. 7.3 we show the dependence of the tracking efficiency as a function of dg (the

track impact parameter). As expected the efficiency lowers with dy.

oo} s -
G “"*{ . ]
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Figure 7.3 Trackiud ﬁﬂleeliC as a function of (}() the pion track impact
L] 1 P
parametsr, with dg ex;)re&sed in (CIH).

in Fig. 7.4 we show the Pr dependence of the tracking efficiency for 7’ from the
K2 The left and right plots only differ in the range of Pr displayed. The arrow
on the Jeft plot shows the minimum 4 for n's used in this analysis. The right plot
shows a drop of the efficiency wlli;:h is caused by the boost of the K'Y decay distance.
This increase in the decay distance with Pr means that some A3’ will decay inside
the CTC with the daughter ='s crossing fewer wire layers.

We now proceed to show the B mass peak alter retracking the event. In Fig. 7.5

we show the I peak for all tracks in the event with and without the requirement of
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Figwre T.4: Tracking efficiency as a function of Pp{r). Lefl and right plot
only differ in the Pr range. 'The arrow indicates the cut applied in the ratio
of brancling ratios measorement. The drop shown by the right plot is due
to the boost in the K¥ decay distance with Pr.

{(M{r*r7) — M{KE))/o < 3. The tracking efficiency for reconstructing the K§ for
Pr(K%) > 1 GeV/cand Pr(r) > 0.35 GeV /c is measured 1o be 87.4 4 1.0% without

a K% mass window and 85.8 + 0.5% with a ] mass window.

7.4.1 Systematic Effect for the JAK] Mode

T'lhis mode has an extra source of systematics due to the requirement of (M{x*r)~
M{K2))/o < 3. Presently at CDI® there is some uncertainty as to the magnitude
of the predicted track ervors, To mweasurc the impact of lhis uncertainty we scale
the track errors and measure u change of about 1% in the efficiency. We assign a

systernatic of 1% to this effect.
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Figure 7.5: Reconstructed B mass peak. Lelt plot nses all tracks
while vight plot requires (M{xtx~) — M(K%)/o < 4.
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7.4.2 Tracking Efficiency for the JAKE Mode

We have measured the tracking efliciency for Pr(K%

GeVie to be 87.4 £ 1.0 (stat.) £ 1.7 {sys.)%.

| GeV/e, Pr(m) » 0.35

Chapter 8

RECONSTRUCTION EFFICIENCIES

The measurement of the ratio of branching ratios requires us to determine the ratio
of the reconstruction efficiencies between the modes (sce Chapter 6). Here we will

define the efliciencies needed and describe the method used to obtain them.

8.1 Monte Carlo Event Generator

Some of the efliciencies will have to be computed with a prediction of the byuark Pr
spectrum provided by a Monte Carlo generator [26, Chapter 5). This code generates
b-quarks with a Pr distribution determined from a next-to-leading order QUD cal-
culation. This calculation has uncertainties orviginating from the bquark mass, the
renornalization scale and the structure functions. The bquarks are generated in the
rapidity region ~ 1.0 < y(b) < 1.0 using the calculated correlation between the (b}
and the rapidity distribution.

The generated bquark is then fragmented into a B or a BY according to the
Peterson fragmentation function [38, Section 2.3]. The decay package QQ , developed

73
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at CLEQ, s used to {orce the decays #% — JUpK*, BY - JIoKE and Jip — prpr.
The KE — x7x~ decay is wot forced at this stage. The decay package is set Lo model

Lhe expected polarization of the J/ib.

8.2 Monte Carlo Sample

After the momenta of the £3 decay products have been generated, the detector re-
spouse is simulated with CDFSIM. This package traces each particle through the
detector until the particle stops or exits the detector volume. Ag the particle traverses
the detector db/dx and multiple scattering effects are simulated together with the
inlormation that the active regions of the detector are expected to generate. The
K% — n¥n~ decay is forced at this stage.

The simulated data are then processed with the same offline production package

used for the Run-fa data.

8.3 J/¢ Trigger Simulation

Liven though the trigger efficiency lor the Jf cancels in the ratio of efficiencies, we
need to simulate the turn-on of the trigger in order to determine its effects on the
spectra of the Kaon sector.

The trigger simulation used for this analysis parameterizes the responses of the

Level 1 and Level 2 triggers as a [unction of the Pr{g). It also implements the
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algorithm described in Section 4.1,

The response of the Level 1 trigger was oblained by aualyzing a data sample
that passed a single muon trigger. The mass between the trigger muon aud any
other muon in the event was computed and Jjo candidates were identified from the
M{p* ) distribution. This second muon was then wsed to measure the Lurn-on of the
efliciency of the Level 1 trigger. The efficiency ()f the Level 2 trigger was determined
directly from the JA# data sample described in Chapter 4. The Jfp trigger only
requires one of the muon legs 1o pass the Level 2 Lrigger. The other muon can then
be used to determine the Level 2 trigger efficiency [43].

The effect of the J/i trigger is considered by weighting cach M.C. event by the

probability of passing the trigger.
8.4 JAK?* Efficiency

The isolation procedure of the BY signal described in Seclion 5.6 determines the

following string of cfficiencies for the JAXA* mode

€ Crp(E) K Eerphr) R Eajg X tpagry X

CRg(K) X CTracking X €32 (8.1}
Not all the efficiencies in the formula above are needed as some of the Lerms cancel

when taking the ratio of efliciencies between both modes, We now describe each term

indicating which ones we cancel.
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Efficiency of the Pp(#3) > 7 GeV /e cut, cp

The: cppqm) is the clficiency of the Pr(B) > 7 GeV/c cut. This elliciency cancels

i the ratio because the same cut is applicd Lo both modes,

Efficiency of detecting the J/, ¢y,

flere ¢z is the efficiency of detecting the Jf7. It includes the branching ratio
BR(JA — u*p) , the Prip} cats, the trigger efficiency, the p tracking efliciency,
and the g geometrical acceplance. The ey, cancels in the ratio of efficiencies but this
ratio will have a residual dependency on these culs through their influence on the P

spectruny of Lhe Kaou.

Efficiency of the K'* selection, epa) X crg(r)

The eppry X ergir) 18 the Pr(K*) cut elliciency times the K% geometrical ac-
ccpt@ca The €pp(sy cancels in the ratio because we apply the same cul on both
modes. The tp k) is determined from the M.C. sample by selecting all the events
that satisfy the Pr(B) > 7 GeV/e, Pr{p) > 1.8,2.5 GeV/e cuts and which have a re-
constructed Jp, defined as a di-muon with mass within 3¢ of the P.D.G. [50] value
for M{J/p). From these events we count all generated K*'s from the 3 which satisly
the Re(K*) > 86 cm cut. Vhe effect of the J/ trigger is considered by weighting

each event by the probability of passing the trigger.

77
Efficiency of the Prob(AX%) > 0.01 cut

The eys is the efficiency of the Prob(AxE) > 0.01 cut applied to the increment in
x4 after a new constraint has been added,

For the JpK* mode it can be decomposed as

YT T V() X O{utam) X
CU(R) X Pyl Jfek) X CPIfeK) (8.2)
llere V refers Lo a vertex constraint, Pay refers to a pointing constraint in the
2-y plane and Pz relers Lo a pointing constraint in the z direction. In the ratio
of efficicncies several ol these efficiencies will cancel leaving us only to compute the

reduced X% efficiency

(,;f.z k= (\’U\'j (83}

We must also realize that the JpKY mode has an cgnivalent term Lo gy gy n the
point constraints of the n¥r~. We could think of V(&) as two simultaneous point
constraints of a charged track. So we take the ratio of efficiencies to be independent

of the c‘;tg for the JAG K'Y mode. We will assign a systematic error to this assumption.

8.5 JiKY Efficiency
The reconstruction efficiency for the JAKY mode can be lactorized as

€= Up(B) X Cep) X EJfe X Cpyry X
8) { E




AR

G

A

s

78

£;\»:‘ X Elvacking X t,b““‘vg) X Gt forg, X (X? (8,4)

Efficiency of detecting the K3, ey

The Exe I8 the K§ detection efficiency and it includes the Pp{r) cuts and the
geometrical aceeplance. We determine it fram the M.C. by selecting all the eveuts
that satisly the Pr(B) > 7 GeV/e, Pr{p) > 1.8,2.5 GeV/c cuts and which have a
reconstructed Jip, defined as a di-muon with mass within Jo of the P.D.G, value.
from these events we count all m¥r~ from the K¢ which satisfy the Py{m) > 0.35
GeV/e cut and have Be(n) > 86 cm. We make sure these are the x's down the decay

chain of the # us CDFSIM adds 7's to the original event. We take into account the
elfect of the trigger efficiency by weighting eachi event by the probability of passing

the trigger, computed with MU2TRG. We split this cificiency as

(ff‘; = €y} x €Ppin) (85)

Efficiency of the L., (A7) > 1.0 cm cut

The efficiency for L, (K%} > 1.0 cm is determined by embedding tracks in real

data.

Efficiency of the dy /a4, > 2 cut, ¢4, /0,

Now we need the elficiency of the drfoq, > 2 cut. We determine this efficiency

9
with the inclusive K% sample. We reconstruct a reasonably clean K¢ sample by
computing the vertex constrained M{x¥7~} and requiring L, (K8 > 1.0 cm and
dfoq, < 1 with dy the K¢ impact parameter. We then plot Lhe distribution of
M(x*ta) before and after applying the drfog, > 2 cut as it is shown in Fig. 8.1. We

MCASUIE €4, 75, = BT 4+ 2% where the error is statistical.
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Figure 8.1: Distribution of M(x%5~) used to measure the clliciency of the
d-foy, > 2 cut, The left plot shows the distribution before the dyfoq, > 2

eut is applied while the right plot shows the distribution after the cut has
been applied, !

Efficiency of the Prob{aAx}) » 0.01 cut

The ey 15 the elliciency of the Prob{AX}) > 0.01 cut applied to the increment in
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X% after a new constraint has been added. For the JA#K¢ mode it can be decomposed

as . .

Ex? T {ptum) X Caglutam) X
CYirtnmy X Cprta=) X EM(rta—) X

P2y JfKY) X EPIIVKE) (8.6)

Here Pry refers to a pointing constraint in the z-y plane and Pz refers to a
pointing constraint in the z direction. In the ratio of efficiencies several of these

efficiencies will cancel leaving us only to compute the reduced X? efficiency
€ T E(rtan) X tprias) X Al (rte-) (8.7)

The cancellation of the p* g cfficiencies does not deserve any comments. The
cancellation of the efficiencies for the point constrainis of the JAPA system Lo the
bean position against the efficiencies for the same constraints imposed on the JpK*
gystem i motivated from a study of the Jip — p¥ ™ and the ¢ ~ Jfpxtn~ decays.
It was observed that the efficiency of the Prob(Ax%) > 0.01 cut was independent of

the number of final tracks involved in the constraint.

The JA K% mode hias a Lerm equivalent to the point constraint of the #*x~ jn.

the X3 when the #(* track is added to the fit. "The number of degrees of freedom is
the same for both types of constraints and both constraints involve the requirement

that the Kaon trajectory should go through the p*p™ secondary vertex. So we cancel
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these termy in the ratio of cfficiencies and then the e.;{,, only depends on the rtn~

Vertex and Mass constraints, Thus the only efficiency that we need to compute is

R Q
(Xz = tygatae) X Caf{rtnm) (8.23)

We compute ey(rix-) by using the inclusive K¢ sample described carlier plus the
dy(m)/oq, > 2 cut. We add this extra cut to reduce the background. 1f the errors
were gaussian this cut should have an cfficiency of 0.99, from this procedure we get
eygrtr-) = 0.98 4 0.02 where the ervor is statistical,

- because this constraint

We cannot apply the same procedure to compute SqmtaT)

changes the distribution of M{r* 7). Instead we fit the distribution of dx [0y, before

and after the Prob(AX%) > 0.01 cut is applied. We measure Sty = 0.99 £ 0.02.
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Table 8.1: Efficicucies for the Jiph'* mode. The clliciencies have been
computed for events that satisfy the Pr(B) > 7 GeV/e, Prip) > 1.8,2.5
GeV/e cuts. The events are also required to have a reconstructed Jfp.

Cut Eiliciency Value
Re(K) > 86 cm 0.980
Tracking 0.9t

Table 8.2: Eliciencies for the JIpKY mode. The cfficiencies bave been
computed for events that satisly the Pr(3) > T GeV/e, Pr(p) > 1.8,25
GeV/e cuts. The events are also required to have a recoustructed Jfip.

Sy Eificiency Value
Re(r) > 86 cm 0.94
Pr(r) > 0.35 GeV/c 0.93
2 prev cfls 0.873
Tracking .87
L (K3 > Lem 0.92
2 prev efly 0.80
defoa, > 2 0.87
Li.o}(m;) > 0'0.1._,,,- 0.97

Chapter 9

Systematic Uncertainties

This chapter discusses our study of systematic uncertainties for the ratio of branching
ratios,  We expect the systematics to be small because in the ratio of efficiencics
several factors cancel. We will see that from all the possible source of systematic

crrors considered, only three contribute to the total systematic ervor of 6.4%.
8.1 cr() cut

A simplifying assumption used is this analysis is o cancel the efficiencies for the
er{f1) > 0.01 cm cut. Because the BY and the BY may have different lifetimes we
need 1o assign a systematic ermr'duc to this assumption. In Ref. [26, Section 5.2.9]
a method Lo estimate the cr(B) cut efficiency s described, The method considers
the 8 meson lifetime and the detector resolution to compute the efficiency from the
convolution of an exponential {for the cr(3) distribution) with a gaussian {lo modei
the detector resolution). They conclude that an uncertainty of ~ 50 g in the B

lifetime produces a 2% uncertainty in the efficicncy of the cr{#} cut. We assign a 4%
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systematic error to this source.
This systematic ervor should get reduced when a better measurement of the 8%

and 1° bfetimes is available,

9.2 Tracking Efficiency

We use 0.87 £ 0.02 for the JAKS mode and 8.91 £ 0.02 for the JAK® mode. The
quoted errors are upper bounds for the systematic uncertainties of the method used

to measure il. We assign a 4% systematic error for the ratio of tracking efficiencies.

9.3 Monte Carlo /() Spectrum

We study the effect of hardening and softening the default spectrum used by the
monte carlo generator described in Section 8.1

The two thick curves in Fig, 9.1 show two theoretical shapes available by changing
the default b-quark mass and the renormalization scale. There is a significant variation
of the absolute scales between the two curves but no significant change of the shape
of the curves. Our measurement is not sensilive to a variation of the cross section
scale because we are mieasuring a ratio but there could be some residual dependence
on the shape given the different kinematics of the Kaon sector for the decay modes.

To study the dependence of our result on the Pr(b} spectrum we produce two

inaximal variations of the theoretical shapes spectrum by mulliplying or dividing the

spectrum by (mf 4 Pr(bY?)°%. This factor is chosen because it approximately takes
one curve into the other,

With these two maximal variations we compute the efficiencies shown in Table 9.1
only using quantities available at the gencration Jevel. We show the change in the
Pr(K¥) cut elficieucy for completeness (the ratio does not depend on this efficiency).
We see that the expected dependence is observed, that is, & harder Pr(B) spectrum
gives a higher efficiency for the Pp(N'§) cut. There is uo dependence of the other cuts

ony the Pr(f3) spectrim so we do not assign any systemalic ervors,

Table 9.1 Effect of maximal £y(b) shape variations shown in Fig. 9.1.

Sut DEFAULT | SONT | HARD

Pr(KY) > 1.5GeV/e | 6741% {64415 |71 £1%

Priry > 035 GeVic | 9241% |91£1% |92 £1%

LiK$)>1an WEI% |MEI1% | MR

9.4 Trigger Systematics

We investigate the cffect of the uneertaiuties of the trigger model on our ratio of
clficiencies, We select high/low efficicucy curves for the Level 1 trigger and the Level

2 wrigger. We do not obscrve any significant variation. We must point ont thal we
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Figure 9.1: Maximal variations of the default Pr{b} spectrum used in this
analysis. The two thick curves are obtained by changing the default b-quark
mass and the renormalization scale. The thin curves show the variations
obtained by multiplying or dividing the spectrum by (m} + Pr(b)*)**. This
factor is chosest because it approximately takes one theory curve into the

other.
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have changed the turn-on curves according Lo the unicertainty of the CMU curves,
The uncertainties for the CMX systern are larger and are treated independently.
We change the Level I OMX trigger wrn-on maximally and again we find uo depen-
dence of our elliciencies on the Wrigger model,
We must point ont that we found no dependence of the individual efficiencies.
This indicates that the Kaon Pr spectrun is insensitive to the uncertaintios of the

Lrigger turn-on.

9.5 Pion Impact Cut

We study a possible systematic error coming from the Pr(Ng} spectrun into the
measurement of the pion impact cut efliciency. We are concerned that harder Ky
may have a larger d, distribution aud thus a higher efliciency. We apply different
Pr(K) cuts and measure the efliciency. The results are given in Tab. 9.2, No
dependence can be seen. This could mean a cancellation belween two compeling
eflects related to the boost. Oune is the loger decay length of boosted K¥'s which
results in larger © impact param‘eﬁers. The other effect is the decrease of the rts~

opening angle whick results in smaller * impact parameters.




G

Table 9.2: EBfficicncy of &, fog, > 2 cut for different values of Pr(KY).

Pr(KQ) > GeVie|  off
0.0 0.87 + 0.02
1.0 0.88 + 0.02
L5 0.89 + 0.0
2.0 0.87 + .02
3.0 0.86 + 0.02

9.6  P» Dependence of the Probability Cut

We are concerned with a possible anomalous Pr dependence of the tracking errors.
A study performed on the Jip normalized mass [44] indicates that the width of the
distribution has a slight dependence on the Py of the g tracks,

To study the effect of this dependence on our Prob{AX}) > (.01 cut we split the
K% sample according to the Pr of the softest . We eut at 0.65 GeV/e trying to
split the sample in halves. In Table 9.3 we show the resulting efficiency for the vertex
constrain cut. In Table 9.4 we show the resulting efficiency {or the mass constrain
cul,

"I'he change is minimal when compared to the statistical error. We assign no

systematic error to this effect.
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Table 9.3: Study of Pp(x) dependence of the efficiency of the Prob(Ax}) »
0.01 cut for the vertex constraint. The error is statistical.

Pr(n) elf

< 0.65 GeV/e | 97 £ 2%

> 0.65 GeV/e | 98 £ 2%

Table 9.4: Study of Pr{x) dependence of the eflicicucy of the Prob(Ax}) »
0.01 cut for the mass constraint. The error is statistical.

Py(r) off

< 0.65 GeV/e | 99+ 2%

> 0.65 GeV/e | 99 £ 2%

8.7 Dependence on Pr Cuts

‘o get an idea of the dependence or our result ou the Pr cuts applied to the B and
the Kuons we show in Table 8.5 the ratio of branching ratios obtained with different
Pr cuts. The last column shows the variations of the result when compared to the
vatlue §.77. The number of events and the efficiencies are slightly different from the
final values used in our measurement because they were determined in a different

manner, We conclude that the variations are well within the statistical wneertainty
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of the measurement. We assign uo syslematic error 1o tliese selection cuts.

Table 9.5: Dependence of the BRIBR v the Pr(3) and Kaon Fp cuts.

Values of the P cuts are in units of GeV/e. Errors in the BR/BR are
statistical only.

A A

JIeiE I8 TEn | BriBr| A
Pr(BY | Pr(KEY | Pr(B) | Pr(KY)

= 6 i 6 1 174/45 | 774 .15 | 0.00
E 6 1.5 6 L5 150741 1 804 .16 | 0.03
% 6 2 6 2 108/29 | .85 & .19 | 0.08
% 6 2.5 6 25 | 8323 | 884231 0
% G 3 6 3 TH/22 179+ .20 ] 0.02
E 7 1 7 i 13740 | .78 4 .16 | 0.01
% 7 15 7 15 /st [T a6 ] 0.0
% 7 2 7 2 104/30 1 .78 + .18 | 0.01
% 7 2.5 7 25 [ 83/23 | .85+ .24 0,08
E 7 3 7 3 7122 |19+ 22| 0.02
:%; 8 1 § 1 124/37 1 76+ .16 | -0.01
§ 8 1.5 8 1.5 LE8/34 | .7 £ .16 | -0.03
i 8 2 8 9 96/27 | .79+ .18 | 0.02
g 8 2.5 8 2.5 $0/22 1 .86+ .23 ) .08
% 8 3 8 3 0/ 177209 0.00
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9.8 Fitting Procedure

We investigate the effect of two parts of our fitting procedure on the N(J/PKE)/
N(J/¢KY) ratior the fistng function and the widih of the gaussian used to model

the signal.

9.8.1 Integrate Across the Bin

As explained in Scction 6.2 the number of signal events is only approximately given
by the parameter Ng, Lhe exact value given by a sum like the one shown ju Eq. 6.5.

An alternative procedure is to fit the funclion

bw

))+NBXEE

(9.1)

. bw b
J(m) = Ng x (Ireq(h + 2_3) - freq(rm — %
which is obtained by using Kq. 6.5 for only one bin. Here rit = {m — )/o and [req is

the CERN library function defined as

1oy $
freq(s) = —= [ —2)dt 9.2
r“l(x) \/2—“ . Cxp( 2 ) ( )
The difference between fitting f and f is that the parameter Ns now truly repre-

sents the number of sigual events. The fit is shown in Fig. 8.2,

9.8.2 Float the Width of the Gaussian

For our resull we fix the width of the gaussian 1o 1. In Fig. 9.3 we show the effect
of letting the width float (the function fitted is f). The fitted width is given by

parameter P3.

16
14
12
10

[ R O 1

Yigure 9.2 Fit using function f, which is described in the text. The siumber
of events is given by parameter P1.
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9.8.3 Results
T Table 9.6 we summarize the ratio of the number of events from the three procedures

reported in this thesis. We do not assign a systematic uncertainty to the fitting

procedure because the changes are well contained within the statistical errors.

Table 9.6: Dependence of the ratio of observed events with the fitting pro-
cedure. The ratio is N(J/YKE)IN{J /Y KT).

L

sik.rz sik.rz
T T T T 13 ) T =
. N 16 :"}nd” &Y /7 H ' 3 80 ! A/mrmzz‘ ‘uz: - .
- . s 37004 64574 P ¥
Method N{J/i,b K 5 N(J/w K ) Ratio I P2 | Favs-or s 2usl 70 P; -.“593:
14 ) 1158 ¢ 15677 P 1.081 &
:~ L] 3550 ¢ 18144 60 P4 LR S

Fit f 360464 13931157 | 3.87L£0.82 12
10

50
3 40
1 30
20
10

Fit f ]3634+62 | 141.8+15.9 | 3.91 +0.83

AL L LA ALY AL L

Float o | 37.1 £ 6.5 | 14522178 | 3.91 £ (.83

— c5i3
bt JBZER

sl

BN ARRERERN ARRNRES
1T

e dics)

[l SR -2

PR SRR NN W T T

-10 0 10

Figure 9.3: Fit with a floating width. The number of events is given by
parameter Pl and the width by paramneter P3.
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9.9 Cancellation of Prob(AX%) > 0.01

We have assuined the following cancellation of efficiencics

Epfmtn=) X CPug(fyRT) X CPaIfRY)

(9.3)
EV(R) X Crayldfuk) % EPs(J[eK)

As it was indicated in Section 8.5, the cancellation of the efficiencies for the point
coustraints of the two I3 systemns is expected to hold as a result of the independence
of the efficiency of the Prob{AXx%) > 0.01 cut with respect to the number of tracks
involved in the constraint.

We uow check whether the cancellation of the efficicucies for the P{x*x~} and
V(K} coustraints holds in the M.C. sample. This is necessary because these two
constraints are treated differently by the algorithm. The constraint of the KY is
treated as a poiul constraint while the K'* is trealed as a veriex constraint. In
Fig. 9.4 we show the distribution of AX} when the K* is added or when the K is
point constrained in 3D. The fit shown is a X* distribution with 2 dof and a scaling
factor given by parameter 2. We only fit the region 8-14 to avoid the tails coming
fromn non-gaussian errors. We conclude that the shapes are consistent with each other.

We know procced to compute the efficiency for the Prob{Ax%) > 0.01 cut. To do
this we count the number of events within £2.50 in the normalized M{B} distribution
before and after applying the cut. We measure eprt 5-) = 0.962 £ 0.002 and ey(uy =

0.967 + 0.002. The etrors are binomial.

97
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10° 10 E T e s
= 4 P2 R0 2 .HIK’DE
102 4 10%k -
- ] g E
10 E E I 1
E j 10 3
1 : :
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Figure 9.4: Distribution of Ax% when the K* is added (left) or when the
K is point constrained in 3-1 (right). The fitted scaling factor is P2. The
fitted valucs are fairly consistent.
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If the smearing of measured quantilics were gaussian, this cut would he 99%
clficient. The M.C. predicts only a 96% efficiency. We assign a 3% syslematic error
-as an upper limit- to the cancellation of the efficiencies of the Prob{Ax%) » 0.01

culs.

9.10 Summary of Systematics

fu Table 4.7 we summanize the values used in this analysis for the systematic error

estitpates.

Table 8.7: Values for the systematics associated with this measurement.

Origin Value (%)
er{8) > 0.0l em 4
Tracking Efficiency 4
Prob > 6.01 3
combined 6.4

Chapter 10

RESULTS AND CONCLUSIONS

The measured ratio of the numbers of eveuts is oblained from the fitted values shown

tu Table 6.1

N{JpK*)

W = 3.87 + 0.82 (M‘dL.) (]()l)
* 5

The evror quoted represents a 21% statistical evvor and it is the dominant uncer-
tainty of the measurement.

The ratio of efficiencies is determined from Tables 8.1 and 8.2, namely we have

CI1eRY

it

CHy(x} X CP, :}X
eopens (tRg(s X Cpr(y

{€teacking X CL,,,(;\*g)) X i fog, X e."\*,?

EH(K) X Cleacking
0.80 x 0.87 x 0.97
0.980 x 0.91

0.661 + 0.042 {sys.) (16.2)

= 0873 x

il

The systematic error corresponds to the 6.4% from Table 9.7. This ratio of efliciencies

needs 1o be corrected for the branching ratio BR{KAY — nt5™) because we forced

99
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this decay mode during simulation. So using Eqg. 6.3 we get

BR(B* = JjpKk*)  INU/PKY) e oy
BRI S J6RY = 3NGRD <oy * BRI i)

= 0.5 % (3.87 £ 0.82) x (0.661 £ 0.042) x 0.686

= 0.88 4 0.18 {stal.) + 0.06 (sys.) (10.3)
We now use the CLEO value for BR(BY — JipK*) from Rel. [3} to obtain

BR(B® — JApR®) = 0.125 + 0.031 (stat.) £ 0.014 (sys.) % (10.4)

10.1  Comparison to other 7(5*)/r(5°) Measurements and Theory

ey

We bave collected in Table 10.1 a list of recent measurements of the T{H#¥)/7{[#%)
ratio. AllCDF measurements refer to the same run. We can sce that our measurement
is consistent with all other measurements within our statistical errors, We can also
see thal our measurenrent is consistent with the prediction available in Ref. [2] which
gives

(Bt) I
) = 0 Mevy (10:9)

where fy is the BB meson decay constant. Using an estimated value of [19, Table 12]

[g = 180450 MeV the ratio is expected Lo exceed 1.0 by a few percent Lo 10 percent.
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Table 10.1: A sumimary of recent ratio of lifetimes measuretents.

Experiment Technigue {3}/ r(B%)
CDF BR{B*® — JHpKYY BR{B® — JIGK°) | 0.88 £ 0.18 + 0.06
CLEO [45] BR(BY = XIw)/BR(B® — Xlv) | 0.93 4+ 0.18 £ 0,12
OPAL [40) » 0.99 & 014755
DELPHI [47) Livent Topology 1063513 0,10
DELPHI {48] Vilis 1.00+317 4 0.10
CDF [6] JA K Direct 1.02 4 0.16 £ 0.06
| CDF [19] Dt 0.96 + 0.10 £ 0.05

10.2 Comparison to Other Exclusive Branching Ratio Measurements and

Theory

In this Section we compare our results to other experiments which use the same
exclusive channels Lo comnpute the branching ratios for JORKE and JAEKY. We only
compare to CLEQ 11, given that their statistics far surpass the other experiments. We
can sce Lhat our measurement of the ratio of branching ratios has the best statistical
crror (20% compared to 35%), this is expected as CLEO only reports 10.0:£1.2 events
for the JipKE mode. We then compare our measurement for BR{B® — Ji3K°). The

CDF statistical ervor now inercases up to 25% becanse we use the CLEO value for
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BR(BY — Jp K +). This statistical error is comparable to the 32% statistical error

for CLEQO’s measurement of BR(BY — JAHKN).

Table 10.2: Branching ratios measurement avaifable at present for the ex-
clusive decay channels. The values for ARGUS, CLEEO L5 and CLEO 1}
were taken from Ref. {11]. P.D.G. 1994 refers to the world average value
given in Rel. [50].

Yource BR(BY = HpK*) % | BR(B® — JjpK") % Ratio
CDF 0.125 £ 0.031 £0.014 ; 0.88 £ 0.18 £ 0.06
ARGUS 0.08 £ 0.04 0.09 £+ 0.07 0.89 -+ 0.82
CLEO 1.5 0.09 & 0.03 0.07 £ 0.04 1.3+049

CLEO 11 0.110 4 0.015 £ 0,009 | 0.075 £ 0.024 £ 0.008 | 1.47 £ 0.51 £ 0.20

P.D.G. 1994 0.002 £ 0.004 0.075 £ 0.021 1.36 £+ 0.42

From Ref. [5t] we obtain a prediction based on the factorization approach. The
ncthod uses results from ARGUS and CLEO o fit an effective parameler ;. The
modes used in the it are B® — JAHKY, JWK* and BY — JOKY, K. The
resull is Jaq) = 0,26 £ 0.01 £ 0.01 £ 0.02, where the first error is statistical, and the

second and third are systematie. The prediction of

BR(B® — JipK°) = 1.817a% {10.6)
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can he used to get
BR(I® — JHK®) = 0,123 £ 0.02% (10.7)

where the ervor is the combined error in quadrature from the e; uncertaiutics.
, . . .
We can see that there is very good agreement with our measurement. This agree-
ment should be taken with caution. As stated in Ref, 31}, the factorization agsump-

tion 1s not well founded for colour suppressed decays.

10.3 Future Prospects

In "Lable 10.4 we List the three sources of uneertainties for the ratio of branching ratios
measurement. We sce thal the main uncertainty in onr measurement comes from the
low statistics of the S A mode. hisproving this value is not an casy task, though. In
Fig. 10.1 we show a Jfp K'Y peak obtained with the same data but with looser selection
cuts. We see that the signal has increased to be 55 4 9 events. The statistical error
now is 9/55% 100 = 16% not the naively expected = VE5/554100 = [3%. The correct
founula to use for the uncertainty in the number of events S s 0 = VT 4 B with 22
the number of background events under the peak. This means that il we refax the
cuts to geb more signal, the improvement gets ditated by the corresponding increment
of the background.

In this avalysis we have kept the cuts applied to eacl mode as similay as possible

in order Lo keep a better control of systematic uncertainties and possible errors in the
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computations. This means that i we gain JRPKE events by loosening some culs, we

will get a worse signal-to-noise ratio in the JiPh'® mode. This leads us to conclude:

The most ohvious improveuient Lo the present measurement will come from the
added data from the ongoing ran {Run-1b} with an expected Lotal luminesity
of 100 pb~" by the end of July 1995. This will mean that our stalistical crror
should reduce from 20% down to 10% once Lhé whole data set is analyzed. The
statistical uncertainty of the branching ratio measurement shonld decrease from

25% down to 17% {we have kept the present CLEOQ uncertainty of 14%).

Table 10.3: Sources of uncertaiuties for the ratio of branching ratio mea-

surcment.
Source Contribution %
NU$KRE) 18
N{JppRE) 1
Systematic 6.4

The three B decay modes reconstructed in this thesis show very different signal-to-
noise ratios. The JAPI* has S/N = 1.0, the JAPK** has S/N = 5.0 and the J0Kg
has S/N = 10.0. This is indicating that the identification of Kaons int a hadronic

environment is an important issue to reduce background. We already pointed out in
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Figure 10.1: Mass plot for JAOKY mode showing 55 £ 9 events. The sta-
tistical ervor is 16% because of the increase in the background, Without
background the statistical error wounld be 13%.
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Chaptler 1 that the Fermilab tl‘evatron lias a bquark production cross section that
is 50,000 times larger than a ¢¥c™ collider working at the T{45) resonance (at the
energy of LHC, /s = 16 TeV, the cross section is about 500,000 times larger). This
fact would make a hadron collider the ideal place Lo study 8 physics were it not for
the very large backgrounds that have to be rejected. A particle ID system capable of
dilferentiating Kaons from pions in the Pp range 1.0 < Pr < 2.0 GeV/c could prove
useful to improve the S/N of the JpK* mode.

The CDIE silicon vertex detector has proven to be a very important element ol
this analysis by allowing us to lower the Pr cuty while keeping a good signal-to-noise
ratio. During Run-la the SVX suffered radiation damage, mainly from 30 pb™' of
collisions, which lowered its performance [27]. The main effects of this dose are an
increment of the leakage currents of the SVX ladders, an increase of the electronics
noise and a decrease of the gain of the readout chip nstalled in the SVX detector.
For Run-ib an AC-coupled detector (SVX') equipped with a radiation-hard readout
chip was mstalled inits place. The SVX' is expected Lo survive Lhe radiation damage
from a few hundred pb™" of data at the Tevatron. An important drawback is that the
5VX only covered about 70% of the interaction region. This means that ouly about
60% of the JAp's have both muon legs in the SVX, which reduces the impact ol the
5VX. For Run-1b a small iinprovement was obtained by a change in the design that

chminated a small gap between the two barrels with a consequent 5% increase in the
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acceptance. A longer detector (SVX-II) consisting of three barrels will be in place
for Run-11 {scheduled for the end of 1998) with a total fengtl of 96 cm {compared to
51 cm of the SVX and SVX' detectors). Another importamt feature of the SVX-11 is
that it has 3D tracking capabilities.

Two assumptions were needed in the measurements reported in this thesis, The
first one {Chapter 6) is that the production of neutral and charged I3 mesons is the
same, namely

o(pp—r b= B*)Y = o(pp = §— BY (10.8)
This assumsption has been used in published results and it is expected to hold at CDF,
The second assumption refers Lo the equal rates for the partial decay rates {sce the
introduction):

[(B* — JiR ) = (B - Jo K% (10.9)
In the future when an inceeased number of reconstructed cvents allows for a significant
reduction of the statistical error we should consider measuring the following ratios
instead:

OBR(BY = JfoKt)

Be = BRUG — Joh)
BR(B® — Jhi k")
Ry = ——oo 707 )
o BR{EY — JjinK®) (10.10)

These ratios can be used to check the validity of the factorization hypothiesis for this
type of decays. Neither of the two assumptions mentioned above are newded for Lhese

ratios.
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The main interest in the JAHKY mode comes from being the “golden mode” for
the study of CP violation. In Appendix A.5 we show the several simplifications that
this nmwde permits for the measurement of the angle # of the unitarity triangle, "I‘his
thesis demonstrates that it is possible to reconstruct a very clean JWKE sample in
a hadronic environment. Based on this result an expression of interest by CDF has
been submitted to Fermilab that expects to measure sin(28) with a £0.18 uncertainty
by the end of year 1999 with a tolal integrated luminosity of 1.5 ™. Four basic
improvements over the present CDF performance are expected to make this measure-
ment possible. The decay mode JAip — e*e™ is expected to improve detection rates
by a factor of two. The planned upgrade of the Data Acquisition System {DAQ) for
Run-11 will permit lowering the muon £ trigger thresholds to 1.5 GeV/e {for Run-tb
the present DAQ cannol handle the trigger rate resulting in physics evenls getling
lost). A Time of Flight system is being proposed to provide Kaon/pion separation of
20 up to 1.6 GeV/e. This should improve the efliciency to detect the other B in the
event. The tracking and triggering acceptance would need to be improved also.

The expected asymmetry if the CKM phase is responsible for CP violation is
expected to be [52) 0.53 < sin 28 < 0.81, which means CP violation outside the

Kaon system could be observed in an upgraded version of CDF by the year 2000.

Appendix A

CP VIOLATION

About 30 ycars ago (1964) Christenson et al. [14] reported the observation of the CP
violating decay K§ — a¥n~. The #*r~ can only have CP = 1 (14, Section VLB
The K} is an eigenstate of the total Hamiltonian. If the Hamiltonian conserved CP
then K¢ would have CP = —1 and the decay would be forbidden.

There is no solid theoretical understanding of the origin of C1' violation. The
experimental oi;servazious thus far could be completely due to the KP(KE) being
almost CP = ~1{+1) eigenstates with a small (~ €} mixture of the other CP eigeu-
state. The Standard Model (8.M.} allows for this situation but the predictions have
large uncertainties. The observation of direct CP violation {defined later) would rule
out a class of models called supc:"wmk and could provide support for the S.M. The
modes B® — Jp K2 togethier with 5% — n*n™ serve as a good probe of direct CP
violation [15, Section VIIL.B).

The measurement of CP asymiuetries in £ decays can also provide checks on
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physics beyond the .M. This could happen in several ways [16]:
1. Siguificant contributions from new physics to B-B mixing.

2. Unitarity of the CKM matrix does not hold.

3. Decays where the expected 8.M. asynmnetry is small (like pengnin dominated

decays), if measured to be large, would signal new physics.

The study of CP violalion may also have relevance to explain the baryon asym-
metry iu the Universe. The present obscrved ratio between the nucleon density sia
and photon density 1, is {17, Bq. 14.67]:

o107 (A1)

n,,
This density is computed from the 2.7 K degree background blackbody radiation.
This radiation can be traced back in time to mean that about 1077 sec after the
origin of the Universe there was an asymmetry between the quark density and the
anti-quark density of
Ry Ny

Sa 10 2
ny + nge (A )

b=

Within the context of the S.M. this cosmological asymmetry can only be intro-
duced as an mnitial boundary condition, which seerns unesthelic. An alternative path
is to postulate an interaction (beyond the S.M.) which would dynamically generate
the asymmetry around 107* sec into the Big-Bang. 'This new interaction would have

to violate CP 18]

L1

A.1 CKM Matrix

The following discussion is taken from Rel. [18]. In the mininal .M. the Yukawa
leraction is writlen as (18, formula (2.142)}
v . - ”
e A PRy o w -
‘C\’“k = Z [ mndnt P R+ Z ! :m'?f:zl,‘ro "ﬁﬂ + Z I “ll\rl:l!;?"";iﬂ + LG (A‘J)

mn=i mn=l ma=l

where T, T and 1'* are arbitrary £ % matrices, i, 0 are indexes that run across

the [ families. The symbols 4%, and B, represent the SU(2) doublets of lefi-handed

fermious
o na
Yut, = (A
i .
5,
£
0
r“ V“N
mi, = {A.5)
1]
€
w ),

The superscript 0 denotes “weak interaction basis™, that is, the basis where the

currents are flavor-diagonal [19, page 126]. The symbol » represents the doublet of

sealar particles

p*
Y= {A.0)
'PU
and
»)"t
7= (A7)
-

HL.C. means hermitian conjugate.




112

The condition that only the .lcl't.-hand(r(l fermions translorm under the SU(2) gauge
transformations forbids the inclusion of bare fermion mass terms. The [ermion masses
are generated through spontancous symmetry breaking by which the neutral compo-
uent of the Higgs ficld ¢ acquires a vacuum expectation value (here taken to be real
and of magnitude ¢/v/2). Irom Eq. A.3 we can see this V.5.V. induces the lollowing

terns in the Lagrangian

¥ = F

Ly = il + o 5 [rn—enn +11.C
P IR TIRD W

= '”Al"u‘},+ﬂz\/["d‘n+c,1l‘c‘},+HC (A.8)

The mass matrixes M*¢} are in gencral complex and non-hermitian. A unitary
transformation of the fields can be used to make them diagonal by expressing the

Lagrangian in terms of the “mass eigenstate basis” of [ermion fields, namely

uf Afuy, (A9)

W, = Ajup (A.10)

with similar transformations for the d®’s and €”’s. The electromagnetic and neutral
weak currents do not change form in this new basis. The leptonic part of the charged
weak current does not change forin either because the neutrinos are supposed to be
massless. The part dealing with quarks generates interaction terms between fields

from different families according to

P
Y 2 PLACaUR (A1)

ma=1
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with £, the projection operator into lelt-handed ficlds and
Ac = ADAY (A.12)

is the generalized Cabibbo mateix. In the case of £ = 3 this matrix is referred to
as the Cabibbo- Kobayashi-Maskawa matrix ([rom now on V). The CKM matrix has
enough degrees of [reedom to contain an imaginary number whose phase is observable.

The matrix can be written {20, page 1633)

Ve Vs Vb 1 A AM(p—ip)
V=] Va Vo Va | = - 1 AN (A.13)
Vu Vi, Vi ANl = p ~ip) —AN? 1

The second expression i1s known as the Wolfenstein's parameterization. The expan-
sion in powers of the “small” parameter A (A = 0.22) is motivated by the observed
hierarchical structure ol the couplings. The possibility of having n # 0 allows us to
have a CP violating interaction in the S.M.

With this definition the part of the Lagrangian providing interactions across fam-

ilies can be written as [21]

LM = f{(ucDm'V s | Wredsbyy vt o | Wiy (A

o
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A.2 The Unitarity Triangle

The CKM matrix defined by Eq. A.12 is nnitary. This condition is commoutly repre-

sented geometrically in terms of triangles as shown in Fig. Al for the relation
VadVi 4+ VaVi + ViVip =0 (A.15)

rescaled by VgV [20]. The angle 8 can be expressed as

VeVig

A==y s

(A.16)

with similar expressions for o and y. These three angles can be directly related to
CP violating asymmetries in the decay rates for quark transitions shown in Fig. A.L.

We will show later how the decay mode By — Jp K can determine the angle 3.
A3 B%B° Mixing

The fact that the strong interaction dominates the production of hadrons allows one
to produce states which are exclusively eigenstates of the strong interactions but
not of the total Hamiltonian, Degenerate states of the strong interaction can be
coupled by the weak interaction which can connect quarks across families. Exanple
of these systems are {K°,K°}, {D,D°%), {B%B). The coupling among degenerate
states means that a pure jnitial }8° > state will have a |B® > component after the

system cvolves according to the full Hamiltonian. This effect has important physical
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B d(l)~>u)

0.0 (L0

Pigure A.l: Geometrical represeutation of one of the relationships given
by the unitarity of the CKM natrix. The trausitions shown are the ones
cousidercd best suited to measure the corresponding angles. The decay
wode By — Jfp K can determine the angle 3.

consequences, ote of them being that the usual exponential law for the decay of
uistable particles does nol apply for these systems.

In the B rest {rame the time evolution is given by [19, Section VI.E]

a B 2l
25}' B = H - (A]T)

B B
with H a 2 »x 2 matrix representing an effective Hamiltonian having coutributions

from the stroug and weak intecactions. H is vol hermitian as the states B(B%) do

decay. The cigenstates of H are writlen as [20]

i

18 > P > B>

By > = piB> —iB%> (A.18)
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with H and L denoting the high and low mass state, p and ¢ are fuuctions of the

elements of H. The two stales will have different masses and lifetimes. In the BY

7
that is, the weak phases change sign and the strong phases remain unchanged.

Three classes of CI' violating effects can be defined. Direct CP violation vefers

LS

systern the difference in lifetimes is supposed o be negligible. o a difference in the decay rates between the two processes iu lig. A.21 without any
By defining contribution from mixing effects. We can see that this requires at least 2 terms in the
y My + M, sum with different weak phases awd different strong phiases. CI¥ violation via mixing

= I 2——'
refers to differences in the deeay rate due to interference between the two paths shown

AM = My~ M,
AMi in Fig. A2 Indivect CP violation would arise from any difference in the Bifetimes of

= M
Po= {A.19)

the two eigenstates [20].
the proper time cvolution of a state which is pure B9(B°) at ¢ = 0 is given by

B® B
B° —Pt/2) exp(=iML) x {cos o B® > +i sin | B
= 1B°(6) > exp(~1't/2) exp{—iM1) x {cos @} 1¥ > +zpsuu,o( >} / \ / \ i

ne f B f

it

ML

= 1B%1) > = exp(~Tt/2)exp(—~iM1) x [iLsin gl BY > +cosp B° >} (A.20)

== b

= . . Figure A.2: T'wo coutributions to the total deeay amplitude of a neutral 8
= A.4  Classes of CP Violation iesou, The interference between them allows for differences in the decay
— i rates of left diagram and right diagram.

When computing decay amplitudes a distinction is made between the phases that

arise from the CKM matrix (called weak phases) and phases arising from final state
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rescattering effects (called strong phases). The amplitude of the process f — [ with A5 CP Violation in the JA% Mode

[ some final state is rclated to the amplitude of its CP conjugate process as

The decay mode By = Jid A s often referred as the “golden mode” for the study of
Y § LS

AB~]) = ; A, exp(a(8; +45)) CP violation in the 8 system. In this section we will show why this is so.

AB—f) = ZA,exp(i(b} - ¢;)) (A.21)

The first thing te know is that the J/GKY from a By decay is a CF cigenstate,

=
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namely CPLJAGKE »>= ~|JfgRY >, This allows us Lo write the following relations

for the decay rates of the stales defined in Bq. A.20:

T(B°() = [) = exp(=TJA) x

2
i—j sin® @y + Im (%) sin 29}

BN — f) = exp{~I)|A}? x

{C"32 @t {

: pA

A ,
{cos? ¢, + ‘;‘;—Z sin®, + Im (QA) sin 2, {A22)

We make two approximations at this point. First we have neglected the effects of

Al'; this can be shown to imply

q

L. A23)
{Pt (

This decay mode can be shown io proceed mainly through the amphitude shown on

the left of Fig. 1.1. From Ex. A.21 we can sec Lhis means

% = exp{2id) (A.24)

in other words, the strong phase § cancels and the ratio of amplitudes ouly depends

on the weak phase ¢.

With this simplifications we computie the asymmetry

P(BY(t) = /) -~ P(B°(t) —~ )
rBy = N+ LB — )

sin{AM)Iin (9—4) (A.25)

Acep

il

pA
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By considering the box diagram and the diagram in Fig. 1.1 is possibié to show
that [19, Section X.F

G A VAV VeV VeV
- AL M (A.26)
pA - Vb VoV, VsV,

E

Aflier some cancellations and using Eq. A.16 we find

Acp = ~sin 2Fsin(AMY) (A27)




Appendix B

CDF TRACK MODEL

A set of formulas necded for this analysis are described licre, We wrote several rou-
tines that implement them. Sorme of them are improvements over previously existing
routines, others did not exist at the time.

The CDF track helixes are determined by the five paramelers ¢, ¢g, cot 0, dp, and

2zy. Definitions for these parameters can be found in the following text.

B.1 Derivation of Track Equations

Prom Fig. B.1 we can write the following expression for the point {z-y} at which
the momentum is drawn (P* for a positive particle and P~ for a negative one)
® = o+ |rlese
¥y = ot lrjsing {B.1)
‘The angle o satisfies the following relations

a:¢+—n/2:¢-—31r/2 (B2)
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p

-

L)

X

Figure B.1: Track of a charged particle through CDI’s magnetic field region

which implies that

cosa = sinet = —sing” = Quine

sing = ~cosgt =cosg” = ~(Jcos@
'

(B.3)

where we define ¢ Lo be the polar angle for the momentum. If we define r to be the

radius of the circle times the charge Q of the particle we get

r = wgrsing

|

¥ O= Yo — FCos @

(B.4)
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Following a similar kind of argument and defining d = /2 + yd — |r] we can write

the coordinates of the point of closest approach as

Ios = ‘-(}QSSH (bu

yoa = diFcosdn (B.5)

where ¢ is defined to be the angle of the momentum at the point of closest approach.

We can also use Eq. B.4 to get

Top = Tt rsindg
Yoa = o~ TCosdo (B.6)

With the definition dy = Qd and by using Eq. B.5 and Eq. B.6 we find that

#g = —(r+ do}sindo

i

Yo {r + do}cos do {(B.7)

Il we define s to be the arc length along the circle projected on the x-y plane by
the particle’s trajectory from the point of closest approach, we can write the following

relation between s and the tuming of the track momentum A¢

A¢ = 13 (B.8)

We can see that the momentum of positively charged particles turns in the direc-

tion of increasing polar angle while negative particles do the opposite. The angles ¢

123
and ¢g are related as
¢ = dg+ D¢ + 2nxw (B.9)

where n is an integer chosen o give ¢ in the range [0-2x] as is the CDF convention.

We finally write relations for the remaitiing two CDF track parameters c and cot{

1
€
2r
P
cotf = ;}f (B.10}

We can then write the following relations:

z = rsing~(r+dy)singy

B
il

~rcos @+ {r -+ dy) cos ¢

z = zg+scotd {B.11)
B.2 Track Momentum at the Vertex

The CDI" track parameters are given at the point of closest approach to the 2 axis of
the global CDF coordinate system. For tracks produced by a long lived particle { like
the 7% tracks from a K3 ) it is necessary to compute the momenturm at the decay
peint Xe. This is very simple to achieve. From the first two previous equations we
get

sing = sings+ ———~—————XS +(i“5i" L

~ ¥ + dp cos ¢
-

cosd = cosdy+ (B.12)




EEERAEEEN

=

=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
e
e
e
e
e
g
b
e
e
e
et
ey
e
e
e
——
=
=
=
—
——
=71
=1
=
=1
=
=
=
e
e
e
e
e
e
e
e
=
)
e
et
e
——
=
—

—

]
]
=
=
=
=
=
=
=
=
=
=
=
=
]
s
]
]
e
]
]
]
e
e
e
e
o=
e
e
e
—_—
==
=
=t
==
==
—_—
1
4
———
e
e
1
e
e
e
E
S
S
b
B
B
e
e
e
e
e
==
==
=
=
=
=

=

S
S
S
==
==
==
=
=
==
B
==
E
e
e
e
e
e
=
e
e
e
e
e
e
e
e
e
e
e
=
=
==
==—
=
=
==
=
_
_
_—
—_—
_
_u
=
==
——
S
F—
e
=
=
=
=
B
|
==
1
=
|
==
=
=
E—

=

By definition ¢ is the angle of the tangent along the particle’s trajectory. Then
the momentum vector is oblamed with

1498961 —4 x B

Pr T — (13.18)
Iel

Pr = peosé

po= posing

p: = peotl (B.14)

where B is the magnetic ficld in KGauss.

B.3 Helix Parameters from GENP

Here we derive formulay that allow one to obtain the track equations for a parti-
cle of given momentum £, created at the point f{'y, and with charge Q. We have
implemented them i subroutine XV_P_Q_HELIX.

It is straightforward fromn Liq. B.13 to get

1.49896F — 4 x B

L 2 (B.15)
P
aud from Eq. B.14 we get
ot = (1.16)
]

We compute the coordinates of the center of the helix by using Eq. B.4

To = &y~ rsing

Yo = Yetroosg (B.17)

125
where sin ¢ and cos ¢ are oblained with

sing = Py
I

wsg = & (B.18)
h

If we define ro = y/zd + yd we then have
do=ro—r (B.19)

As it stands, this formula is correct but numerically unstable. This is because
{dol € Jrol. To solve this problem we use a technique learnt from Joel Heinrich. We

oblain an alternative expression for dy by multiplying L. B.19 by |
dy=ry—r = SO TR TN (1.20)
Il we use Eq. B.17 we get

N = (rog~r)ra+r)fr

R
Loty + 2(y. cos @ — x,8in @)
-

D = l4rr (B.21)
We now obtain ¢ by using the following relations from g, B.T and Eq. B.19

Lo

i

$in ¢o -
[t

iu
fa

(B.22)

i

€08 Qg
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We then use
do = cdlphi {atan2 (sin o, vos ¢y} (B.23)
where cdfphi is the staudard CDF routine which returns an angle between (0-27).
Now we proceed 1o compute zo. This is a bit more involved. We multiply the first
line in Be. B.11 by cos ¢o, the second line by sin ¢o and add them we get

z, €08 do + ¥, sit gy
r

(13.24)

e
:‘zn(r) =

If we now nmudtiply the first line by sin do and the second tine by cos éo and subtract

it from the first one we get

COS(;): J.\,smgfm—y;,cos%i»ro (B.25)
And finally we get
s = r X atan2 (sin(i),cos(;)) {B.26)
- ;

I must be pointed out that the solution provided is restricted to tracks that
bend < 7 fromi the point of closest approach to Xv. For p > 250 MeV /e, this
approximation is an excellent one. There is a simpler alternative to get s. We first

coinpute the angle ¢ at Xy
¢ = cdiphi(atan2(p,, p.)) {B.27)
we can then compute the bending ay

Aoy = ¢y — ¢o + 27 (.28)
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with & the integer that satisfies
fr — do + 2ha| < 7w {B.29)
and we get for s
5 =rdo (B.30)
Thus we get for z¢
p =z, - scobd {B.31}

B.4 Exit Radius (R}

We want Lo compute the radins al which a helix exits the CTC. The formulas given
here are implemented by rontine RADIUS. There is no equivalent CDF routine to
do this. The CDF rontine TRPROP could be used with two ronsecutive calls o
provide this result.

We first compute the turning a track undergoes to reach the CTC endplates. Let's

define
1500 cotd>0
A = (1.32)

=150 et <0

Let’s first compute the radial distance to the origin as a function of Lhe bending

Agh. We take the first two lines from Eq. B.11 and compute

Ry = \Ja? 4yt = \Jrt 4 (r + do)(r + dy — 2r cos Ap) (13.33)
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Using Bq. B.8 and bottom linc in Eq. B.J1 we find that the bending is given by

Ag = =) (B.34)

rcotd

If A¢ < r that mcans the Lelix reaches the end of the CTC without turning

inwards. Then we set

By = \Jr* + (v + do){r + do -~ 2r cos Ag) (13.35)

and of Ry > Here weset R = Bere.

If A¢ > x this means that the helix has turned inwards. There are two alternative
situations. The most likely one is that the helix has exited the CTC through the sides
at some point. The other possibility is that the particle turns inwards without exiting
the CT'C. This is very unlikely but we can handle it without much difficuity.

We comipute the radius at the turning point by evaluating Eq. B.33 at A= 7 to
get

Rag = \Jrt + (v + dy)(do + 3) (B.36)

Il By < Hope then we set

Ri = Ry (B37)

We do this ag the tracking code will reconstruct the inward and outward sections of

the helix as lwo separate tracks. For the case of Ry > Horo we sel

Itp = Rore (13.38)
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B.5 Charged Particle Decay Vertex

We need to define 3 points for the helix associated with the particle. The point of
closest approach to the origin, X, the creation point X;, and the decay point b

We generate an exponential distribution for a particle with lifetime 7 with
of = —crlog(u) (B.39)

Here w is a random variable with uniform distribution (0 — 1). The distance

traveled by the particle in the labovatory rveference frame is Lhen

d = B

[)
= (13.40)

If we project both sides of the equation into the {z-y) plane we gel

[)7.
dT = Kt- ct (H‘“)

Assumning that the parlicle does not leave the magnetic field region we compute
the bending from %, to X, with

) d;
By = = (B.42)

For very long lived particles this assumption will almost always be wrong, but
we are only interested in particles that decay within the CTC. For particles decaying

outgide the CTC we will not compute the decay vertex.
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We now compute the bending from f(, to )Z,. ‘The reader must rexnember that in
general, the particle may or may not go through Xo. ln CDF the general assumption
is that the particle does vot.

This is a good approximation, but there are cases when it s not correct. An
example of possible situations is for particles coming [roru the beam and pointing
towards the origin (e beam spot is displaced). This is a [requent sitnation but the
error is simall. [t could also happen that a daughter from a long lived particle may
move towards the origin. This will cause bigger errors but its an unlikely situation.

Here we do not inake this assumption. We first need to compute ¢ at X
¢y = cdiphi{atan2(Py, Pz)) (B.43)
We can then compute the beuding as
Agoy = ¢y — do + 2kr (13.44)
with & the integer that satishes
[y = o + e} < {B.45)

The Tmplicit assumplion is that the absolute value of the beuding s < . This is
an excellent assumption for CDF. We can now compute the tetal bending {rom X
Lo X'z willy

Adyy = Mgz + Do {13.46)
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I {1Adge] > =, that means the helix turns inward, We are not worried about, the
mward portion of the helix so we set {Adp| = 7. We now compute the decay radiug

of the particle with

Rp = \/1'2 + (r 4+ dy)(r + dy — 2r cos Ady) (BAT)

We can now decide whether the particle decays inside the CTC or not. For the
case fAp <= R the particle has decuyed jnside and we then compute the decay
vertex using formulas B.11 with

¢ = @n + N (B.18)

plus the arc length given by

By = /_\0(12 xr (349)
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Appendix C

ROTATING A VECTOR

We want to find the lincar transformation that rotates a vector py into a vector p.
It i3 possible to obtain the trausformation as a matrix that is rclated o the Enler
angles. For this note we will detive a simpler formulation valid only for 3 dimensions.
The formulas developed here are implemented in subroutine ROTATE.

Let’s define 7 to be a unitary vector perpendicular 1o the plaue defined by §; and

fl = pxn (c.1)

We can now restate the problem as finding the Linear transformation that rotates

any vector around 7 by an angle o given by

1P % ]

il

cosa p_l ”:2 (C.2)
1Al

sna =

i
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‘These expressions define o in the range (D-7).
A general vector § s more conveniently expressed as § = & + 7, with respect to
. Then a rolation around # leaves 5 unchanged. All we need to worry about is the
transformation of 7.

For 0 < o < r/2, &} will be along the unitary vector

Uy + 0 X Ty tana ©3)

[V 4 tanda

To verify this assertion the reader can check that &t &, /15, ] = |cos o} = cosa for

T

the rauge of o under consideration.
Yor #/2 < & < x the reader cau verily that & will be along —a by realizing that
—~it - /{FL] = ~|cos ] = cosa for the range of a under consideration.

Finally we can write

tano
§ = |, | C.4
o1 jtanal Guli (C4)

Using the expressions ) = (§-2} i, U = &~y and by realizing that i x i, = i xvy
,

we can write

e tana  — (¢ A)r + taneh x ¥ 5
by = e = (C.5)
| tane] Vi +ane

Finally we have the following expression for the rotated vecior i’
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P
tane = M
PPz
tana ¢ — {7 -n)i + tanai x ¥
P o= (5 e T (000

| Landf V1 + tan®a

{(C.6)
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