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The abundance of B mesons at B factories opens the door to the search in rare
decays for physics outside of the Standard Model. Flavor-changing neutral current
transitions proceed only via higher order in the Standard Model, resulting in a b — s
branching fraction of about 3 x 10, but hypothesized particles could alter the rate
significantly. Decays of B mesons that proceed via this electroweak penguin diagram
are an interesting example of flavor-changing neutral currents, due to the large number
of accessible final states with observables that are sensitive to new processes.

This dissertation describes the analyses of such decays B~ — Apy, B~ — X%,
B~ — Apr® and B~ — X%n° using about 350 million B meson pairs recorded by
the BABAR detector in the years 2001 through 2006. In addition to the decay rate, the
distribution of the invariant mass of the baryon pair is presented, using a method for
statistical unfolding. The analysis is the first of these decays at the BABAR experiment
and lays the groundwork for future analyses of the branching fractions and angular
correlations of b — s decays containing A hyperons and other baryons at BABAR or

higher luminosity B factories.



v

CURRICULUM VITAE

NAME OF AUTHOR: Jan Strube
PLACE OF BIRTH: Bremen, Germany
DATE OF BIRTH: January 22nd, 1978

GRADUATE AND UNDERGRADUATE SCHOOLS ATTENDED:
University of Oregon, Eugene, OR

Universitdt Ulm, Germany

DEGREES AWARDED:

Doctor of Philosophy in Physics, 2008, University of Oregon

ACADEMIC INTERESTS:
Cosmological Connections to Particle Physics
Simulation of Particle Detectors

Development and Implementation of Computational Algorithms

PROFESSIONAL EXPERIENCE:
Research Associate, Rutherford Appleton Laboratory, 2008-
Research Assistant, University of Oregon, 2002-2008

Teaching Assistant, Universitdat Ulm, 1999-2000
PUBLICATIONS:

J.E. Brau, C. Potter, J. Early, J. Strube, “Flavor Tagging and the
Higgs branching ratio measurement at the Linear Collider”,
Seogwipo 2002, Linear Colliders 487-490

B. Aubert et al. “Evidence for D0-anti-D0 Mixing”,
Phys. Rev. Lett. 98 (2007) 211802

215 additional publications co-authored in refereed journals



ACKNOWLEDGMENTS

I came to the United States in an exchange program between the states of Baden-
Wiirttemberg and Oregon. Having had only a mediocre introduction to elementary
particles at the Universitat Ulm, I enthusiastically took the course Elementary Par-
ticle Phenomenology with Jim Brau, but I performed poorly on the final exam where
one task was to fill out a table of particle properties. I was disappointed. Should
this really be the essence of High Energy Physics? Learning properties of elementary
particles like a phone book? That did not appeal to me very much. However, not to
be put off by this, I decided to value the enthusiasm of the instructor over his choice
of questions in that final exam, and took the second term of the course. This was the
beginning of a very exciting journey which led me to many interesting places across
the globe. The work that you are reading cannot be accomplished by a single person,
and during the time it took to complete it, I was fortunate to make the acquaintance
of several people who helped me along the course in various ways.

In that respect I would like to acknowledge my adviser Jim Brau, whose never-
ending enthusiasm for particle physics kept my motivation high during the time of my
studies. Although his commitments limited my access to his time, his guidance and
encouragements were invaluable. T was able to benefit from his many connections,
and I would especially like to mention Michael Peskin, who always has an open ear
for students, and who seems to share the same never-ending enthusiasm for the field
of high energy physics as Jim, and Norman Graf, who valiantly leads the effort to
maintain the Simulation Group for the SiD project in times of harsh budget cuts. Tt
was from him that I learned some of the intricacies of scientific collaborations and he

generously let me look at a different side of what it means to carry out an analysis in



vi

a group. His always diplomatic approach to controversies has been a valuable lesson
to me.

I would like to thank all of the other students who came to the United States in
the exchange program with me, especially my two roommates during the first year,
Axel Fingerlé, a truly brilliant mind whose deficiency from the academic field into
patent law leaves a gaping hole, and Tobias Miiller, whose various interests outside
of physics kept live interesting and fun.

The students at the University of Oregon were a very diverse bunch, and I would
like to thank Jim Gutierrez for being a good friend during my two years in Eugene.
We spent countless hours at his house doing homework and studying for exams, but
we were also able to enjoy a good couple games of basketball in the times between.
The Oregon students that shared their time at SLAC with me, Nick Blount, Jeff
Kolb, Rahmat Rahmat, were always up for discussions, lunches and breaks, and I
would especially like to thank Jeff and his wife Ruthie for becoming witnesses at my
wedding.

Last but not least, I have to mention my wife Yuki, whom I met in the first week
after my arrival in Portland, and who has stuck with me since. Her patience, love,

and wisdom made it worthwhile.



To Yuki, who makes everything better

vii



viii

TABLE OF CONTENTS

Chapter Page
I INTRODUCTION . . . . e e 1
II THEORETICAL AND EXPERIMENTAL BACKGROUND . . ... .. .. 4
I.1  Particle Content . . . . . .. .. ... . .. 4
I.2 Electroweak Theory . . . . . . .. .. ... .. . .. ... 7
I1.2.1 The Masses of Gauge Bosons . . . . . ... ........... 7

I1.2.2  Fermion Couplings and the CKM Matrix ... ......... 8

I3 b= sy. . o e 11
I1.3.1 Baryonic Final States . . . .. ... .. .. ... . ... ..... 12

I1.3.2 Two Higgs Doublet Models. . . . . ... ... ... ....... 14

IIT THE BABAR EXPERIMENT . . . ... ... ... ... ... ... .. ... 17
IILT PEP-IT . .. o e 17
IIT.1.1 Backgrounds . ... ... .. ... ... .. . ... .. ...... 19

ITII.2 The BABAR Detector . . .. .. ... ... ... . . ... . ...... 20
IT1.2.1 The Vertex Detector . . . .. .. ... .. ... ... .. ..., 22

I11.2.2 The Drift Chamber . . ... ... ... ... .. ... ...... 24

IT1.2.3 Track Reconstruction . . .. ... ... ... ... . ..... 26

IMI.2.4 The DIRC. . .. ... . . . 28

I11.2.5 The Electromagnetic Calorimeter . . . . . . ... ... ... .. 29



ix

Chapter Page
111.2.6 The Superconducting Magnet and the Instrumented Flux
Return . . . .. .. . 32
ITI.3 Detector Simulation . . . . . .. ... ... ... ... .. .. ... ... 35
IV ANALYSIS OF BARYONIC B DECAYS . . ... ... ... .. ...... 37
IV.1 Introduction . . .. ... ... ... ... 37
IV.2 Samples . . . . . . . o 38
IV.2.1 Data . .. ..o 38
IV.2.2 Simulation . ... ... ... .. .. ... 39
IV.2.3 Lambda Antiproton Gamma . . . . . .. ... ... ... .... 41
IV.2.4 Sigma Antiproton Gamma . . .. ... ... .. ... ...... 42
IV.2.,5 Lambda Antiproton Pi . . . ... ... ... ... ........ 44
IV.2.6 Sigma Antiproton P1 . ... ... ... .. . ... . ... ... 46
IV.2.7 Backgrounds . .. ... ... ... ... ... 46
IV.2.8 Summary of the Simulated Samples. . . . . .. ... ... ... 47
IV.3 Event Preselection . . . . . .. ... ... ... ... o 47
IV.4 Candidate Reconstruction . . . ... .. ... ... ... .. ....... 49
IV.4.1 B Candidate Reconstruction . . . . . . ... ... ... .. ... 51
IV.4.2 Candidate Selection Cuts . . . . .. ... .. ... ... ... 51
IV.4.3 Best Candidate Selection . . . . ... ... ... ......... 54
IV.5 Fit Strategy . . . . . o o 64
IV.5.1 Overview . .. .. o e 64
IV.5.2 Separation of the Samples . . .. .. ... ... .. ... ... 64
IV.5.3 Components . . . ... ... ... .. 66

IV.5.4 Variables . . . . . . . . . . 66



Chapter Page
IV.5.5 Summary of Fit Shapes . . . . .. ... ... ... ... ..... 72
IV.5.6 Combined Fit Strategy to Extract Yields . ... ... ..... 77
IV.5.7T Toy Studies . . . .. ..o o 86
IV.D.8 Errors . . . .o o 87

IV.6 Computation of the Branching Fraction . . . ... ... ... ... ... 94
IV.6.1 Dependence on the Measurement Efficiency . . . ... ... .. 95
IV.6.2 sPlots Validation . . . . ... ... ... ... .. .. . ... 95

IV.7 Systematic Uncertainties . . . . . . . .. . .. ... ... 97
IV.7.1 Model Uncertainties . . . .. ... ... ... ... ... ..... 97
IV.72 BCounting . . ... ... e 100
IV.7.3 Cuts . . . o o 103
IV.7.4 Particle Identification . . .. ... ... ... ... ... ... 106
IV.7.5 Single Photon Efficiency . ... ... ... ... .. ... .... 109
IV.7.6 Tracking . . . . .. . . . 109
IV.77 Fitting . . . . . .o 109
IV.7.8 Summary . .. ... e 110

V. RESULTS . . . . 117

V.1 Visualization of the Four Fit Variables. . . . .. . ... ... ... ... 117

V.2 Yields in the Data Samples . . . . ... ... ... ... ... ...... 117

V.3 Reconstruction Efficiencies . . . . .. .. ... ... o 0oL 131

V.4 Branching Fractions and Upper Limits. . . . . .. ... .. ... .... 131

V.5 Discussion . . .. ... 135
V.5.1 Comparison with Expectation . . .. .. ... ... ... . ... 135

V.5.2 Comparison with Other Experimental Results . .. ... ... 135



Chapter Page
V.5.3 Comparison with Theory . . . .. ... ... ... .. ...... 137

V.6 Conclusions . . . . . . . . e e e 138
APPENDICES . . . . . e 139
A LIKELIHOOD FIT IN THE SIGNAL REGION OF B~ — APvy. . ... .. 139
B SPLOTS OF THE PHOTON ENERGY . ... ... ... ... ...... 146
C CORRELATION OF THE FIT VARIABLES . . . . .. ... ... ...... 148
D ADDITIONAL PLOTS OF THE FIT VARIABLES . ... ... ... .... 150
E ALTERNATIVE FIT SHAPES . ... ... ... ... ... . ... .. .... 154
F CUT VARIABLES . . . . . . e 158
F.1 Cut Optimization . . ... ... .. ... .. . . . 158

G CUT EFFICIENCIES . . . . . . . . e e 165
H CORRELATION OF FIT VARIABLES . ... ... ... ... ........ 170
H.1 Reconstructionas B~ — Apy . . .. . .. ... . . ... ... ... 170
H.2 Reconstructionas B~ — X%~y . ... .. ... ... ... ... ... .. 176

I ALTERNATIVE FIT VARIABLES . . . . . ... ... ... . ... ..... 182



Chapter Page
[.1  Correlation Coefficients . . . . . ... .. ... . .. . .. 182
[.L1.1  Reconstructionas B- — Apy . .. ... ... ... ... ... 185

[.1.2  Reconstructionas B~ — X%y . . . . ... ... ... .. ..., 185

1.2 Parametrization of the Samples . . . .. .. . ... ... ......... 185
121 PureToys . . ... .. . . 185

.22 Embedded Toys . ... ... ... ... ... ... ... 185

J  VALIDATION OF SPLOTS . .. .. ... i 188
K SPLOTS . . . 191
K1 inPlots . .. .. 191
K2 sPlots . . .. o 192
K3 Properties. . . . . . . 192

L VERTEX FITTING . . .. .. e e 194

L.1 A Brief Introduction to the Kalman Algorithm for Vertex Fitting . . . 194

REFERENCES . . . . o o 197



Table

IIL.1

IvV.1
V.2

IvV.3

V.4

IV.5

IV.6

V.7

IV.8

V.9

V.10

V.11

V.12

IV.13

xiil

LIST OF TABLES

Page
Cross sections for various processes at 10.58 GeV collision energy . .. . 18
Integrated luminosity and number of BB pairs . . . ... ... ...... 38
Branching fraction of the four modes under investigation. These
numbers are used to combine the simulated samples in the right
Proportions. . . . . . . ... e 47
Number of events by BABAR run period for each simulated sample . . . . 48
Relative skim efficiencies for the different samples . . . . . ... ... ... 50
Absolute selection rates of the two skims for the different modes,
scaled to the luminosity of the data sample. . . . .. ... ... ... ... 50
Summary of the cut variables . . . . .. ... ... ... .. ... ...... 55
Candidate Mulitplicity after the skim . . . ... ... ... ... ...... 55
Candidate Multiplicity after thecuts . ... ... ... ... .. ... ... 56
Fraction of truth-matched events that are correctly selected by the
best candidate selection . . . . .. ... ... 58
Absolute number of events that pass the set of cuts for each
reconstruction mode . . . ... ... ... L L 65
Number of events that pass the set of cuts for each reconstruction
mode, scaled to the integrated luminosity of the data sample . . . . . .. 65
Pdf parametrization for events containing only a B~ — Apy
candidate . . . . . . . L 72



Table

V.14

IV.15

IV.16

Iv.1r

IV.18

IV.19

V.20

V.21

V.22

V.1

Comparison of the spread of the yields from 1000 toy experiments

with the error on the yield from the likelihood fit . . . .. .. ... ..

Correlation coeflicient between the B~ — Apvy and the B~ — X%y

reconstruction for each of the fit variables . . . . . .. ... ... ...

Comparison of the spread of the yields from 1000 toy experiments

with the error on the yield from the likelihood fit. Candidates are

fully correlated. . . . . . . . .

Correlation coefficient with each of the four fit variables for the four

signal samples and for data for B~ — Apy candidates . . . ... ...

Correlation coeflicient with each of the four fit variables for the four

signal samples and for data for B~ — Apy candidates in events that

also contain a B~ — X%y . ...

Correlation coefficient with each of the four fit variables for the four

signal samples and for data for B~ — X%y candidates . ... .. ..

Summary of the systematic effect of changing the sample

composition for one-candidate events (Figure IV.37) ... .. ... ..

Summary of the systematic effect of changing the sample

composition for simultaneous fits to two-candidate events

(Figure TV.38) . . . . . o o

Systematic error on the yields for the different reconstruction modes

Yields, errors and significance in the sample of two-candidate

events. Significances marked with * are computed by dividing the

yield by the larger of the asymmetric errors. . . . ... ... ... ...

xiv

Page

93

93

93

96

.. 124



Table

V.2

V.3

VA4

V.5

V.6

C.1
C.2

C.3

C.4
C.5

E.1

G.1
G.2
G.3

Yields, errors and significance in the sample of one-candidate

events. Significances marked with * are computed by dividing the

yield by the larger of the asymmetric errors. . . . . ... ... ... ... .
Yields of the likelihood fit to one-candidate events, where the yields

of B~ — Apn® and B~ — X9%n® arefixedatO ... ... ... .. ....
Yields of the likelihood fit to two-candidate events, where the yields

of B~ — Apn® and B~ — S%n® arefixedatO .. .............
Branching fractions and upper limits of the signal modes in data
samples accumulated in BABARruns 1-5. . . . . ... ... ... ... ..

Comparison of this analysis with current results . . . . .. ... ... ...

Correlation of fit variables in one-candidate events . . . ... ... .. ..
Correlation of fit variables in B~ — Apy candidates in

two-candidate events . . . . .. ... L.
Correlation of fit variables in B~ — X957y candidates in

two-candidate events . . . . . . ... L L
Correlation of the yields in the simultaneous fit . . . ... ... ... ...

Correlation of the fit variables in the fit to the one-candidate sample

Parameterization of the four samples — Myec., Mmiss.- 10y studies
based on this parameterization show that it doesn’t model the data

sufficiently. . . . . . .o

Cut efficiencies for reconstruction as B~ — Apy . . . . .. ... ... ...
Relative cut efficiencies for reconstruction as B~ — Apy . . . . . . .. ..

Cut efficiencies for reconstruction as B~ — X%~y . . ... ... ... ...

XV
Page

124

124

125

133
136

148

149



Table

G.4

H.1

H.2

H.3

H.A4

H.5

H.6

H.7

H.8

I.1

Page
Relative cut efficiencies for reconstruction as B~ — X%y . . ... .. .. 169
Correlations of the fit variables in correctly reconstructed
B~ — Apy events. Parametrization of Myec, Mmiss, + « + + « « v v v v 0. 170
Correlations of the fit variables in B~ — X9y events that are
incorrectly reconstructed as B~ — Ap~v. Parametrization of
Mipoc.s Mlmiss.  « + + = + =« & & © v v e e e e e e e e e e 175
Correlations of the fit variables in B~ — Apn® events that are
incorrectly reconstructed as B~ — Apy. Parametrization of
Mirec.s Tmiss. « « + + v v v e b e e e e e e e e e e e e e 175
Correlations of the fit variables in B~ — X%n® events that are
incorrectly reconstructed as B~ — Apy. Parametrization of
Mirec.s Mmiss.  + « « + « + o o e e e e e e e e e e e e 175
Correlations of the fit variables in B~ — Apy events that are
incorrectly reconstructed as B~ — X°py. Parametrization of
Mirec.s Tmiss. + « + + v+ o v e e e e e e e e e e e e e e 176
Correlations of the fit variables in correctly reconstructed
B~ — X%y events. Parametrization of Myrec., Mmiss. + « « « « « « « « « . . 181
Correlations of the fit variables in B~ — Aprn events incorrectly
reconstructed as B~ — X%y. Parametrization of Mrec., Mmiss. - - - - - - 181
Correlations of the fit variables in B~ — X%n® events incorrectly
reconstructed as B~ — X%y. Parametrization of mrec, Mmiss. - - + . - - 181

Correlations of the fit variables in correctly reconstructed

B~ — Apy events. Parametrization of mgs,AE . . . . .. ... ... 182



Table

I.2

I.3

L4

L5

L.6

L7

L8

L9

Correlations of the fit variables in B~ — X0y events incorrectly
reconstructed as B~ — Apy. Parametrization of mpg, AF . . . . . . . ..
Correlations of the fit variables in B~ — Apn® events incorrectly
reconstructed as B~ — Apry. Parametrization of mgg, AE. . .. ... ..
Correlations of the fit variables in B~ — X%n° events incorrectly
reconstructed as B~ — Apy. Parametrization of mgg, AE . . . . . .. ..
Correlations of the fit variables in B~ — Apvy events incorrectly
reconstructed as B~ — X°py. Parametrization of mpg, AE . . . ... ..
Correlations of the fit variables in correctly reconstructed

B~ — X%y events. Parametrization of mgs, AE . . .. .. ... ... ..
Correlations of the fit variables in B~ — Apr® events incorrectly
reconstructed as B~ — Xpy. Parametrization of mpg, AE . . . . .. ..
Correlations of the fit variables in B~ — X%n® events incorrectly
reconstructed as B~ — X%y. Parametrization of mgs, AE . . . . . . ..

Parameterization of the four samples using mgs, AE . . . . . ... .. ..

xvii

Page



Figure

II.1
I1.2
I1.3

I1.4
I1.5

Ir.1
1.2
II1.3
I11.4
II1.5

II11.6

II1.7

I11.8
I11.9

xViii

LIST OF FIGURES

Page
Fundamental fermion content of the Standard Model . . . . . . . ... .. 5
Gauge boson content of the Standard Model . . . . . ... ... ... ... 6
Forces, force carriers and fundamental particle content of the
Standard Model . . . . . . ... 6
Feynman diagram of the flavor-changing neutral current b — sy . . . . . 12
B(B — Xv) as a function of the charged Higgs boson mass in the
THDM 1I for tan 8 = 2 (solid lines). The dashed and dotted lines
show the SM result and experimental result, respectively. For
numerical values, see text (Taken from (1), Fig. 3) . ... ... ... ... 16
Schematic of the PEP-II storage rings . . . . . . ... .. ... .. ..... 18
Technical drawing of the BABAR detector . . . . ... .. ... ... .... 21
Side view of the BABAR SV'T' and support structure . . . . . . ... .. .. 23
View of the SVT along the beam direction . . . . .. .. ... ....... 24
dF/dz information vs. momentum from the SVT for various
particle species . . . . . . .. 25
Schematic view of the arrangements of the wires in a layer with the
drift isochromes shown . . . .. .. ... .. oo 26
Side view and exploded view of the DIRC . . ... ... .......... 29
Schematic of a crystal used in the EMC . . . . . ... ... ... ... ... 31
Cross section of a RPCmodule . . ... ... ... ... .. .. ... ... 34



Xix
Figure Page

ITI1.10 Top view of an LST module. The protective sleeve has been partly
retracted for a better view. . . . .. ... 34

ITI.11 Dependence of the signal on the operating voltage for an exemplary

IT1.12 Comparison of the invariant mass distributions of the two baryons
in the decay B~ — Apy for particles in vacuum (generator level)
and perfectly reconstructed particles in the BABAR detector

(detector level) . . . . . 36

IV.1 Integrated luminosity versus time in BABAR runs 1 through 5 . . . .. .. 39
IV.2 Invariant mass of the A — p system in the decay B~ — Apy

according to the model by Cheng and Yang . . .. ... ... ... .... 40
IV.3 Distribution of the invariant mass of the baryon pair in the analysis

of the decay B~ — Apy according to perturbative QCD . . . . .. .. .. 41
IV.4  Comparison of the distribution of the invariant mass of the baryon

pair in the decays B~ — Apy and B~ — Apn®. Two different

models are underlying the generation of these decays. . . ... ... ... 42
IV.5  CMS Momentum distributions of the B~ — Ap~v final states at the

generator level . . . . . .. 43
IV.6 Comparison of the generator level CMS momentum distributions of

the high energy photon in the decays B~ — Apy and B — Xgv . . . .. 44
IV.7 Comparison of the distribution of the invariant mass of the baryon

pair in the decays B~ — Apyand B~ — X%~y ... .. ... ... .. .. 45



Figure Page

IV.8 Comparison of the invariant mass of the two-baryon system in the

decay B~ — Apn®. The two samples were generated with the model

by Chua et al.(2) and a generic phase space model, respectively. . . . . . 45
IV.9 Daughter multiplicity in events with more than one B candidate —

Reconstruction as B~ — Apy . . . . . . . . 56
IV.10 Daughter multiplicity in events with more than one B candidate —

Reconstruction as B~ — X%y . . . . . ... 57
IV.11 Best candidate selection criteria for B~ — Apy candidates. The bits

in order are the truth matching flags for Lambda, Proton from B,

Gamma from B, Bcandidate . . . ... .. ... .. .. ... L 59
IV.12 Best candidate selection criteria for B~ — X5y candidates. The

bits in order are the truth matching flags for Sigma, Lambda from

Sigma, Proton from B, Gamma from B, B candidate . . . . ... ... .. 61
IV.13 Generic B component in my.., scaled to the integrated luminosity of

thedatasample . . . . . . .. 67
IV.14 Lab energy of the photon to make the 7° candidate. . . . . . . e 68

IV.15 Best 7% mass for true 7° candidates and for random combinations of

photons . . . . . . . L e 69
IV.16 Parametrization of the reconstructed mass for B~ — Apy candidates . . 73 -
IV.17 Parametrization of the missing mass for B~ — Apy candidates . . . . . . 74

IV.18 Parametrization of the ratio of the Legendre moments for
B~ — Apycandidates . . ... ... 75

IV.19 Parametrization of the best 7° mass for B~ — Apy candidates . . . . . . 76



xXX1
Figure Page

IV.20 Parametrization of the reconstructed mass of different samples

reconstructed as B~ — Apy in events also containing a B~ — 3%y

candidate. . . . . ... e 78
IV.21 Parametrization of the missing mass of different samples

reconstructed as B~ — Apy in events also containing a B~ — X%y

candidate. . . . . . . e 79
IV.22 Parametrization of the ratio of the Legendre moments o/ Lg of

different samples reconstructed as B~ — Apy in events also

containing a B~ — X%y candidate. . . . ... ... ... 80
IV.23 Parametrization of the best 7° mass of different samples

reconstructed as B~ — Apy in events also containing a B~ — 399y

candidate. . . . . . . 81
IV.24 Parametrization of the reconstructed mass of different samples

reconstructed as B~ — X% in events also containing a B~ — Apy

candidate. . . . . . . . L 82
IV.25 Parametrization of the missing mass of different samples

reconstructed as B~ — X%y in events also containing a B~ — Apy

candidate. . . . . . .. 83
IV.26 Parametrization of the ratio of the Legendre moments Lo/ Lg of

different samples reconstructed as B~ — 295y in events also

containing a B~ — Apvy candidate. . . ... ... ... ... . ... 84
IV.27 Parametrization of the best 7% mass of different samples

reconstructed as B~ — X%y in events also containing a B~ — Apy

candidate. . . . . .. e 85



xxii
Figure Page

IV.28 Pure and Embedded Toy Studies — using a mixture of

parameterization and 2d hist pdfs. Simultaneous Fit to events

containing both candidates . . .. ... ... ... ... L. 88
IV.29 Pure and Embedded Toy Studies — using a mixture of

parameterization and 2d hist pdfs. Validation of the component to

model B~ — APy . . o . o e 89
IV.30 Pure and Embedded Toy Studies — using a mixture of

parameterization and 2d hist pdfs. Validation of the component to

model B~ — Y00y . . . . 90
IV.31 Pure and Embedded Toy Studies — using a mixture of

parameterization and 2d hist pdfs for events containing only a,

IV.32 Validation plots of the sPlots method used to extract the branching

fraction in bins of the di-baryon invariant mass. Events containing a

single B~ — Apy candidate . . .. ... ... ... oL L 98
IV.33 Validation plots of the sPlots method used to extract the branching

fraction in bins of the X% — p invariant mass for Events containing

both a B~ — Apy candidate and a B~ — X%y candidate. . . . . . . .. 101
V.34 Validation plots of the sPlots method used to extract the branching

fraction in bins of the A — p invariant mass for Events containing

both a B~ — Ap~y candidate and a B~ — X%y candidate. . . . . . . .. 104
IV.35 Cut efficiency for B~ — Apy and B~ — X5~ signal in bins of the

di-baryon invariant mass . . . . .. .. ... Lo 107



Figure

V.36

Iv.37

V.38

V.1

V.2

V.3

V.4

V.5

V.6

Cut efficiency for B~ — Apy and B~ — X%py signal in bins of the

di-baryon invariant mass. The cut on the photon energy has been

removed ... L e e

Effect on the fit when changing the composition of the sample of

one-candidate events. . . . . . . ... e

Effect on the fit when changing the composition of the sample of

two-candidate events. . . . . . . . e

Likelihood fit to the kinematic fit variables reconstructed candidate

mass and mussing mass in events containing only one candidate . . . .

Likelihood fit to the kinematic fit variables ratio of the Legendre

Moments Ly/Lg and best m,o in events containing only one candidate . .

Likelihood fit to the kinematic fit variables reconstructed candidate

mass and missing mass for B~ — Apy candidates in events

containing two candidates . . . . . ... ... o L oL

Likelihood fit to the kinematic fit variables ratio of the Legendre

Moments Ly/Lqy and best mqo for B~ — Apy candidates in events

containing two candidates . . . . .. ... . oo oo L

Likelihood fit to the kinematic fit variables reconstructed candidate

mass and missing mass for B~ — X°%py candidates in

two-candidate events . . . . . . .. .

Likelihood fit to the kinematic fit variables ratio of the Legendre

Moments Ly/ Ly and best myo for B~ — X%y candidates in

two-candidate events . . . . . . .

xxiii
Page

108

111

114

119



Figure

V.7

V.8

V.9

V.10

V.11

Al

A2

A3

A4

A5

Yield bins of the invariant mass of the baryon pair in the

one-candidate sample .. . . . .. ...

Yield bins of the invariant mass of the baryon pair in the

two-candidate sample . . ... ... L

Sum of the yields of the channels B~ — Apr® and B~ — X%n® in

the one- and two-candidate samples combined . . . . ... .. ... ...

Reconstruction efficiencies of the four signal channels. The efficiency

is computed on simulated events as the ratio of events in the fit

region to the total number of available events for each sample . . . ..

Efficiency-corrected sPlots of the invariant mass of the baryon pair.

The result of the fits to both data sets are combined . . . . . ... ...

Likelihood fit to the kinematic fit variables reconstructed candidate

mass and missing mass in events containing only one candidate . . . .

Likelihood fit to the kinematic fit variables ratio of the Legendre

Moments Ly/ Lo and best m,o in events containing only one candidate . .

Likelihood fit to the kinematic fit variables reconstructed candidate

mass and missing mass for B~ — Ap~y candidates in events

containing two candidates . . . . ... ... oo oL

Likelihood fit to the kinematic fit variables ratio of the Legendre

Moments Ly/ Ly and best myo for B~ — Apy candidates in events

containing two candidates . . . . . ... ... L

Likelihood fit to the kinematic fit variables reconstructed candidate

mass and missing mass for B~ — X%y candidates in

two-candidate events . . . . . .. L

xxiv
Page

126

128

130

132

134

140

141



Figure

A6

B.1

D.1
D.2

D.3

E.1

E.2

E.3

E.4

F.1

F.2

Likelihood fit to the kinematic fit variables ratio of the Legendre

Moments Ly/ Ly and best mgo for B~ — X°%py candidates in

two-candidate events . . . . . ...
sPlots of the photon energy in B~ — Apy and B~ — X% events . . . .

Fit shape for the best 7% mass of one-candidate B~ — Apy events . . . .

Fit shape for the best 7° mass of B~ — Ap~y candidates in events

that also contain a B~ — X%y candidates . . . . ... ... ......

Fit shape for the best 7° mass of B~ — X%y candidates in events

that also contain a B~ — Apy candidates . .. ... ... ... ....

Parametrization of mye..in B~ — Apy events with a “Crystal Ball”

Parametrization of misreconstructed B~ — X°0y events with a

Cruijff function . . . . . . .. ... .

Datasets and fit shapes of different samples reconstructed as

B~ — Apvy. With this choice of fit shapes, the embedded toys show

a poor performance of the fit. . . . . .. .. ... ... ... .......

Pull distributions of toy studies — pure and embedded for the pure

parameterization . . .. . ... .. o

Distribution of the cut variables before the cuts — reconstruction as

XXV
Page

145

147

1581



Figure

F.3

F.4

EF.5

F.6

H.1
H.2
H.3
H.4
H.5
H.6
H.7
H.8

I.1
I.2
L3

J.1

J.2

XXV

Page
Distribution of the cut variables before the cuts - log scale —
reconstruction as B~ — Apy . . .. ... 161
Distribution of the cut variables before the cuts - log scale —
reconstruction as B~ — X%y . ... 162
Optimization of signal significance for the different cuts —
reconstruction as B~ — Apy . . . ... 163
Optimization of signal significance for the different cuts —
reconstruction as B~ — X0y . . ... 164
Scatter plots of the four fit variables in Apy MC .. ... ... . ... .. 171
Scatter plots of the four fit variables in X%y MC . . . ... ... .. ... 172
Scatter plots of the four fit variables in Apr® MC . . . .. ... ... ... 173
Scatter plots of the four fit variables in X% =" MC . ... .. ... . ... 174
Scatter plots of the four fit variables in Apy MC . .. .. ... ... ... 177
Scatter plots of the four fit variables in X%y MC . . . .. ... ... ... 178
Scatter plots of the four fit variables in Apr® MC . . . .. ... ... ... 179
Scatter plots of the four fit variables in X%#° MC . ... ... ... ... 180
Parameterization with mgs and AE . . . . . . .. .. . .. ... ... 186
Pure Toys of events reconstructed as B~ — Apy ... ... ... .. ... 187
Embedded Toys of events reconstructed as B~ — X%y . ... ... ... 187
Validation of the sPlots method for events with one candidate. The
sample is fit in bins of the invariant mass . . . . . .. ... ... ... ... 189

Validation of the sPlots method for events with two candidates.

The sample is fit in bins of the invariant mass . . . . ... ... ... ... 190



CHAPTER 1

INTRODUCTION

The classification of physics as a science can be related back to ancient Greek philoso-
phers, who “studied” nature by means of contemplation. With the advancement of
technology more objective means of scientific investigation became available, but they
initially did not play a major role in developing theories of nature. It was not until
Galileo Galilei that the role of physical experiments shifted from entertainment to the
essential ingredient of scientific models that it is today. Today’s Standard Model of
Particle Physics has been — and still is — subject to extensive testing on many fronts.
This framework exhibits a fundamental symmetry, called CPT invariance. It means
that physical laws in this theory remain invariant under simultaneous exchange of
particles by their antiparticles (by conjugating their charge with the operator C and
changing parity with the operator P) and time reversal (done by the T operator).
Experimenters have found that the weak interaction — unlike the strong and the elec-
tromagnetic interactions — is not, however, symmetric under each of the C and P
operations individually. Symmetry under the exchange of particles by their antipar-
ticles, i.e. CP, or alternatively T symmetry, is conserved to a much larger extent, but
is not perfect, either.

The list of tests that the Standard Model has passed is certainly impressive, but
we also know of several shortcomings of the framework in key areas. The observed
degree of the violation of CP symmetry is too low to explain our very existence.
Grayvity, probably the force that has been subject to human experimentation longer
than any other force, still takes a special role in our theories and is not even part

of the Standard Model. Furthermore, recent cosmological experiments have revealed



that our framework encompasses only about 4 % of the energy content of the known
universe.

The level of precision of theoretical prediction is equal to that of experimental
verification in many areas, and the values of many parameters computed by theorists
agree with the experiment within errors. Although the precision of the parameters of
the model is getting better and better, the “big questions” mentioned in the previous
paragraph continue to evade our grasp. It is at this point obvious that the Standard
Model in its current form is not able to accommodate the answers to these problems.
Breakthroughs are expected from the next generation of colliders as particle physicists
reach beyond their field and start bringing experiments of cosmological dimensions
into the well-controlled environment of the laboratory. Answering these questions is
going to require overcoming academic, economic as well as social challenges of a new
magnitude.

On the theoretical side we reach out to new theories to accommodate the answers
to our questions. Many of these new theories invoke new particles with properties
that allow them to have evaded detection so far — such as not to disturb the excellent
agreement between theory and experiment on many fronts — yet with interactions
with the current theory that are large enough to explain at least some of the known
discrepancies.

Direct searches for these new particles have so far remained unsuccessful, but we
can also perform searches that are indirectly sensitive to contributions from outside
the Standard Model. One class of these decays are flavor-changing neutral currents,
of which the decays b — s7v are an example. The rate at which they occur could
be altered by physics outside the Standard Model. This dissertation describes the

observation of a new class of b — sy decays, namely those containing baryons, that



have been underestimated by two orders of magnitude before(3). In addition to a
measurement of their rate, which in itself is sensitive to contributions outside the
Standard Model, an analysis of the differential branching fraction can give insights in
the dynamics of this class of decays. Because their rate has been largely underesti-
mated, other analyses in the b — s channel have so far ignored baryonic final states.
This analysis therefore also affects studies that sum a large number of exclusive mea-
surements in an attempt to reconstruct the inclusive branching fraction, which can
be computed more precisely than that of exclusive decays.

In Chapter II, we describe in more detail the theoretical and experimental back-
ground against which this analysis is carried out. Throughout this dissertation we will
imply that CP symmetry is conserved unless otherwise stated. Chapter I1I serves as
an overview of the experimental apparatus, the BABAR detector and the PEP-II stor-
age rings at the Stanford Linear Accelerator Center in Menlo Park, California. Details
of the analysis of the decays B~ — Apy, B~ — X%y, B~ — Apr® and B~ — X%n®
are presented in Chapter IV, while Chapter V discusses the results of the analysis

and gives an outlook on future measurements.



CHAPTER I1
THEORETICAL AND EXPERIMENTAL BACKGROUND

In this chapter we will give a brief introduction to the Standard Model (SM) of particle
physics, as far as it is relevant for our purpose, and as such we will introduce it from
an experimental viewpoint, starting with the particle content. We will then see how
the particle content is embedded in the theoretical framework, leading to observables
and predictions that make the theory falsifiable — the most important feature of a
scientific theory. The last part of the chapter is dedicated to an area in which the
model is particularly sensitive to tests, and we will show why and how we intend to

test it.

I1.1  Particle Content

Like every successful theoretical framework, the Standard Model has passed rigorous
tests by experiments. As of this writing, all visible matter is composed of weakly
interacting leptons and strongly interacting hadrons. The leptons are fundamental
particles, and we have observed the electron, the muon and the tauon, each with
their accompanying flavor of neutrino. The hadrons themselves are composed of
quarks, fundamental particles that are not observed freely but only in combinations
that form singlets of the strong charge, or color singlets. We have observed three
generations of quarks to complement the three generations of leptons, and the list of
these fundamental fermions is shown in Figure II.1. The two combinations of quarks
that have been observed are a combination of a quark and an anti-quark of the

same charge with opposite signs - called mesons, and a combination of three quarks
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Fig. I1.1: Fundamental fermion content of the Standard Model

with each of the three possible values of the strong charge - called baryons. Other,
ezotic states could exist, but no convincing evidence of these has been found so far.
Leptons and quarks interact in various ways mediated by the force-carrying bosons in
Figure I1.2, each of which couples to a different quantum number, or charge. Photons
mediate the electromagnetic force that acts on all electrically charged particles, 7Z
and W bosons mediate the weak force and gluons are the carriers of the strong force
that acts only on hadrons. Each of these particles has been found experimentally.
As presented in the two figures, however, the SM is incomplete: The theoretical
framework that incorporates the particles and forces predicts that all of the gauge
bosons in Figure II.2 are massless - contrary to observation. A mechanism to correct
this feature is known — the Higgs Mechanism — but it introduces an additional scalar
field into the theory and predicts a yet unseen particle - the Higgs particle. Figure I1.3
shows a summary of the fundamental fermions — quarks and leptons, the four gauge

bosons and the Higgs boson.
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I1.2 Electroweak Theory

11.2.1 The Masses of Gauge Bosons

We will now proceed to describe the theoretical framework that incorporates these
particles (except for the gluon on the right side of Figure I1.2). The model was
developed by Glashow, Weinberg and Salam(4; 5; 6), and is hereafter referred to as
the GWS theory. From the already observed particle content of the SM we know that
we have to find a theory with one massless and three massive vector bosons. The
GWS theory is a SU(2) x U(1) theory that is spontaneously broken by a scalar field
¢ that is represented by a doublet of the SU(2) group. The covariant derivative of

the scalar field in this theory is

1
D¢ = (8, —ig A}, 7" —izg B, )¢ (IL.1)
~—— 27
SU(2) U(1)

The mass term of the gauge bosons comes from eq. II.1 squared, evaluated at the

expectation value of the scalar field. The relevant term in the Lagrangian is

1 v? 2
AL = 57 (02 [(4)7) + (427 + 94 + 9'B.))
This expression now contains three massive and one massless vector bosons, as desired.
Simplifying the expression by introducing the weak mizing angle 6,,, the rotation angle
from the basis of the gauge fields (A?, B) to the massive bosons (Z°, A), the terms

for the bosons and their masses are



1 . : Y
Wff — E(A’l‘ ¥ 1Ai) with mass mw =95
ZS = cos 9wA2 —sin6, B, with mass Mz = CZ:ZW
A, = sin gwAz + cos 0., B, with mass ma =0

We identify the massless boson A, with the photon and note further that the coupling
constant to the electromagnetic field e = g sin 6, with quantum number Q = T° +7Y,
and can now write the covariant derivative in terms of the gauge bosons and their

couplings

D, =8, — i%(WJTJ’ +WITT) - 16089 —Z,(T° —sin’0,Q) —ieA, Q@ (IL2)

For a more detailed treatment we refer to the excellent textbook by Peskin and

Schroeder(7).

11.2.2  Fermion Couplings and the CKM Matrix

We now have to account for the fact that the W bosons only couple to particles
of left-handed helicity. This can be achieved by assigning different representations
to left-handed and right-handed fermions, making left-handed fermions doublets of

the SU(2) group, while right-handed fermions become singlets. This means that the
fermions can be classified in three generations.

[, @, €, = 0, 0,

eR LR TR and ur dr Cr Sr tp br



Ignoring the mass terms for the fermions, and omitting the interactions of the
leptons, the relevant Lagrangian for the kinetic energy term for weak interactions of

quarks is

L= Qr(P)Q% + ap(iP)uk + dp(iP)dy

where Q% is a left-handed quark doublet of generation k, and u¥% and d¥% are the
right-handed singlets of the same generation. With the covariant derivative written

in terms of the physical bosons, this becomes
L = QL(A)QL + up(id)uf, + dp(i@)dy + g(W, T + Wi Th- + Z)3%50) + eAuJin

The electroweak currents can be written down looking at equation II.2.

1 —k k
'U'W+ = E’U,L")/#dll
1
Jh = —dfyruk
w \/5 L7 UL
Jh = —1— ﬂ,kfy“(-l— - gsin29 )uk +ﬂk’y“(—gSin29 )uk (11.3)
z COS@w L 3 3 w)W, R 3 w/“R .
T p 1 1 92 k 7k 1 1 s 2 k
+dL")/ (—§+§Sln ew)dL‘Fdey (_g s1n e’w)dR
po ka2 k_ Thopl ok

But in this expression the quarks are massless. They acquire mass by coupling to
the Higgs field. In the most general case, these couplings contain off-diagonal terms
that mix the generations, i.e. there are terms that couple two different generations
to the Higgs field. In physical experiments, we identify particles by their mass. We
therefore choose to diagonalize the Higgs couplings in a unitary transformation, but

this means changing the basis of the quark fields. In other words, by diagonalizing
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the Higgs couplings, we have now mixed different generations of the “raw” theory to
create what we call “a quark” in an experiment.

We can now write down the quark fields for up- and down-type quarks in terms
of the physical quark fields, i.e. the fields that have diagonal couplings to the Higgs

field. This diagonalization is a unitary transformation.
=Ung a0
In these new fields the W boson current is written

mn
w+

1, _—
ey N A VAL £
\/5 Y ( u d) L
The matrix V = UJU, that incorporates mixing of the generations in the off-diagonal
elements is called CKM matrix after Cabbibo(8), and Kobayashi and Maskawa(9).

On the other hand, the neutral currents J% and Jg,; contain terms of the form
@AM UIU) WY and " (ULU,)9dY,

but because the matrices U,, and Uy are unitary, the expressions for these two currents
are the same in the quark fields and in the physical fields (eq. I11.3 and eq. I11.4). This
means that while charged currents can change the flavor of quarks via couplings whose
strength is given by the CKM matrix, for neutral currents the couplings of vertices
involving off-diagonal elements in U, or U; vanish because of the unitarity of these
matrices. This feature is usually referred to as the absence of flavor-changing neutral

currents (FCNC) at tree level in the Standard Model.



11

L3 b— sy

The absence of flavor-changing neutral currents at tree level in the SM opens the door
to precision measurements: One way to mediate this type of decay in the SM is via a
loop diagram, which reduces the branching fraction to about 1075. The exact value
is sensitive to coupling constants and the propagators of the particles in the loop,
so that a precise comparison between computation of the branching fraction of these
decays within the framework of the Standard Model and measurement could reveal
contributions from new sources.

An example of such a decay that proceeds via a FCNC is the decay b — s, shown
in Figure I1.4. The decay cannot be observed as shown at the quark level, but rather
in combination with a so-called spectator quark as the decay of neutral or charged B
mesons. This fact complicates greatly the computation of the branching fraction and
makes these exclusive decays less sensitive candidates in the search for contributions
from outside the SM compared to the inclusive decay. In order to reconstruct the
inclusive decay, experimentalists take one of two approaches: One way is to only use
the fact that the energy transfer in the quark-level decay is large and reconstruct the
decay mainly based on the properties of the photon, the other way is to reconstruct as
many exclusive decays that contain the b — sy diagram as possible and extrapolate
the inclusive branching fraction from the sum of the measured decays. While the
first approach is experimentally more challenging, the latter approach suffers from
ignorance of the missing modes, i.e. the decays that are not reconstructed. In order
to be able to confidently infer the total from the sum of measured modes it is therefore

essential to increase the number of measured decays.
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Fig. I1.4: Feynman diagram of the flavor-changing neutral current b — s

I1.3.1 Baryonic Final States

The claim of the first observation of the transition b — u was made by the ARGUS
collaboration in 1987 in the channels B~ — ppr~ and B° — pprtr—(10). This
spurned interest in the decay, but the search by the CLEO collaboration found no
signal(11), and it was ruled out at the observed rate in the Standard Model by a
computation based on QCD counting rules(12). An updated measurement on a larger
data sample by the ARGUS collaboration(13) later yielded no significant signal and
the presented measurement was consistent with the CLEO measurement and with
the Standard Model prediction.

Decays to final states with higher multiplicity were henceforth largely dismissed
as being of low interest, because the additional vertices involved would lead to rates
that are reduced compared to the two-body final states that still had not been found.

However, discoveries of three-body baryonic decays by the B factories BABAR and
Belle starting with the observation of the decay B — ppK*(14) re-ignited interest

in these modes. Two features of this observation are significant:
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e Contrary to the decays of b — s to mesons, where the two-body final states
contribute with a larger branching fraction than their three-body counterparts,
in B decays to baryons the branching fraction seems to be generally enhanced
for decays with a higher multiplicity in the final state. While the search for
the decays B® — pp, AA and BT — pA(15) has not yielded any results to this

point, a few of their three-body counterparts have been observed(16; 17).

e The distribution of the invariant mass of the baryon pair peaks at threshold.
This appears to be a feature common to B decays to baryons and explanations
range from additional states near threshold to low-mass enhancements favored

by the fragmentation process(18).

An explanation for the peaking behavior of the invariant mass of the baryon pair
was conjectured for the first time by Hou and Soni(19), where the authors argue that
the smaller momentum transfer of the three-body modes would be an explanation for
the enhancement in branching fraction. Their arguments are based on earlier treat-
ments of baryonic decays using a pole model(20; 21) that themselves were inspired by
the ARGUS announcement of the observation in 1987, and the treatment has been
expanded to cover several decays to a baryon pair and a meson(22).

The pole model argument appears to hold true as well for the decay b — sy to
baryonic final states. Naively, one would assume a suppression of order .y, relative
to the two-body modes, however, since the observation of the decay B~ — Apry the
pole model treatment as well as the computation based on QCD counting rules have
been refined to be consistent both with the measured branching fraction of the decay

and with the shape of the distribution of the invariant mass of the baryon pair(23; 3).
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A Note on the Computation of the Decay Rates

The main contribution to the rate of decays of the type B~ — Apy comes from
the amplitude < Ap|H|B~ >, where H = —%g-thV?;c?ﬁO7 with the tensor operator
O7 = 87%2mbEOWF’“’(1—|—'y5)b. The matrix element is very difficult to compute, because
it contains an unknown 3-body matrix element. T'wo approaches have proven useful in
solving this problem: The pole model with the assumption that the main contribution
to the amplitude stems from low-lying baryon and meson intermediate states, and an
approach based on QCD counting rules, which instead parametrizes the amplitude in
terms of three unknown form factors(24).

While the two models are in agreement with current measurements, they differ
significantly in the prediction of the rates of to date unobserved channels énd feature
different asymptotic behaviors of the distribution of the invariant mass of the baryon
pair. The form factors are functions of ¢ = (ps+p,)?, which is just the invariant mass
of the baryon pair squared. This means that the asymptotic behavior of the form fac-
tors ultimately determines the computed shape of the differential branching fraction.
The QCD counting rules lead to a sharper peak due to a 1/t3 asymptotic behavior,
while the pole model shows a 1/t* behavior. A sufficiently precise measurement of
the distribution of the invariant mass could therefore help distinguish between the

models.

I1.5.2 Two Higgs Doublet Models

As mentioned earlier, contributions from particles outside the SM could result in
branching fractions that significantly deviate from SM predictions. A large class of
these theories, such as MSSM theories, contain two Higgs doublets rather than one

doublet like the SM.
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Two complex Higgs doublets give rise to five Higgs bosons rather than one in the
SM, the particles are called h, H, A, H*. Only the A is a pseudoscalar, the others
are scalar bosons. The neutral h boson is SM-like and has a heavy neutral partner in
the H. Because the charged Higgs bosons Ht and H~ couple to the same particles
as the W bosons, albeit in different strength, they could take the place of the W+
in the diagram and contribute to the decay, altering the branching fraction from
the SM prediction. Figure IL.5 shows a comparison between current experimental
value of B(B — Xyy) = (3.55 £ 0.2473% £ 0.03) x 107* and SM prediction of
B(B — Xyv) = (3.15 4+ 0.23) x 10~ for the decay B — X,y and how the branching
ratio of the decay depends on the mass of the charged Higgs boson. The primary
decays of interest for this analysis are the decays B~ — Apy and B~ — X%y because
these channels can be fully reconstructed, allowing for a clean measurement. As a
final state of b — sy they are sensitive to contributions from outside the SM, while
at the same time playing an important role for the measurement of the inclusive
branching fraction. Because of the small predicted value of the branching fraction
of the b — sy transition to baryonic final states, they are usually ignored when
scaling the combined branching fraction of the measured modes to obtain the inclusive
value. The modes with pions substituted for the high-energy photons, B~ — Apn®
and B~ — X%n? | have to be considered, because of the proximity in their kinematic
properties. Additionally to the importance of a measurement of the branching fraction
itself, a comparison of the branching fraction of these decays with their counterparts
containing a charged pion instead of a neutral pion can serve as a validation of the

factorization assumption that is used in the computation of the decay rate.
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250 500 750 1000 1250 1500 1750 2000

Fig. IL5: B(B — X,v) as a function of the charged Higgs boson mass in the THDM
II for tan 8 = 2 (solid lines). The dashed and dotted lines show the SM result and
experimental result, respectively. For numerical values, see text (Taken from (1), Fig.
3)
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CHAPTER III
THE BABAR EXPERIMENT

This chapter gives an overview over the instrumentation of the BABAR experiment,
namely the accelerator and the detector(25). Conventionally, the coordinate system
in this chapter is right-handed cylindrical such that the positive z axis is defined by
the direction of the electron beam, the polar angle ¢ stretching from 0° to 360°, such
that a vector with ¢ = 90° points straight up. In some cases it is preferable to describe

a problem in terms of an additional angle €, which then extends from 0° to 180°.

IM1.1 PEP-II

The facilities that are used to produce the large number of B mesons that are nec-
essary for the success of the BABAR experiment are the Positron Electron Project II
(PEP-II) storage rings at SLAC. Electrons and positrons are accelerated in the linear
accelerator and fed into the PEP-II storage rings (Figure IIL.1).

Operating at the Y (45) resonance, PEP-II has achieved a peak luminosity of
12 x 103 em™2s™! which by far exceeds its design luminosity of 3 x 1033cm~2s71(26).
Taking advantage of the fact that 7'(4S) decays to B meson pairs with a branching
ratio of > 96%, the number of B mesons can be estimated from the relation for the
number of Y(4S) mesons N = oL, with the cross section for the production of bb
0 =105nb, L= f% n, and ny are the number of positrons in the Low Energy
Ring (LER) with an energy of 3.1 £ 0.0023GeV and electrons in the High Energy
Ring (HER) with an energy of 9.0 £ 0.0055GeV, respectively. During its time of

operation at the 7°(45) resonance PEP-II has recorded almost 500 / fb. In addition
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Fig. II1.1: Schematic of the PEP-II storage rings

to B pairs, this data sample consists of a number of other particles, the cross sections
for which are listed in Table III.1 (taken from(27)) The asymmetry in the two beam
energies results in a boost of the BB system of 8y = 0.56, which allows the B decay
vertex to be reconstructed in the BABAR detector, an essential requirement to measure
time-dependent CP violation. The value of the center-of-momentum (cm) energy of
the collisions is calculated from machine parameters (total magnetic bending strength
and the average deviations of the accelerating frequencies from their central values),

while monitoring the branching ratio in an enriched sample of BB events to lepton

| ete™ — | cross section (nb) |

bb 1.05
cc 1.30
88 0.35
Ul 1.39
dd 0.35
Tt 0.94
o 1.16
ete” ~ 40

Tab. III.1: Cross sections for various processes at 10.58 GeV collision energy
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pairs online ensures that data is recorded close to the peak of the 7(4S) resonance.
A deviation from the resonance of 2 MeV in either direction results in a 2.5 % drop
in the BB production rate. Additionally, the cm energy is computed from fully
reconstructed B decays offline; a sample of 1 / fb can be used to determine the value

to within 1.1 MeV.

II1.1.1 Backgrounds

During normal operation, the the following are the main sources of backgrounds, in
increasing order of importance: synchrotron radiation in the vicinity of the interaction
region, interactions between the beam particles and the residual gas in the rings, and

electromagnetic showers generated by beam-beam collisions.
Synchrotron Radiation

Synchrotron radiation is a potentially large source of background. It is caused by the
various fypes of magnets in the interaction region, but the vacuum-pipe apertures and
synchrotron radiation masks have been designed to channel most of these photons into
a distant dump. The remainder is dominated by X-rays generated by beam tails and
is forced to undergo multiple scatters before it can enter the BABAR detector. These
measures have proven effective enough that synchrotron radiation is not presenting
any significant problems for operations.

Beam-Gas Scattering

Bremsstrahlung due to beam-gas interactions and residual gas particles that are
Coulomb-scattered can escape the acceptance of the ring. The rate of these processes
is proportional to the product of the beam current and the residual gas pressure. The
separation magnets bend the energy-degraded particles in the two beams in opposite

directions, leading to larger occupancies in the horizontal plane.
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Backgrounds from beam-gas scattering are the primary source of radiation damage
in the SVT and are the dominant source of backgrounds in all detector systems except
the DIRC.

Luminosity Background

The main source of background for the DIRC stems from radiative Bhabha processes
that result in interactions between electrons or positrons and aperture limitations
and cause electromagnetic showers. When these interactions occur in the proximity
of the IP, the debris from the showers can reach the BABAR detector. The rate of

these backgrounds is proportional to the instantaneous luminosity.

IT11.2 The BABAR Detector

The detector of the BABAR experiment (see Figure I11.2) consists of the following main

parts, listed from the inside out:

The Silicon Vertex Tracker (SVT) measures the trajectories of charged particles
with high precision close to the point of the primary interaction(IP). This is
essential for the reconstruction of decay vertices of the B mesons and other
short-lived particles and used to measure the decay lifetime. The presented
analysis takes advantage of these capabilities of the SVT to select A hyperons

with high purity.

The Drift Chamber (DCH) is used to measure momenta of charged particles that
leave a trace of ionization as they traverse the chamber. Additionally informa-

tion about the energy loss aids in particle identification (PID).
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The Detector of Internally Reflected Cerenkov radiation (DIRC) is mainly
used for particle identification. It detects light that ionizing particles emit while
they traverse bars of radiator material. This information is primarily used for
separating charged kaons, protons and charged pions from each other. The pre-
sented analysis uses the particle identification capabilities of DCH and DIRC

in selecting protons from A and B decays.

The Electromagnetic Calorimeter (EMC) is used to measure the energy of par-
ticles that produce showers in the material by the electromagnetic interaction.
At the BABAR experiment those particles are mainly photons that are virtually
invisible to other components of the detector, and electrons. The reconstruction
of photons with a high resolution is an important aspect in the separation of

photons from 7% and 1 mesons.

The Instrumented Flux Return (IFR) can only be reached by particles that are
able to pass the large amounts of material of the super-conducting coil. It is
segmented into sextants and has been instrumented with Resistive Plate Cham-
bers (RPC) and Limited Streamer Tubes (LST) to obtain additional information
from those particles that reach beyond the magnet. The muon identification at

BABAR relies primarily on information from the IFR.

I11.2.1 The Vertex Detector

In order to measure the lifetimes of particles, it is essential to be able to reconstruct
decay vertices with high precision. The purpose of the BABAR Silicon Vertex Tracker
(SVT, Figures II1.3 and I11.4) is to provide precise reconstruction of charged particle
trajectories near the interaction region in order to measure the decay length of B

mesons. Additionally, the SVT must be able to provide standalone tracking for
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tracks with a minimum transverse momentum of < 120 MeV, the minimum required
for a track to be measured in the drift chamber. The SVT consists of five layers of
silicon ladders around the PEP-II interaction point (IP). The inner three layers are
situated close to the beam pipe, which has a radius of 27.8 mm, at radii between
32 mm and 54 mm. The outer two layers are at 127 mm and 144 mm, and they are
arched to increase the angular coverage and to minimize the angle of incidence. Each
of its modules is constructed with readout strips on the inside and on the outside, the
ones on the inside are arranged perpendicular to the beam direction to measure the
z information, and the ones on the outside run parallel to the beam and measure the
angle ¢. The single hit resolution in the SVT is 10-35 mm for both z and ¢ strips,

depending on the incident angle and the momentum.
Reconstruction

In order to reconstruct the trajectories of charged particles from measured hits, in a
first step the time information of the measurement is compared to the event time as

determined by the DCH, and hits recorded more than 200 ns away from the event
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time are discarded. Accounting for the fact that particles can produce more than one
hit per layer, hits are then grouped to clusters by weighted averaging over adjacent
strips before they are passed on to the pattern recognition algorithm.

Because the pulse height gives a measure of dE/dz, up to 10 measurements of
this quantity are available for each particle from the SVT alone. This allows for the
separation of 20 for pions and kaons with momenta up to 500 MeV and of kaons and
protons with momenta below 1 GeV (see Figure IIL.5). It should be noted that the
coordinate system of the SVT does not coincide with the coordinate system of the
rest of BABAR. Diurnal fluctuations in temperature cause deviations of £50 mm in
the relative position of the two. After detector access, the coordinate systems have
to be aligned again using ete™ — T~ events and cosmic muons that pass through

the detector close to the IP.

I111.2.2 The Drift Chamber

The BABAR drift chamber for measurement of the momenta of charged particles is

a cylindrical container of gas and extends from the inner radius of 236 mm to the
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dE/dx (a.u)

T
Fig. IIL.5: dF/dz information vs. momentum from the SVT for various particle
species
outer radius of 809 mm. Its active region is 2764 mm long, and its center is offset
by 370 mm in forward direction to account for the boost of the event. Particles
traversing one or more of its 40 layers cause ionization of the helium - isobutane gas
mix that fills the chamber. The electric field of the field wires (see Figure I11.6) causes
the charge to drift to the sense wires. The drift time-to-distance relationships are
determined from Bhabha and ete™ — ptp~ scattering for each layer individually.
The gas gain is obtained from the total charge that is deposited in each drift cell. The
measurements of dE /dz that can be obtained with this knowledge help in the particle
identification at low momenta. For track reconstruction the 40 layers are grouped into
10 so-called superlayers of four. Sequential layers are staggered by half a cell, which
allows for local track-segment finding and resolution of the left-right ambiguity in
each superlayer, even if one signal is missing. In order to allow for measurements of
longitudinal information, 24 of the 40 layers are arranged at a small angle with the
z axis. The angle is the same in each superlayer, and the superlayers are arranged

in the pattern AUVAUVAUVA, where A corresponds to wires parallel to z, U to an
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Fig. I11.6: Schematic view of the arrangements of the wires in a layer with the drift
isochrones shown

angle between 45 mrad and 69 mrad and V to an angle between -52 mrad and 76
mrad. This allows for the reconstruction of vertices outside the SVT, e.g. from the

decay of a K.

I11.2.8  Track Reconstruction

When a charged particle traverses the detector, the magnetic field of the solenoid
forces it on a helical path that can be described with five parameters: the distance
of closest approach in the x-y plane dg, the inverse of the radius of the circle that
is the projection of the trajectory to the x-y plane w, the polar angle coordinate of
the point of closest approach to the IP ¢, the dipping angle of the helix A, and
the coordinate along z of the point of closest approach z;. Multiple scattering in
the detector material causes deviations from this trajectory. Trajectories of charged
particles are reconstructed using a Kalman algorithm as follows: Track segments -

groups of 4 hits that are found in the DCH by the L3 trigger - are taken as the
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seed of the tracking. Hits that are not associated with a track after this procedure
are then used in the search for tracks that do not originate from the IP or do not
traverse the whole DCH. After this procedure, all tracks are refit with the Kalman
approach. SVT track segments and hits are added if they are consistent within the
expected error due to extrapolation taking into account material budget and field
inhomogeneity. Ambiguities are resolved by considering the number of layers and size
of the residuals.

The remaining hits in the SVT are then passed to two additional track finding
algorithms. One is starting with triplets of hits (¢ and z information) in layers 1,
3, 5 of the SVT and adding consistent hits, requiring at least four hits to make a
good track. The other is starting out with circular trajectories, using only the ¢
information, adding z information to build the helical trajectory.

In a last step, an attempt is made to merge trajectories that consist of only hits
in only one detector, in order to recover particles that scattered in the material of the

support tube. The track parameter resolution at the point of closest approach is:
® 04, = 23um
o 0y, = 0.43 mrad
® 0, =29um
® Oiany = 0.53 x 1073

0p, /e = (1.3£0.1) x 107%p; + (4.5 £0.3) x 1073

This results in a resolution of 70 um for the position along z of the vertex of a fully

reconstructed B meson.
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II1.2.4 The DIRC

Helping in the particle identification and supplying mainly the information for the
separation of pions and kaons is the BABAR Detector of Internally Reflected Cerenkov
light (DIRC), shown in Figure IIL.7. Particles moving faster than the speed of light
in the medium emit Cerenkov radiation at an angle cos(6¢) = 1/ng (6 = v/c), with
n = 1.473 the mean index of refraction of fused silica, the main radiator material in
the DIRC. In BABAR this material is arranged in 12 boxes containing 12 bars, 17 mm
thick, 35 mm wide and 4.9 m long. Particles traversing this material usually emit
many photons isotropically in ¢ creating rings of Cerenkov radiation. The photons
are reflected internally, preserving the Cerenkov angle. In order to avoid having to
instrument both sides of the detector — because of the boosted center-of-momentum
frame most particles arrive at the forward end of the BABAR detector — the forward
end is furnished with mirrors. On the backward end, incoming Cerenkov photons
arrive at a water-filled standoff boz, where they have to go through a silica wedge
that reflects photons at large angles relative to the bar axis, thereby effectively re-
ducing the detection area and recovering photons that would otherwise be lost to
total reflection at the silica-water interface. At the end of the standoff box they are
detected by an array of photo-multiplier tubes (PMT). The DIRC is by design a
three-dimensional imaging device, using the position and arrival time of the PMT
signals. The measured information about the photon propagation angles are aug-
mented by information from the tracking system to determine f¢ and ¢¢. Cerenkov
photons from charged particles arrive within a window of 50 ns after the event, and
they are accompanied by hundreds of background photons. Time resolution from
the PMT is not competitive with the spatial resolution of the reconstruction of the

Cerenkov angles, but time information from the PMT can be used to resolve forward-
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Fig. IT1.7: Side view and exploded view of the DIRC

backward ambiguities in the reconstruction and aid in associating the signal to the
right track. The time difference At, between measured and expected photon arrival
is an important observable to distinguish signal from background. It is calculated
using the time-of-flight of the track (with a charged pion hypothesis) and the photon
propagation time to the PMT. This procedure reduces the number of accelerator-
induced background photons approximately by a factor of 40 and helps in the correct
matching of photons with tracks. The measured time resolution of 1.7 ns is close to

the intrinsic transit time spread of the PMT of 1.5 ns.

I1.2.5 The Electromagnetic Calorimeter

The purpose of the electromagnetic calorimeter is to measure the energy of electro-
magnetic showers with high precision over the energy range from 20 MeV to 9 GeV in
order to measure QED processes like eTe™ — ete(y) and ete™ — ~ for calibration

purposes. The ability to measure rare decays like B — 7y sets stringent requirements
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on the energy resolution as well as the angular resolution, as the mass resolution of
reconstructed 7° mesons is dominated by the energy resolution for energies below 2
GeV, and by the angular resolution for energies above it.

The EMC counsists of a cylindrical barrel around the interaction region and within
the superconducting field of 1.5 T. It has full coverage in the azimuth and together
with its conical forward endcap its coverage extends in polar angle from 15.8° to
141.8° corresponding to a coverage of 90 % in the c.m. frame.

Reconstruction Algorithm

The Moliére radius of CsI(T1) being 3.8 cm, electromagnetic showers typically spread
out over several adjacent crystals with a cross section of 4.7 cm x 4.7 cm on the front
face and 6.0 cm X 6.1 cm on the back end, shown in Figure I11.8. Pattern recognition
algorithms have to efficiently identify these clusters and distinguish between those
with a single energy maximum and merged clusters with several local maxima, or
bumps. In a first step, clusters are divided into bumps, then each crystal in a cluster

is assigned a weight
_ Eiexp(—2.5r;/ru)
>, Bjexp(=2.5r;/rum)’

w;

where 7, is the Moliére radius! and r; is the distance of the crystal ¢ from the centroid
of the bump. The energy of a bump is then simply the sum of the energies of the

crystals in a cluster times their weight.

Ebump = g w; B,
i

!The Molitre radius is a material constant and specifies the scale of the transverse dimension
of a fully contained electromagnetic shower. It can be related to the radiation length X, i.e. the
distance over which a high-energy electron loses all but 1/e of its energy, by the empirical formula
rar = 0.0265X0(Z + 1.2)
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The position of a bump is computed with a center-of-gravity method with logarithmic
weights W; = 4.0 + In(E;/ Ebump) in order to emphasize lower-energy crystals. Only
crystals with positive weights are considered, so that only crystals that make the core
of the cluster enter the computation. The systematic bias in the computed polar
angle that comes from the non-projectivity of the crystals is corrected for by a simple
offset of -2.6 mrad for # > 90° and +2.6 mrad for § < 90°. Bumps are then associated
with tracks by projecting the track to the inner face of the calorimeter. If the distance
between track impact point and the bump centroid is consistent with the angle and
momentum of the track, the bump is associated with this track. Otherwise the bump

is assumed to come from a neutral particle.
Resolution

The resolution of the EMC is measured directly with a neutron-irradiated fluorinert
yielding o /F = 5.0 £ 0.8% at 6.13 MeV. For high energies, the resolution is derived
from Bhabha scattering, where the energy of the shower depends on the polar angle of
the electron or positron, og/E = 1.940.07%. Combining the calibrations at different
energies yields

] (2.32 £0.30)%

- & (1.85 £ 0.12)%
E- yBGey) o %

The angular resolution can be parametrized as

(3.87:t 0.07
09 = O0¢p =

VE(GeV)

I1.2.6 The Superconducting Magnet and the Instrumented Fluz Return

+ 0.00 = 0.04> mrad

The preceding detector subsystems are surrounded by a superconducting magnet

that generates a 1.5 T field. For identification of y and K particles, the steel of the
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flux return has been segmented into 18 layers and instrumented with resistive plate
chamber (RPC) detectors. In 2004, because of degradation of the performance, the
RPCs in two sextants in the barrel were exchanged with limited streamer tube (LST)

detectors; the other four sextants were exchanged in 2005.

RPC

Resistive plate chambers as installed in the BABAR detector (see Figure II1.9) consist
of two thin foils of copper on top of a bakelite plate that are separated by a gap of 5 cm
filled with a gas mix of isobutane and fluorinert. The high resistivity carbon coating
on the inside of the bakelite plates gives these plates their name. A high voltage
is connected to the plates, and when a particle traverses the plates and ionizes the
gas, it produces a localized shower cascade that is read out. Rather than a signal
that is proportional to the applied voltage, the RPC are operated in so-called streamer
mode, where the field is high enough that the ionized gas creates secondary avalanches
by photoemission that cancel the external field. In this regime the signal is rather

independent of the applied voltage.

LST

An open Limited Streamer Tube is shown in Figure II1.10. Limited streamer tubes
work in a way very similar to RPCs, but because of the more robust design, this
technology was preferred for the upgrade of the IFR in 2004.

An LST consists of a plastic case with either 6 or 8 chambers of dimensions
15mm x 15mm X 3000 mm, each coated on the inside with a high resistivity carbon
coating and housing a copper wire. Strips of copper foil along the tube on the bottom
are used to read out the x-y position of a particle and strips across the top read out

the z position.
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Fig. 111.10: Top view of an LST module. The protective sleeve has been partly
retracted for a better view.
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The tubes are filled with am admixture of gases similar to that in the RPCs.
The BABAR LST can be operated both in a proportional mode, where the signal is
proportional to the applied voltage, and in a streamer mode. Figure I11.11 shows the
the dependence of the signal on the applied voltage for an exemplary module. During
installation into the 18 layers of the barrel of the IFR, some layers were filled with
brass instead of the ST detectors. This additional absorbing material increases the

resolution of muon detection, but reduces the detection efficiency of Ky mesons.

II1.3 Detector Simulation

A full simulation of the BABAR detector is written in the GEANT4(28) framework
for the simulation of the passage of particles through matter. Event records provided
by event generators are transported through the material and the magnetic field of
the detector and the response of the sensitive material is simulated and recorded
in the same format as the actual measurements of data taking. Additionally, an
algorithm attempts to match reconstructed objects with the simulated partiéles that
caused the detector response. This procedure is known as truth matching and aids
in the validation of several parts of the analysis and helps analysts to perform a
“blind analysis” (29). Figure II1.12 shows the effect of the detector simulation on the
distribution of the invariant mass of the baryon pair in the decay B~ — Apy. The
distribution marked with “Generator level” corresponds to a decay in vacuum, with no
final state radiation. The distribution marked with “Detector level” shows the effect
of both the detector simulation as well as a possible confusion in the reconstruction

of the parent particle due to final state radiation.
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particles in the BABAR detector (detector level)
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CHAPTER IV

ANALYSIS OF BARYONIC B DECAYS

IV.1 Introduction

This chapter documents the analysis in detail and intends to give the motivation
for the decisions that were made, supporting them with graphical material wherever
appropriate. Any material that is not immediately relevant to the discussion at hand
but might give further insight or serve as background can be found in the Appendices.

It is important to note that the analysis is developed exclusively on simulated
samples in order to comply with the rules of a blind analysis(29). Only after review
of the strategy is the analysis actually carried out on data. This chapter has to
be understood in this context. All steps of the analysis as described here apply to
simulated samples as well as to data if not specified otherwise. We adopt the following

conventions in the remainder of the text:

Data refers to events recorded by the BABAR detector, as opposed to simulated

events.

Candidates are reconstructed objects in either data or simulation that are composed
of tracks and clusters. Because this object is just a hypothesis of a particle, it

is called a candidate for this particle type.

The text is sectioned as follows: Starting with an introduction of the samples
of events, we describe in detail the models that are used to generate the samples
of B~ — Apy, B~ — X%y, B~ — Apr® and B~ — X%n® . The next step of the

analysis deals with reducing the data sample based on loose cuts on variables that
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are inexpensive to compute. This is the so-called skimming of events. It reduces the
data sample so that computationally more expensive steps can be taken. This involves
reconstruction of candidate B mesons with a vertex fit and a more sophisticated set of
cuts, which is the subject of the following section. After these steps the selection of B
candidates is complete, and we develop the strategy to compute the branching ratios
of the relevant decays, as well as a way to reconstruct the (unknown) distribution of
the invariant mass of the baryon pair. Before applying these steps to the BABAR data
sample, we perform a set of validations and give an overview over the errors that are

assoclated with the final result.

IV.2 Samples

IV.2.1 Data

This analysis uses the data sample collected in runs 1-5 at the 7(45) resonance, as
well as the sample collected 40 MeV below the resonance in the same time period
for background studies. The integrated luminosity and number of BB pairs in the
different runs is shown in Table IV.1. Figure IV.1 shows the integrated luminosity

for the data.

run  integrated luminosity Npgg

(fo71) (10%)
1 20 22
2 61 67
3 32 36
4 98 110
5 130 150
total 340 390

Tab. IV.1: Integrated luminosity and number of BB pairs
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Fig. IV.1: Integrated luminosity versus time in BABAR runs 1 through 5

IV.2.2 Simulation

Simulation of decays at the BABAR experiment is mainly handled by the EvtGen(30)
event generator. This program generates the correct angular correlations of 3 meson
decays given a theoretical model. Deccays for which no dedicated model has been
implemented are treated generically by the JetSet(31) program, but in this casc the
angular correlations between decay products can be incorrect which can have quite
significant effccts on the analysis. (see Section 1V.2.5)

A significant characteristic of baryonic B decays is that the distribution of the
invariant mass of the baryon pair peaks close to threshold. In order to account for
this feature, the samples of B~ — Apy and B~ — X%py decays were generated based
on a pole model treatment of b — sv decays with baryons in the final state(32).
This model features a shape of the invariant mass distribution that is compatible
with the Belle measurcment(16), and the more realistic distribution of events allows

for a more accurate validation of the analysis. Therefore the model was coded for
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the EvtGen event generator under the name B_TO_LAMBDA_PBAR_GAMMA. The events
generated with the new model clearly show the threshold enhancement (Figure IV.2).
Figure IV.3 shows the distribution in an alternative model based on QCD counting
rules(3), which also shows a threshold enhancement, but was not used to simulate

events for this analysis. The decays B~ — Apr® and B~ — X%n° are a background
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Fig. IV.2: Invariant mass of the A — p system in the decay B~ — Apy according to
the model by Cheng and Yang

to the analysis of B~ — Apry and B~ — X%, because the B also decays to a baryon
pair with the invariant mass peaking near threshold. Because of the 7° in the final

O — v, the final states of the four decays look very similar.

state decaying via 7
However, because the decays B~ — Apn® and B~ — X%n" are incompatible with
the previously described generator model B_.TO_LAMBDA_PBAR GAMMA, a model of this
decay(2) was turned into a new EvtGen model with the name B_TO_2BARYON_SCALAR.

The model is based on a factorization assumption, which means the amplitudes for the

B — 7 transition is factored out from the amplitude for the B — Ap transition, and the
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Fig. IV.3: Distribution of the invariant mass of the baryon pair in the analysis of the
decay B~ — Apy according to perturbative QCD

branching ratio for the decays is expected to be 1/2 that of the corresponding decays
of neutral B mesons to a baryon pair and a charged pion due to isospin symmetry.
Figure IV.4 shows a comparison of the distribution of the invariant mass of the baryon
pair in the decay B~ — Ap~y from the B_.TO_LAMBDA_PBAR_GAMMA generator, and the

same variable in the decay B~ — Apn® from the B_TO_2BARYON_SCALAR generator.

1V.2.3 Lambda Antiproton Gamma

A sample of events was generated with the B_TO_LAMBDA _PBAR_GAMMA decay amplitude.
The decay of the A hyperon was limited to A° — p*7~ in the sample. Plots of the
momenta in the CMS at the generator level like those in Figure IV.5 can give an
indication of reconstruction efficiencies and possible analysis strategies. At this level
it is already fairly obvious that the standard skim of the Radiative Penguin AWG
BToXsGamma cannot be used. The BToXsGamma skim exploits the fact that the photon
in two-body b — sy events has a high energy (see Figure IV.6). Baryonic final states
however take up a large amount of phase space, so that the photon momentum is

considerably lower than for decays to mesons.
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Comparison of samples -- Generator level

Lan — Apy (Cheng, Yang)
L - -- Apﬂo (Chua, Hou)

T T
L}

2.0 25 3.0 35 2.0 25 5.0
A—p invariant mass (Gev/c®)

Fig. IV.4: Comparison of the distribution of the invariant mass of the baryon pair
in the decays B~ — Apy and B~ — Apr®. Two different models are underlying the
generation of these decays.

Comparing Figure IV.5(c) with Figure IV.6 reveals the effect of the Photos pack-
age in the reconstruction code. This package simulates QED radiation of charged
particles. The low-momentum peak in Figure IV.6 is due to photons generated by
this package. Since the Photos package adds a (low energy) photon to the simulated

decay, the most energetic photon was taken for the truth matching.

I1V.2.4 Sigma Antiproton Gamma

Decays of the kind B~ — X%y are a significant source of background in the recon-
struction of B~ — Apy and vice versa, because the decay X° — A+ has a branch-
ing fraction of 100 % and because the small mass difference of the two baryons
myxo — my = 7T7MeV. The large number of low-energy background photons makes
it easy to find a candidate that combines with a A candidate to form a suitable X°

candidate. As Figure IV.7 clearly shows, the momentum distributions for the two
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Fig. IV.5: CMS Momentum distributions of the B~ — Apy final states at the gener-
ator level
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Baryonic final states vs inclusive mesonic final states

— Af)’y 1
- 'Xs7 :

0.0 0.5 10 15 2.0 2.5

Fig. IV.6: Comparison of the generator level CMS momentum distributions of the
high energy photon in the decays B~ — Apy and B — X,y

modes are very similar, making it difficult to separate the two decays. A sample of
events was generated with the B_.TO_LAMBDA_PBAR_GAMMA amplitude. The decay of the

A hyperon was limited to A — pr~.

1V.2.5 Lambda Antiproton Pi

A comparison of the invariant mass of the baryon system between events generated
with a generic phase space model and those generated with the amplitude according
to the B_.TO_2BARYON _SCALAR model is shown in Figure IV.8. Applying the selection
cuts (see section G) to both samples shows that 50% more events generated with
the specific amplitude model pass the cuts than those generated with the phase space
model. The A hyperon decay is limited to A° — pr~. The recent measurement by the
BELLE collaboration(33) indicates that this mode has to be taken into account as a

possible source of confusion when measuring B~ — Apy or B~ — X%y. Because the
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Comparison of samples -- Generator level
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Fig. IV.7: Comparison of the distribution of the invariant mass of the baryon pair in
the decays B~ — Apy and B~ — X%y

Model comparison
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- - phasespace
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Fig. IV.8: Comparison of the invariant mass of the two-baryon system in the decay
B~ — Apr®. The two samples were generated with the model by Chua et al.(2) and
a generic phase space model, respectively.
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distributions of two of the discriminating variables® are close to those of B~ — Apy,
it has to be modeled separately and we are including this mode in the list of signal

decays.

IV.2.6 Sigma Antiproton Pi
The proximity in the fit variables of this decay to B~ — Apn® warrants separate
parametrization, we also include this mode in the list of signal decays and measure

the branching fraction for this decay. The model used to generate the samples is also

B_TO_2BARYON_SCALAR, with X° — A% and A° — pr—.

1V.2.7 Backgrounds

Decays that look sufficiently like the signal decays, such that they cannot be removed

with simple rectangular cuts are
ete™ — uu,dd, s

ete~ — c& Events with lighter quarks can be a background (and are in fact the

dominant background source), because of their large cross section.
generic charged B

generic neutral B These two samples encompass all decays in the list DECAY.DEC
for the EvtGen generator. They contain events where the generic phase space
algorithm in the generator produces a A or a X° a proton and a photon in
the final state. The branching fraction for these modes is largely overestimated
in these samples, so B~ — Apy and B~ — X°py events are explicitly excluded
from these samples by vetoing events in which a photon and an X, state are

direct daughters of a B and the X, decays into a proton and a A or X°.

Lnamely Myec.ond Mmigs., See equations IV.1 and IV.2
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1V.2.8 Summary of the Stmulated Samples

In the sample of generic B decays, for the components that have been previously
analyzed the measurement of the branching fraction or average of existing measure-
ments was taken. The decay B~ — X°py has not been observed at this point and
so the existing upper limit was taken as a cross section. For the decay B~ — ApnY
Belle’s measurement of the branching fraction was taken at face value. Similar to
B~ — X%y, no measurement of B~ — X%n" has been made to date. Because of
isospin symmetry, the branching fraction is expected to half that of B® — p30n=(17),
and since no measurement exists half of the value for the upper limit for B® — pXo7—
is assumed as the branching fraction to estimate the effect on this analysis. The

numbers are listed in Table IV.2. The number of events available for the simulated

Mode: branching fraction (107°)
B~ — Apy 2.16

B~ — X%y < 4.60

B~ — Aprn® 3.00

B~ — X% <19

Tab. IV.2: Branching fraction of the four modes under investigation. These numbers
are used to combine the simulated samples in the right proportions.

samples are listed in table IV.3. Cross-sections and branching fractions underlying

these estimations are taken from tables II1.1 and IV.2.

IV.3 Event Preselection

In order to reduce the BaBar data sample to a more manageable size, the following
selection was applied to the samples before performing an actual reconstruction and
analysis of the decay chain. Table IV.4 shows the fraction of events that pass this

selection, while Table IV.5 shows the number of events that are still available after
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Sample Runl Run2 Run3 Run4d4 Runb total
10 (0% (e®) ) (%) | (109

light quark | 83,168 122,700 66,894 209,150 213,908 | 695,820

charm quark 82,226 156,242 77,184 147,144 128,402 | 591,198

charged B generic | 69,596 102,142 46,698 168,312 168,824 | 555,572
neutral B generic | 69,238 103,164 50,556 163,084 166,372 | 552,414

B~ — Apy 31 94 50 153 202 530
B~ — X% 31 94 50 153 170 498
B~ — Apn® 10 31 17 50 56 164
B~ — X070 31 94 50 153 89 417

Tab. IV.3: Number of events by BABAR run period for each simulated sample

the selection, scaled to the luminosity of the available data. The cross sections for

the different samples are taken from table II1.1.

e We require three charged tracks in the event and apply a cut on the event shape

e The photon in the B decay is required to be a single EMC bump that is not
matched to a track, subject to 0.3 < Fems < 3.5, and for which the lateral

moment is < 0.8.
o / candidates are defined as:

— The proton is a charged track, subject to the cuts

Lkaon/Lkaon + Lproton < 0.75 and Lproton/Lproton + Lpion > 052
— The pion is a charged track with no further requirements
— The A is fit with the Cascade algorithm with a geometrical constraint

— The A itself is subject to a cut on the mass within 10 MeV of the PDG

value of 1115.683 £ 0.006 MeV

2 Lypion, Lkaon, Lproton denote the likelihood of a particular reconstructed candidate to be of
the respective type. The likelihood is computed from inputs of SVT, DCH and DIRC. For de-
tails on the computation, see http://www.slac.stanford.edu/BFRO0T/www/Physics/Tools/Pid/
Hadrons/Description_of_the_LH_selectors.html
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e The proton is a charged track with no further requirements
o >0 candidates are composed of

— A candidates that are subject to the same requirements as above with
additional cuts on the vertex x? > 0.001 and the flight significance (flight

length/error on flight length) > 3

— which are combined with a photon vector required to be a single EMC
bump that is not matched to a track, for which the lateral moment is

< 0.8 with an additional cut of LabE > 0.04 GeV.

~ The mass of the sum of the Lorentz vectors is required to be within 25 MeV
of the PDG value of 1192.642 + 0.024 MeV and the candidate is required

to be consistent with the primary vertex.
e The reconstructed B was subject to cuts on the sum of the four-vectors

— |Mrec.® — PDGualue| < 0.4 GeV

— 5.0GeV < Myt < 5.4 GeV

IV.4 Candidate Reconstruction

The following describes the selection criteria that go into composing B candidates
from the reconstructed final states. Since the B candidates are not vertexed during

skimming, the selection of candidates can differ slightly from the skim.

3see eq. IV.1

4see eq. IV.2



Sample BtoLambdaPbarGamma | BtoSigmaPbarGamma
light quark 3.24E-03 1.06E-03
charm quark 2.41E-03 9.21E-04
charged B generic 1.76E-04 2.81E-05
neutral B generic 1.45E-04 2.79E-05
B~ — Apy 3.89E-01 2.28E-01
B~ — X%y 2.40E-01 1.78E-01
B~ — Apr® 1.91E-01 1.34E-01
B~ — Xn® 1.48E-01 1.53E-01
On-res data 8.01E-04 3.12E-04
Off-res data 7.78E-04 3.12E-04

Tab. IV.4: Relative skim efficiencies for the different samples

Sample BtoLambdaPbarGamma | BtoSigmaPbarGamma
light quark 2,325,013.68 762,905.68
charm quark 1,075,666.34 411,229.31
charged B generic || 31,745.79 5,033.70
neutral B generic || 25,934.75 5,022.34
B~ — Apy 302.08 177.17

B~ — X%y 376.97 280.08

B~ — Apn® 137.15 96.72

B~ — X%n® 50.51 52.40
On-res data 4,202,970 1,625,870
Off-res data 384,889 154,197

o0

Tab. IV.5: Absolute selection rates of the two skims for the different modes, scaled
to the luminosity of the data sample
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1V.4.1 B Candidate Reconstruction

B candidates are made from the previously described photon and A or X° candidates
with an additional proton candidate from the ChargedTracks list. The three can-
didates are then fit to a common vertex using the TreeFitter algorithm and the

cuts
e 5.1GeV < mpiss < 5.4 GeV
e mp within 400 MeV of the PDG value

are applied for the reconstruction of B~ — Apy. The requirements for B~ — X%y

are a bit looser:

o 49GeV < Mpigs < 5.5 GeV
e mp within 600 MeV of the PDG value

1V.4.2  Candidate Selection Cuts

In order to reduce the contribution from background sources, the following cuts are
applied. Figures F.1 and F.2 show the variables that are being cut on. Each plot is
made after all previous cuts are applied. For the order of the cuts and the exact cut
limits, see Table IV.6. Tables G.1 and G.3 show the efficiencies for each cut for each
sample of events.

A selection

A vertex significance Candidates with a value for the A vertex x? probability of

0.001 or less are thrown away.

A decay length significance The TreeFitter vertex fitter that is used to combine

charged tracks to a B candidate also calculates the decay length of the A candidate
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as well as an error on this value. The ratio

decay length

g =
L™ error on decay length

is a measure of how significantly the decay length of the A candidate differs from 0.

Candidates with a value greater than 5 are retained.

A mass Since there is no mass constraint on the fit of the A candidate, the difference
of this quantity with the PDG value was considered as an additional discriminating

variable but it was found to have no discriminating power.
29 selection

The only variable under consideration is the difference between the fitted candidate
mass and its nominal value.

Photon quality cuts

Energy The final state photons in the decays B~ — Apy and B~ — X%y have
an appreciably lower energy than other radiative decays with mesons in the final
state. The cut of 1.5 GeV that is usually applied in analyses of these mesonic final
states would lead to an unacceptable loss in signal efficiency here, resulting in a
large systematic uncertainty due to the poorly known photon energy spectrum. The
invariant mass of the final state baryons determines the upper value for this cut. Only

events with a photon energy between 1 GeV and 2.3 GeV are kept.

Isolation The loose cut on the photon energy during skim selection is in no way
enough to cut against background from 7° decays and photons from bremsstrahlung

processes. In order to reduce the number of events from these sources, the photon
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is required to be isolated from other neutrals (to cut against n° — v decays) and
tracks (to cut against bremsstrahlung processes). The distance for each of those from
the center of the photon cluster is required to be greater than 25 cm at the face of

the EMC.

Mass Vetoes A dominant source of confusion when selecting a photon candidate
comes from 7° and 7® decays. A cut on the invariant mass of two photon candidates
is used to reduce these kinds of backgrounds. The invariant mass of the photon
daughter of a given B candidate and any other photon candidate with a lab energy
greater than 0.2 GeV in the event is calculated and the mass of the pair with a mass
closest to the n° mass is retained. The veto cut is then performed on this quantity.
The invariant mass of any pair that is closest to the nominal 7° mass is not vetoed,
but used to discriminate against background events as a component in the likelihood

fit.
Legendre Moments

The ratio of the two so-called “Legendre Moments” Ly/Lg is a powerful variable in

the discrimination between signal and background. The L; are defined as

Li= ) l|psllcos(8)f

keROE

where “ROE” stands for “Rest Of Event” and denotes the particles that are not
associated with the reconstructed B. 8y is the angle between the thrust axis and the
momentum of particle k. Both p and # are evaluated in the center-of-momentum

frame.
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Reconstructed Mass

The reconstructed candidate mass defined as

Mrec. - = |Qrec| (IV].)

where e, is the 4-momentum of the reconstructed candidate.
Missing Mass

The missing mass® is defined as

Mimniss. ‘= IQe‘Fe— - Qrec) (IV‘?’)

mrec.:ngG

The fact that a mass constraint is imposed on My can improve the resolution of
composite candidates in cases where the resolution of the composite is dominated by
a single daughter particle. In the present case the imposed constraint cancels the
contribution of the neutral daughter particle and the resolution is then given by the

resolution of the charged tracks.

1V.4.8 Best Candidate Selection

For each event, one or more reconstructed candidates may pass all cuts. At most one
of the two B mesons from the 7°(4S) decay is expected to decay into the signal mode.
It may therefore be necessary to select the “best” of the candidates in the event. Ta-
bles IV.7 and IV.8 list the multiplicity daughter particles of B candidates B~ — Apy

and B~ — X%y after the skim and after the candidate selection cuts, respectively.

5The parametrization of the missing mass has a cut-off point that is given by the center-of-
momentum energy, which varies slightly between events. This variation complicates the normaliza-
tion of the parametrization. In order to simplify the treatment, we additionally shift the missing
mass by the difference between the per-event center-of-momentum energy and a mean value of 5.3
GeV, i.e. in the following we use the term “missing mass” to denote mk ;.. = Mmiss. — (Eom — 5.3)
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Variable B~ — Apy B~ — X%~
photon cms energy (GeV) l<z<23 l<z<23
missing mass (GeV/c?) 5.2 < 5.2 <
x2(Vtxa) 0.001 < z 0.001 < z

A decaylength significance S<z S<z
Amgo (GeV/c?) - z < 0.02
photon — track distance (cm) 25<z 25<z
photon — cluster distance (cm) <z 26 <z

n mass veto (GeV/c?) 0.51 <2< 057 0.51<z<0.57
ratio of legendre moments z < 0.55 z < 0.55

A B mass (GeV/c?) —04<z<015 —-04<z<015

Tab. IV.6: Summary of the cut variables

While there is mostly only one candidate per event in the B~ — Apy sample after
all cuts, on average 1.56 B candidates survive the cuts in the sample of B~ — X%~
events.  Figures IV.9 and IV.10 give a visual presentation of how many daughters
of B candidates each event contains after all cuts. The different colors show which of
the daughter particles of the B meson is responsible for the multiplicity. Basing the
selection criteria on this daughter particle will then automatically reduce the number
of B mesons in the event. These figures indicate that most events reconstructed as
B~ — Apy only have one reconstructed B that passes all devised cuts. Selecting the

so-called “best candidate” is therefore only of minor importance for this reconstruc-

Sample Skim selection of B~ — Apy Skim selection of B~ — X%y
B~ — Apy 1.65 3.19
B~ — X%y 1.48 3.56
B~ — Apn® 1.46 2.75
B~ — X%n° 1.36 2.90
on peak data 1.50 2.77
off peak data 1.45 2.70

Tab. IV.7: Candidate Mulitplicity after the skim



Sample BtoLambdaPbarGamma cuts BtoSigmaOPbarGamma cuts
B~ — Apy 1.01 1.65
B~ — X% 1.01 2.02
B~ — Apr® 1.01 1.73
B~ — X% 1.01 2.00
on peak data 1.03 1.56
off peak data 1.04 1.64

Tab. IV.8: Candidate Multiplicity after the cuts
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Fig. IV.9: Daughter multiplicity in events with more than one B candidate — Recon-

struction as B~ — Apy
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Fig. IV.10: Daughter multiplicity in events with more than one B candidate — Re-
construction as B~ — L%y
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tion mode. The events reconstructed as B~ — 2py show that candidate multiplicity
is mainly due to a high multiplicity of X° candidates, mainly due to the low energy
of the photon from the decay 2° — Av. The following selection criteria were applied
when there is more than one reconstructed B in the event: For B~ — Apy events
the B candidate with the A daughter with the highest decay length significance is
taken. For events reconstructed as B~ — X%y the B candidate with the 2° daugh-
ter with the mass closest to the PDG value is taken. This resolves the ambiguity in
100% of the cases for B~ — Apy and in 99.9% of the events for B~ — X%y. Any
remaining ambiguity is resolved by selecting the B candidate with the highest lab
energy of the photon. Using this method, 30204 out of the 46225 B~ — X%y events
after cuts contain a fully truth-matched B candidate. For the selection of B~ — Ap,
80323 truth-matched candidates out of 81479 events are selected. Table IV.9 reviews
the efficiencies of different selection criteria. Figures IV.11 and IV.12 show the ef-
ficiencies of different selection criteria on truth-matched candidates for B~ — Apy
and B~ — X%y events, respectively. The x-axis shows the different combinations of
truth-matched candidates. The numbers are encodings of the different candidates,
each position refers to a different candidate, 0 stands for a non-truth-matched can-
didate, 1 means the candidate has been truth-matched. The height of the bar graph

shows how many candidates are truth-matched before and after the selection.

Variable B~ — Apy B~ — X%
highest photon CMS energy 0.991 0.525
highest photon lab energy 0.990 0.523
best composite baryon mass 0.992 0.653
highest A decay length significance 0.993 0.520

Tab. IV.9: Fraction of truth-matched events that are correctly selected by the best
candidate selection
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Fig. IV.11: Best candidate selection criteria for B~ — Apy candidates. The bits in
order are the truth matching flags for Lambda, Proton from B, Gamma from B, B

candidate



60

9002)—5Uth matching status for B candidates and daughters

9 before
80000 [ after

70000

60000F

50000

40000

30000}

20000

10000¢

%llb 0010 0100 1111 1100 1010 1000

(¢) best A mass

goo&?“th matching status for B candidates and daughters

= before
80000t I after

70000

60000

50000

40000

30000

20000

10000

%110 0010 0100 1111 1100 1010 1000

(d) highest Lambda decay significance

Fig. IV.11: continued
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Fig. IV.12: Best candidate selection criteria for B~ — X%y candidates. The bits in
order are the truth matching flags for Sigma, Lambda from Sigma, Proton from B,
Gamma from B, B candidate
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Fig. IV.12: Best candidate selection criteria for B~ — X5y candidates continued
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Truth matching

In order to evaluate the best candidate selection, so-called truth matching has to
be performed. This is the attempted matching of the simulated particle with a re-
constructed particle candidate based on the sharing of underlying reconstructed hits
and clusters. In order to be called a truth partner, this analysis requires final state
particles to be matched with a simulated Object. For composite candidates, all recon-
structed final states of the candidate are required to be matched. With this method,
15206 “true” B~ — X%y candidates are found in 45471 simulated events that pass

all cuts, and 78063 B~ — Ap~y simulated events out of 81479 are truth-matched.
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IV.5 Fit Strategy

IV.5.1 Overview

The yields of the four different samples is obtained from a four-dimensional maxi-
mum likelihood fit. Events are split into two independent classes as described below,
and the yields are computed for each class separately. One class of events con-
tains only B~ — Apy candidates, the other class contains both a B~ — Apy and
a B~ — X%y candidate in each event. For each of the three sets of candidates, a

separate parametrization of the four variables is chosen.

I1V.5.2 Separation of the Samples

After the cut selection, the candidates can be split into the following categories,
with a different parametrizations for each: single B~ — Ap~y candidates in the event,
B~ — Apy candidates that appear in events together with a B~ — X5y candidate,
B~ — X%py candidates that appear in events together with a B~ — Apy candidate.
Because of the low signal to noise ratio, events that contain only a B~ — X°py can-
didate are removed from the sample.

As a result of this classification, there are two classes of events: Those with only
a B~ — Apy candidate and those with both a B~ — X%y candidate as well as a
B~ — Apy candidate. The yields for each class are obtained in separate fits. The
events containing both candidates are handled in a simultaneous two-category fit and
events containing only a B~ — Apy candidate are treated in a separate fit. The yields
from the two classes of events are then combined to compute the branching fraction.

The number of events in each class is shown in Table IV.10 and Table IV.11.
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Sample B~ — Apyonly B~ — X%y only both
light quarks 1071 872 1099
charm quarks 775 843 929
generic charged B 9 31 13
generic neutral B 13 37 19
B~ — Apy events 35191 2379 48424
B~ — X%y events 6771 3428 43929
B~ — Apn® events 2855 688 4919
B~ — X%n° events 1980 4659 13099

Tab. IV.10: Absolute number of events that pass the set of cuts for each reconstruction
mode

Sample B~ — Apyonly B~ — X%~y only both
light quarks 1104 897 1134
charm quark 58b 636 702
generic charged B 3 10 4
generic neutral B 3 12 6
B~ — Apy events 52 4 71
B~ — X%y events 20 10 129
B~ — Apn® events 12 3 22
B~ — 3%n% events 2 4 11
on-peak data 2142 1915 2845

Tab. IV.11: Number of events that pass the set of cuts for each reconstruction mode,
scaled to the integrated luminosity of the data sample
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1V.5.8 Components

We attempt to model the data as follows: Four “peaking” components, B~ — Apy,
B~ — X%y, B~ — Apr® and B~ — X%n® are added to a “continuum” of mixed
background events: u, dd, s3, c¢ and generic B decays. This is possible, because as
figure IV.13 shows, the generic B component does not peak strongly in the mass of

the reconstructed B candidate.

1V.5.4 Variables

The following variables are used as ingredients in the fit because of their discriminative

power.
Mec. the reconstructed candidate mass

Mmiss. the invariant mass of the event excluding the reconstructed candidate, with

a mass constraint on the reconstructed candidate mye. = ngG

Ly/Lg the ratio of the Legendre Moments Lo/ Lg

best m o the photon of the b — sy decay is combined with every other photon in
the event that is not part of the reconstructed decay. The invariant mass of the
photon-pair that is closest to the nominal value of the mass of a 7% meson is
retained. Because of the abundance of photons in any given event that make it
too likely to find a good 7° candidate, a cut of Ei,, > 70MeV is placed on the
pion candidate. Plots of this variable for B~ — Apy and B~ — Apn° events
are shown in Figure IV.14. Selection of the “best” candidate could introduce
a potential bias in the selection of backgrounds. The fact that this is not the

case is shown in Figure IV.15



67

1.6 r
charged B
14l % neutral B | |
1.2
o
@
© 1.0r | |
[V
i '
£ |
208
: |
< [
206 T M
* ‘
| |
04 | I| ]
11 1111 |
|l| | iy | |l 4 1 e
0.2 |11 | | ]
| [ ’ |
0 l " l: | .I A 1 || N
98 4.9 5.0 5.1 5.2 5.3 5.4
sm_Bs (GeV)
(1) B~ — Ay
2.5 - r
-« charged B
neutral B
2.0r
g
@
g 18t ,
£ | | |
E]
|
§10
ke i 4 + 1l
TINL |
3 | |
|
.': . I| 1 i | [} |
II- IH R 14 I._‘ ¥
| [T Il
0 LA Ml 1l Ul LT |
4 4.9 5.0 5.1 5.2 5.3 5.4

$m_Bs (GeV)
(b) B~ — 2%

Fig. IV.13: Generic B component i ... scaled to the integrated luminosity of the
data sample



Energy of the photon candidates to make a _

68

20

15f

10f

truthmatched Tro daughters

truthmatched not to come from a

20

0.16

0.02 0.04 0.06 008 010 0.12 0.14 0.18
Ela&
(a) B~ — Apy

Energy of the photon candidates to make a 7

0.20

15

10f

truthmatched = daughters

truthmatched not to come from a "

0.08

0.02 0.04 0.06 0.10 012 0.14 0.16 0.18
Elab
(b) B~ — Apr®

0.20

Fig. IV.14: Lab energy of the photon to make the 7° candidate



Fig. IV.15: Best 7" mass for true

photons

SO——————

40

30

201

10

69

truthmatched
non-truthmatched

40

0.11

0.12 0.13 0.14 0.15 0.16
best a mass

(a) without minimu energy cut

0.17

35

301

25¢

201

15+

10

0
from true

0
‘ not from true =

0.11

012 0.13 0.14 0.15 0.16

0
best = mass

(b) with mininum energy cut

0

0.17

candidates and for random combinations of



70

Legendre Moments

For all samples containing B mesons this variable is modeled with a Cruijff shape,

which is a bifurcated Gaussian with tail parameter for each side.

(z —m)”

20% + ax(x — m)?

forui(z) = exp |— , (Iv.3)
where +(-) corresponds to x —m > 0 (z —m < 0). The background sample in each
category is modeled with a fourth-order polynomial.

Best 7° mass

The best 7 mass in B~ — Apr®, B~ — X%nr° and background events is modeled
with a Gaussian peak, with an additional Cruijff shape component for combinatorial
backgrounds. Unlike the other variables, the best 7° mass for these three samples is
modeled on a sample of data events that lies outside of the region that contains the
signal events. The same shape is used consistently for these three samples.

For B~ — Apy and B~ — X%y candidates, the shape of this variable is also
parametrized with a Cruijff shape. However, there appears to be a turn-on effect,
i.e., the for efficiency for low values of this variable is steeper than closer to the peak,
so that a single Gaussian-like shape cannot model the data over the whole range. The

turn-on is modeled with a Fermi function.

fz) = [1—-1/(exp((z — a)/b))]
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Shapes with this turn-on are implemented as piecewise functions, with the point

of switch a parameter of the fit.

fermi(z) z<a
f(z;a) =
Cruijff(x) z>=a

A turn-off is modeled in analogous fashion.
Reconstructed Candidate Mass

Since embedded toy studies show that an attempt to parametrize the shape as a prod-
uct of one-dimensional functions resembles the data poorly (see Appendix fig. E.3),
the variables e and My for the samples B~ — Apy and B~ — X%y are better
modeled with a two-dimensional pdf whose shape is taken from the binned Monte
Carlo samples (2D HistPdf). This shape is chosen for events for both candidates in
each event in these samples.

For the B~ — Apr® and B~ — X%n® samples, the shape of choice is the Cruijff
function. The background of continuum events is modeled with a polynomial of 2nd
order, because those events do not contain B mesons, for which this variable would

peak.
Missing Mass

For light quark (u,d,s,c) events my;s is modeled with the “ARGUS” shape(34)

fracsta) = ayf 1= (2) e (~x (1= (2)7)),

where ¢ is a cutoff parameter and x describes the curvature. For the two species

containing a 7°, this variable is modeled with the Cruijff function.
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IV.5.5 Summary of Fit Shapes

" In each event, a B~ — Apy candidate and a B~ — £% candidate is being recon-
structed. For some events, only one of the candidates survives the cuts, other events
still contain both candidates. (Events in which both candidates fail one cut are
dropped from consideration for obvious reasons).

FEvents Containing Only B~ — Apy Candidates

The four variables of B~ — Apy candidates in events where the B~ — X%y can-
didate fails the cuts are parametrized with the shapes summarized in Table IV.12.
Figures 1V.16, IV.17, IV.18 and IV.19 visualize the maximum-likelihood fit of these
parameterizations to the simulated samples and the they were fit to. In other words
the points represent the simulated samples and the continuous line is the maximum
likelihood fit to that sample. Since the four-dimensional fit is composed of a product
of four one-dimensional samples, the figures can be interpreted as one-dimensional.
In the variables mi. and mypy;s., the figures, however, are projections of the two-

dimensional shape to the respective variable.
B~ — Apvy Candidates in Events That Also Contain a B~ — X°py Candidate

The sample of events containing only B~ — Apy candidates apparently looks differ-

ent from events containing also a B~ — X°py candidate. Therefore these events are

Sample Mrec. Mmiss. M0 Lo/ Ly
B~ — Apy 40 x 40 40 x 40 Cruijff

B~ — X%y | 2d hist 2d hist w/ Fermi
B~ — Apr® Cruijff
B~ — X%nr® Cruijft
background Chebychev ~ Argus | Gauss+Cruijff | 4th order polynomial

Cruijff
Gauss+Cruijff

Tab. IV.12: Pdf parametrization for events containing only a B~ — Apy candidate
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parametrized differently, as summarized in Table TV.13. Figures IV.20, IV.21, 1V.22
and TV.23 visualize the maximum-likelihood fit of these shapes to the simulated sam-
ples.

B~ — X%~ Candidates in Events That Also Contain a B~ — Apy Candidate

The choice of parametrizations for B~ — Y%y candidates is the same as for B~ — Apy
candidates in the same events and summarized in Table IV.13. Figures 1V.24, TV.25,
IV.26, IV.27 visualize the projection of the four-dimensional shape to the respective

variables.

1V.5.6 Combined Fit Strategy to Extract Yields

Events that contain both B~ — Apy and B~ — X%~ candidates are fit as follows:
The data for each candidate is augmented with a category indicating the flavor.
The pdf to fit to the data point is then chosen by the category. Thus each event
is represented by two data points, x and y, corresponding to the B~ — Apy and

B~ — X%~ candidates, respectively. The negative log-likelihood function is
—£(N;0',0%) = —In L(N; 0", 6%) (IV.4)

N 5

~ an =S | Y0y (fi(ws; 00) * g5 (w3 02) (TV.5)

i=1 j=1

Sample Myec, Miniss. TMy0 LQ/ LO
B~ — Apy 40 x 40 40 x 40 Cruijft

j— O_ . . .
B_ — Egpg 2d hist ) 2d hist w/ Fermi Cruijff
B~ — Apr Cruijf Gauss+Cruijft
B~ — X%n° Cruijff )
background Chebychgv Argus Gauss+Cruijft 4th Ordel?

w/ Fermi polynomial

Tab. IV.13: Pdf parametrization for events with two candidates
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Fig. IV.24: Parametrization of the reconstructed mass of different samples recon-
structed as B~ — X°py in events also containing a B~ — Ap~y candidate.
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Fig. IV.25: Parametrization of the missing mass of different samples reconstructed as

B~ — X%y in events also containing a B~ — Ap~y candidate.
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Fig. IV.26: Parametrization of the ratio of the Legendre moments Lo/ Ly of different
samples reconstructed as B~ — X%py in events also containing a B~ — Apy candi-

date.
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with the additional constraint that Zj n; = N, where j denotes the component, f
and g are the pdf for the B~ — Apy and B~ — X%y candidates, respectively, and 6*
and 62 are the parameters for f and g and are fixed in the fit, while the yields n; are
floating. There is a subtlety in the definition of the likelihood in that the pdf is not
properly normalized because of correlations between the fit variables. This is handled
in Section IV.5.8. Events that only contain a B~ — Apy candidate are treated in a
separate fit, which results in a separate set of yields m;. The results from the two
fits will then be combined as independent measurements to determine the branching

fractions.

I1V.5.7 Toy Studies

For the purpose of studying the stability of the fit, a number of so called toy Monte
Carlo experiments is performed. In each experiment, the expected number of events
are generated from the fitted pdf. An independent fit is then performed on the gen-
erated sample. The number of events generated in each experiment follows a Poisson
distribution. The mean values for the B~ — Apy and B~ — X%y events are on the
order of the expected numbers in the data sample after all cuts, using Table IV.2 as
reference. The number for the background component was taken to be the number
of data events after cuts. The parameters of the pdfs used to generate the simu-
lated events are obtained from a fit to Monte Carlo events for both B~ — Apy and
B~ — X%y, as well as B~ — Apn® and B~ — X% , while the background compo-
nents were obtained from a fit to a sample of light quark and generic B background.
In each cycle of generating and fitting, the number of generated events was varied
according to a Poisson distribution. The parameters for all five pdfs were fixed, while

the yields are free parameters in the fit.
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Embedded Toys

Instead of generating events from the fitted pdf, events can also be read in from the
existing samples. This technique known as an “embedded toy study” is used to test
how well the pdf models the simulated data. For a set of 1000 experiments each, the
number of embedded events is varied around the number of expected events following
a Poisson distribution. In these experiments, the background is sampled from the
pdf shape described above. For each of the peaking mode, the expected number of
events is taken from the simulated samples and embedded in this background. The
pull is defined as i— / \/W, where 7 is the expected number of events, Z is
the yield of experiment i, o; is the fit error of experiment i and o is the statistical
error on z. Figure IV.28 shows pure and embedded toys for the simultaneous fit,
while Figure V.29 and Figure IV.30 show the validation for each of the components.
Figure V.31 shows the result of the toys for events that contain only a B~ — Apy

candidate.

IV.5.8 FErrors

In the simultaneous fit there are strong correlations between the variables used in the
reconstruction of B~ — Apy and B~ — X%py. In order to evaluate the error from the
likelihood, 1000 toy experiments are carried out. The distributions of the yield from
these experiments are fit with a Gaussian distribution. The distribution of the errors
on the fit are also fit with a Gaussian distribution. If the errors on a parameter from
the likelihood fit are sensible, they should be comparable to the width of a Gaussian
distribution of that parameter. Table IV.14 shows the mean and width for the yields
and their errors from 1000 embedded toy fits. For comparison Table IV.15 shows the

correlation coefficients for each of the peaking Monte Carlo data samples. If the error
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from the fit is underestimated, the width of the Gaussian fit to the yields is wider
than the mean of the errors. Table IV.16 shows the effect of fitting 1000 events with
the B~ — Apry candidate embedded twice into the event. The events are then fit as
if the two candidates were different. It is evident that the error is underestimated by

a factor of v/2.
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sample B~ — Apy only B~ — X%y only | simultaneous

B A vield 118+ 18 119 + 28 119+ 16
Py error 1941 27+ 1 1541

B o vield 124+ 30 120 £ 27 124+ 20
B™ =20 ror 20+ 1 27+ 1 19+1
- o yield 93+ 25 —13+56 91+ 24
B~ — Apr error 23+ 2 56 + 5 20 + 2
- oo yield 0+ 21 98 £ 44 6+ 10
B™ =27 or 2044 45 + 4 29 + 4

Tab. IV.14: Comparison of the spread of the yields from 1000 toy experiments with
the error on the yield from the likelihood fit

variable Correlation coefficient
B~ — Apy B~ — X%y B~ — Apr® B~ — X%n°
B mass 0.857 0.735 0.904 0.830
missing mass 0.535 0.426 0.540 0.422
legendre moments 0.992 0.983 0.990 0.987
best 70 mass 0.910 0.916 0.941 0.941

Tab. IV.15: Correlation coefficient between the B~ — Apy and the B~ — 3200y re-
construction for each of the fit variables

sample simultaneous
T
TR
e T
p e I Wi

Tab. IV.16: Comparison of the spread of the yields from 1000 toy experiments with
the error on the yield from the likelihood fit. Candidates are fully correlated.
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IV.6 Computation of the Branching Fraction

A common feature of B decays with a baryon pair among the final states is that the
differential branching fraction in bins of the invariant mass of the baryoﬁ pair peaks
at threshold. Additionally, this analysis, like many other b — sy analyses, uses a
cut on the high energy photon to reduce background. The signal reconstruction effi-
ciency thus also depends on the di-baryon invariant mass, which causes a systematic
error in taking the yields extracted from the likelihood fit in order to determine the
branching fraction. Therefore, following the lead of the analysis of B® — Apm~(35),
the sPlots(36) method will be used for the measurement of the branching fraction.
See appendix K for a more detailed description of the method. In short, each event is
assigned a weight for each subsample that depends on the covariance matrix of the fit.
Thus, plots of variables of subsamples do not have to rely on background subtraction
but rather use the full statistical information that is available. The weights for each

event are
N

D=1 VniP;
N

Zj:l NJ' Tj

Filling a histogram in a variable that is not part of the fit with these weights should

Sﬂ)n(ye) =

then correctly reproduce the distribution of that variable for the respective sample.
The branching fraction of the decay is computed by extracting the yields in bins of
the invariant mass of the baryon pair and dividing by the reconstruction efficiency
for this bin. This should give the correct number of events in the BaBar data sample

in each bin.



95

IV.6.1 Dependence on the Measurement Efficiency

The measurement efficiency is an unknown function in the variable di-baryon invariant
mass. Because of the cut on the high-energy photon, it is highly correlated with
the model that describes the branching fraction as a function of this mass. After
validating the technique to extract the branching fraction for a flat measurement
efficiency, the weights for each event are then divided by the reconstruction efficiency
for each bin, obtaining the final set of sPlots that are then used to obtain the branching
fraction. This means that every event is assigned a weight sP,,(v.)/e., where €, is the

efficiency for the event as a function of the invariant mass of the di-baryon system.

IV.6.2 sPlots Validation

If the properties of sPlots that are alluded to in the appendix are satisfied, binning
the weighted events in any other variable will always be an unbiased estimator for the
event yield in each bin separately. The sPlots formalism includes a description how
to compute bin errors, but since we cannot be sure that the conditions under which
those computed errors give a good description of the measurement uncertainty hold,
we perform a set of toy Monte Carlo simulations to get an idea of the true value of
the bin errors. One of the requirements of the sPlots method is that the variable of
interest is uncorrelated with the fit variables. Tables IV.17, IV.18, and IV.19 shows
the correlation of the di-baryon invariant mass with each of the fit variables for the
four signal samples and for data. In 1000 samples with a mean of 5000 generated
background events, events from the full simulation are embedded. The number of
each sample is varied independently according to a Poisson distribution, with means
of 120, 120, 20 and 20 for the samples B~ — Apy, B~ — X%y, B~ — Apn® and

B~ — X%n0 | respectively.
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Sample Mree. Mmiss. Lo/Lo best m° mass
B~ — Apy 0.086 0.018 0.033 -0.161
B~ — X%y | 0.085 0.036 0.012 -0.158
B~ — Apn® | 0.011 -0.014 -0.049 -0.098

B~ — Y%7 | 0.052 -0.034 -0.039 -0.100
data 0.160 -0.006 0.049 -0.212

Tab. IV.17: Correlation coefficient with each of the four fit variables for the four
signal samples and for data for B~ — Apy candidates

Sample Mree. Mmiss. Lz/Lo best m° mass
B~ — Apy 0.104 0.011 0.026 -0.178
B~ — X%y | 0.035 0.020 0.017 -0.187
B~ — Apn® | -0.027 -0.032 -0.022 -0.095

B~ — X%z° | 0.019 0.006 -0.013 -0.109
data, 0.114 -0.040 0.038 -0.193

Tab. IV.18: Correlation coefficient with each of the four fit variables for the four
signal samples and for data for B~ — Apy candidates in events that also contain a
B~ — X%~y

Sample Mree. Mmiss. L2/Lo best ¥ mass
B~ — Apy 0.101 0.061 0.029 -0.156
B~ — X%~y | 0.090 0.021 0.015 -0.156
B~ — Apn® | -0.006 0.023 -0.023 -0.080

B~ — X%#% | 0.061 0.015 -0.019 -0.080
data 0.152 0.003 0.034 -0.170

Tab. IV.19: Correlation coeflicient with each of the four fit variables for the four
signal samples and for data for B~ — X%y candidates
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Because the non-negligible correlations between the di-baryon invariant mass and
the fit variables and the relatively low expected yields of the signal samples, the sPlots
method is validated as follows: For the background, a flat distribution in the di-baryon
invariant mass is generated, and for each of the signal modes, a beta-like distribution
is assumed in order to simulate the peaking behavior. The plots in Figure IV.32 show
for each sample the histograms of the generated distribution and the sPlots. The
height of each bin is the average of the 1000 values in that bin, while the error bar
represents the standard deviation of the values in the bin. The events only contain
a B~ — Apvy candidate. Validations on B~ — X%y and B~ — Apy candidates in

events with both candidates are shown in Figures 1V.33 and IV.34, respectively.

IV.7 Systematic Uncertainties

In addition to the statistical error that stems from the finite sample size, all physical
measurements are affected by a systematical uncertainty. Inaccuracies in the phys-
ical devices, the inability to compute underlying models analytically, and the like
propagate to an error in the determination of the yields of signal and background
and ultimately to an uncertainty in the measurement of the branching fraction. The

following sources of systematic errors are considered:

IV.7.1  Model Uncertainties

The model(32) that is used to generate the events for B~ — Apy and B~ — Y%y
depends on several form factors that are not determined analytically. Estimating the
systematic error due to the parameterization of the decay is quite challenging because
of the limited experimental data that is avaliable to validate the model against. One

way would be to compare it to other models(3) that can be used to predict the
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Fig. 1V.32: Validation plots of the sPlots micthod used to extract the branching
fraction in bins of the di-baryon invariant mass. Events containing a single 3~ — Apry

candidate
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Fig. TV.32: continued

branching fraction of B~ — Apy and B~ — X%~. Figurce IV.35 shows how the cut
efficiency depends on the invariant mass of the di-baryon system. As the cut on the
photon cnergy is correlated with the di-baryon invariant mass, figure I'V.36 shows the
cut cfficiency on the two signal modes with this cut rermoved.

Based on error associated with the computed form factors - 10 % at zero recoil and
30 % on the ¢* dependence - events were generated with corresponding variations on
these parameters. Out of 1000 generated events, between 366 and 361 are successfully
reconstructed and between 146 and 141 pass all cuts. Based on the differcnce in the
number of events that pass the cuts, a systematic error of 4% is assigned to the yield.

Additionally, a systematic error of 0.5 % enters the reconstruction efficiency.

IV.7.2 B Counting

The number of B events as obtained from the BbkLumi script and shown in table IV.1

is 382.9 + 4.219 events, from which we assign an uncertainty of 1.10 %.
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Fig. TV.33: Validation plots of the sPlots method used to extract the branching

fraction in bins of the X° — p invariant mass for Events containing both a B~ — Apy
candidate and a B~ — X%y candidate
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BOBY— B*B~ —asymmetry For the purpose of calculating the number of B mesons
from the luminosity, it is assumed that charged and neutral B mesons are produced
in equal parts. Based on the PDG values, we assign an crror of 1.4 % on the final

yields due to this assumption.

IV.7.8 Cuts
The cuts have different efficiencics for data and MC. The error on the cut on the
candidate type is akin to the B~ — X%y candidate not passing at least one of the
cuts, while the B~ — Apvy candidate passecs all cuts. For the cut on the separation
between the EM cluster and the nearest track, a 2% crror is assigned.

Plots in Figures F.5 and F.6 werc made at an carlier stage of this analysis, before
B~ — X%y was added as a component of the sample. They show that the signal
significance is fairly insensitive to changing the cuts. Based on Figures 1V.37 and

IV.38, a systematic error will be applied that is proportional to the fitted yield.
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Tables IV.20 and IV.38 summarize the slopes from these plots

IV.7.4  Particle Identification

There is a systematic crror associated with applying a particle identification (PID)
selector, because it has different efficiencics for data and simulation. The PID working
group spends their cefforts on trying to wnderstand exactly the amount and nature
of these differences and supply correction factors, so called PID weights, wpyy =

Edata/ Esimulation- L1e PID weight is the ratio of the efficiencies for data and simulation

and the recipe to correct for the difference is as follows:



107

B —Apy
7000 : : : : : : : 0.16
6000} 14
——
10,12
5000}
{010 &
@
1 4000} 2
_33 {0.08 2
@ “7 5
#3000} . i
—1 {0.06 @
W
2000 -
1000 {0.02
n L L .nﬂ
35 . 4.5 5.0 5.9
m,,
(a) BT — Apy
= 0_
B =Y py
4500 : ‘ : . : : : 0.18
4000 {0.16
3500 {0.14
3000 1012 >
]
w (=)
+ 2500 10.10 &
a ar
= =
Q.
4 2000 10.08
@
Y
1500 {0.06
1000 {0.04
500 {0.02
i i
q 4.5 5.0 5.9:90

(b) B~ — 2%y

Fig. IV.35: Cut efficiency for B~ — Apy and B~ — X% signal in bins of the di-
baryon invariant mass



108

B —Apy
7000 ; . . ; . . ; 0.40
6000 0.35
5000 0.30
>
w
[ =
R
i 4000 0.25 Y
i L)
@ 6
* 3000 0.20 §
w
[N
2000 0.15
1000 0.10
g gos
— 1]
B =Y py
4500 . ; ; . ; ; . 0.40
4000
3500
3000 )
@
w L=
£ 2500 i
ar a
@ 5
4 2000 £
a
5
1500
1000}
500

(b) B~ — S0y

Fig. IV.36: Cut cfficiency for B~ — Apy and B~ — X% signal in bins of the di-
baryon invariant mass. The cut on the photon cnergy has been removed



109

1. apply the selector to reject tracks that do not meet the criteria

2. if wpp < 1, accept tracks that pass the selector with a probability —Sdata—

€simulation

3. if wpp > 1, accept a rejected track with a probability —Sdae— 1

€simulation

Applying the selector with and without the efficiency correction outlined above on
the signal samples changes the number of candidates that pass the cuts by about

0.6%.

IV.7.5  Single Photon Efficiency

According to the neutrals group®, a correction to the single photon efficiency is un-
necessary, with a systematic of 1.8%. This is valid up to 2.5 GeV, which is beyond
the kinematically allowed photon energy for this decay. This uncertainty has to be

applied to each photon not from a 7% decay.

IV.7.6 Tracking

According to the recommendations of the tracking task force”, a correction is applied
on a per-track basis. All tracks in this analysis are taken from the default list.
Averaging over the different run periods yields a systematic uncertainty of 0.36% per

track.

IV.7.7  Fitting
In order to estimate the uncertainty on the yield that is introduced by the fit, the
parameters of the fit are randomly varied within their errors, and the fit is then redone

with the new set of parameters fixed. The maximum difference in a set of 1000 yields

Shttp://www.slac.stanford.edu/BFRO0T/www/Physics/Analysis/AWG/Neutrals/
validation/recipiel8.html

“http://www.slac.stanford.edu/BFROOT/www/Physics/TrackEfficTaskForce/
TrackingTaskForce-2006.html
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obtained this way is taken as the systematic uncertainty due to the fit. This is carried

out in the following way:

a) The same data set is fit 1000 times, all parameters are fixed, yields are floating,
but initial values remain unchanged among the 1000 fits. This serves as a dummy
check to ensure the stability of the fit.

b) The same as before, but the initial values are varied within Poisson errors of the
results of the previous experiment.

¢) The same data set is fit 1000 times with fixed parameters, varying all parameters
within errors. The bins of the histogram pdf are varied within Poisson errors.
Initial values are fixed.

d) The same data set is fit with fixed parameters, but one of the yields is fixed,
varying within 10o. This is done for each of the yields in the fit.

e) The number of events that are embedded in the data sample is varied in the
following way: The embedded toy studies are carried out on 1000 data sets con-
taining Poisson-distributed numbers of each of the components. For the study of
the systematic error, the mean of one of the components is changed. For each of
the components, a few values for the mean are considered, while the means of the
other components are unchanged. For each of the different values for the mean,

for each of the components, 100 events are generated.

IV.7.8 Summary

Table IV.22 summarizes the uncertainties associated with the different reconstruction

modes.
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Dependence of the yields on the number of embedded B — Apy events
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Fig. IV.37: Effect on the fit when changing the composition of the sample of one-
candidate events.
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Dependence of the yields on the number of embedded background events
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Fig. IV.37: continued
fitted yield dependence m on embedded yield
y=mr+0b B~ = Apy B~ — Apr® DB~ — X%y B~ — X%x” background
B~ — Apy 0.98 0.15 —0.0078 —-0.025 —0.00052
B~ — Apr® 0.0011 0.78 —0.00056 0.021 —0.00040
D™ — ZU]V/ 0.016 0.017 0.97 0.25 —0.00017
B~ — Z%n% | —0.0021 0.016 0.021 0.62 —0.0019

Tab. IV.20: Summary of the systematic cffect of changing the sample composition
for onc-candidate events (Figure IV.37)

fitted yicld ~ dependence m on embedded yield

y=mr+0b B~ = Apy B™ — Apn® B~ — 2%y B~ — X%  background
BT — Apy 1097 0.063 —0.018 —0.10 —0.0034

B~ — Apr® 0.0060 0.98 —0.00038  0.13 0.0047

B~ — X%y 0.064 0.016 1.11 0.19 0.010

B~ — X%z% | 0.0027 0.12 0.0059 0.74 0.0058

Tab. IV.21: Summary of the systematic cffect of changing the sample composition
for simultancous fits to two-candidate events (Figure IV.38)
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Fig. IV.38: Effect on the fit when changing the composition of the sample of two-

candidate events.
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Fig. TV.38: continued

2000 4000 6000 8000 10000
background events

B~ — X%y (%)
1.10
1.4
0.8
3.6
1.08
9
4
0.5

dependent on sample

0.6

Source of crror B~ — Apy (%)
B counting 1100
BYBY — B* B~ asymmetry 1.4

BE A — py 0.8
single photon efficiency 1.8
tracking uncertainty 1.08

EM cluster - track separation 2
theoretical model (yield) 4
reconstruction efficiency 0.5
likelihood fit dependent on sample
PID 0.6
“combined 5.37 + fit crror

6.21 + fit error
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Tab. IV.22: Systematic crror on the yields for the different reconstruction modes
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CHAPTER V

RESULTS

V.1 Visualization of the Four Fit Variables

The maximum likelihood fit finds values for the yields of the four samples and the
background that maximize the value of the likelihood function (eq. IV.5) for each of
the three possible parametrizations of B candidates. Figures V.1 and V.2 visualize the
result of this fit for B~ — Apy candidates in one-candidate events, while Figures V.3
and V.4, and V.5 and V.6 do the same for B~ — Apy and B~ — X%py candidates,
respectively, in two-candidate events. Each plot represents the projection of the four-

dimensional probability density function to the given variable.

V.2 Yields in the Data Samples

Applying the analysis strategy that was developed and validated on simulated samples
in the preceding chapters to the BABAR data sample is referred to as unblinding in
BABAR jargon. The results of that process are shown and put into context in this
chapter.

The yields of the different samples in both data sets are extracted from the

likelihood fit as shown in Tables V.1 and V.2. The significance is computed as

\/ —2(Lmin — Lo), where Ly, is the minimum of the negative log-likelihood func-
tion and L is the value of the negative log-likelihood function with the respective
yield fixed to 0.

The negative value for the yield of the B~ — Apn® sample is of course unphysical.

Because of the high correlation of the yields for B~ — Apn® and B~ — X% in both
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Fig. V.1: Likelihood fit to the kinematic fit variables reconstructed candidate mass
and missing mass in events containing only one candidate



iy
N
o

III|III'III|!I||JII1|II[I

Events / ( 0.005499 )
@ =
o [=]

60

40

20

)
[=]
lllllllllllllllllllll]

@
[=]

Events / ( 0.0022 GeV/c?)
[+7]
o

40

20

119

Ratio of Legendre Moments L2 /L,

Components
T APY
....... ZO 'ﬁ Y
Sl A —'5 7130
....... ZO 5 70
------- Background
— best fit combined

Best r° Iﬁéss

Ratio of L12/L10

[Components

— best fit combined

Fig. V.2: Likelihood fit to the kinematic fit variables ratio of the Legendre Moments
Lo/ Lo and best mqo in events containing only one candidate



120

Reconstrucied Mass

—
N
[=]

Events / ( 0.01375 GeV/c? )
(=]
(=]
T k 1 1 | T

O;
E
—A

60— e
Components
T ADPY
AOf <<eneen 50 Py
e A 'p'n-o
....... 20 '5 7t0
20)) wavenan Background
best fit combined Pt —y t
0 bty ra qra s e e maanpa s AR et A TP TT o e P
4.9 5 5.1 5.2 5.3 54
B Mass (GeV/c?)
Missing Mass
o L
% -
S100—
£ +
N -
Q
S
:’ — N 'fr‘r{-'l
& 60 %:
w Components
40— /\()p_y
| | sessnen 3 PY
[ |- AP
20— |t 2P
D [ = Background
2 best fit combined
0-—.—,--—--.-‘-—-»,——-;—! e e e L L &

L
52 521 5.22 523 524 525 526 5.27 5.28 529 53
Missing Mass (GeV/c?)

Fig. V.3: Likelihood fit to the kinematic fit variables reconstructed candidate mass
and massing mass for B~ — Apy candidates in events containing two candidates



121

Ratio of Legendre Moments L /L, J
A — — =2

Components
ARy

....... ZO "3 '\‘/

o A 'p' 7C0

,,,,,,, ZO 5 TCO

........ Background

— best fit combined

—_
N
o

II]I)[Illllllllllll‘|lllll

Events / ( 0.005499 )
=
o

60

40

20

b abude 1R RS e A O, I T
0.1 0.2 0.3 0.4 0.5
Ratio of L12/L.10

Best ° Mass

N§100_— Components
s I —— APY
= . m T Py
8 oor wm AP
e ML s 0= 0
= [ Xprw
Lol 4 # | Background
3 i —— best fit combined
a0
f 1
20[—
TS i b b
By ! 8%,
0 t 'rit—r-r-.'-lrﬂ.‘-".-%"*."1:1"*'r".-'i"r'r-r*1”7'#'1"1"7'-1'-'."1-'r-'r'r-1'"*
0.08 0.1 012 014 016 018 02 022 024

best ° Mass (GeV/c?)

Fig. V.4: Likelihood fit to the kinematic fit variables ratio of the Legendre Mornents
Lo/ Lo and best myo for B~ — Apy candidates in events containing two candidatcs



122

. Reconstructed Mass ]

100

[==]
(=]

2]
o
|I||IIl!IIIIIII|III|I|

Events / ( 0.01375 GeV/c?)

40
20
0 e pempmap e A R A A e SN S S e e e
4.9 5 5.1 5.2 5.3 5.4
B Mass (GeV/c?)
Missing Mass J
o F
21001
(4] -
LN _
[a]]
g [
o 80—
P
& 60
> L
Lu =
40—
20— 1
_ 1
- —— best fit combined | .,
e S e e S k7 s e e
52 521 522 523 524 525 526 527 528 529 5.3

Missing Mass (GeV/c?)

Fig. V.5: Likelihood fit to the kinematic fit variables reconstructed candidate mass
and missing mass for B~ — X%y candidates in two-candidate events



123

L Ratio of Legendre Moments L /L, J

§ 120~ |Components
I
S00[= e Py
s [ |7 AR
s go— | L°p n°
T N Background
o == best fit combined |
aof
.
0 bl 24 T Py — b,
0.1 0.2 0.3 0.4 0.5
Ratio of L12/L10
Best ° Mass
N‘;on__ Components
= (1| ||| I Py
gt S A
o [
g [ N || T PP 20 ﬁ 70
geo— ] B [ Background
2ot — best fit combined
40—
20—
i R
W;%w%
0 e i e Wl Vo ML 1 0% P £ L sl e s i i s 'r‘""r"r"'r !"r‘r'r'ﬁ"r'

.08 0.1 0.12 0.14 0.16 0.18 0.22 0.24
best TCO Mass (GeV/c?)

(=
(=2

Fig. V.6: Likelihood fit to the kinematic fit variables ratio of the Legendre Moments
Lo/ Lo and best mqo for B~ — 2%y candidates in two-candidate events



124

Sample yield error hi error lo significance
B~ — Apy 71 12 -11 8.5
B~ — X%y 45 14 -13 3.2*
B~ — Apn® -34 12 -9 2.5
B~ — X%x% 22 16 -14 1.4*

Tab. V.1: Yields, errors and significance in the sample of two-candidate events. Sig-
nificances marked with * are computed by dividing the yield by the larger of the
asymmetric errors.

Sample yield error hi error lo significance
B~ — Apy 37 14 -12 3.5
B~ — X% 46 17 -16 3.0
B~ — Apn® -12 12 -10 1.0
B~ — X%n® 28 21 -18 1.3*

Tab. V.2: Yields, errors and significance in the sample of one-candidate events. Sig-
nificances marked with * are computed by dividing the yield by the larger of the
asymmetric errors.

samples (see C.4 and C.5), we compute the significance of the combined yield, i.e. the
difference in likelihood between fixing the yield for both channels to 0 and floating
them in the fit. The values for the significance of the two final states containing a
pion is 2.6 for the simultaneous fit and 1.5 for the fit to the one-candidate sample
only. The yields for the two final states containing a photon are relatively unchanged
by fixing the yield of the two decays containing a pion, as Tables V.3 and V.4 show.
The yields can be reconstructed in bins of the invariant mass of the baryon pair

by means of statistical unfolding. The results of this procedure are presented in

Sample yield error hi error lo
B~ — Apy 35 13 12
B~ — X%y 48 17 16

Tab. V.3: Yields of the likelihood fit to one-candidate events, where the yields of
B~ — Apr® and B~ — X%n° are fixed at 0
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Sample yield error hi error lo
B~ — Apy 69 11 10
B~ — X%y 42 14 13

Tab. V.4: Yields of the likelihood fit to two-candidate events, where the yields of

B~ — Apn® and B~ — XY are fixed at 0

Figures V.7 and V.8. The sum of the bins is by design the yield in the sample.
Figure V.9 shows the sum of the yields of B~ — Ap7n® and B~ — X% n° in the

one- and two-candidate samples.



126

E\ Py from one-candidate events
35

30
25
20
15

o
]llll[lflIII|ITI'IIIllllllllllllllllllllll

+++++

2.5 3 35 4 45 5 ,
invariant mass (GeV/c")

1
(3,1
T

| 3°py from one-candidate events |
35

30
25
20

15

I|IIII|I|I||IIII|IIII|IIII|III |I1II|I||I|

++++

||I||llllll|||llll|||l|n||||

25

N

4.5
|nvar|ant mass (GeV/c )

Fig. V.7: Yield bins of the invariant mass of the baryon pair in the one-candidate
sample



A P n° from one-candidate events

20

15

10

(3}
T II[IIIIlIl)IlIIIIlIIIIlIIII

B
+

PRI BN N Y Y [N TN SO S S SN VOR ST S S T ST S W

N 7

2.5 3 3.5

\ =° p a° from one-candidate events |

4 4.5 5
invariant mass (GeV/c”)

25
20
15
10

IIIIIIIIIIIIIII[IHI

+

)
llllllllllllllllllllllll

1
e
(2
T

N

2.5 3 3.5

Fig. V.7: continued

4 45 5 ,
invariant mass (GeV/c)

127



128

| A P y from two-candidate events

60

50

40
30
20

10

JF

-+

Ll
2.5 3 3.5

I|I|I||IIIIIIIIIllllllllllllllllll

o

e b e by o vy Iy

N

4 45 5 ,
invariant mass (GeV/c®)

| 3°py from two-candidate events |
40

30

20

10

+.

P B I R T I S R
2.5 3 3.5

|I[IIlllllllllllllllllllll

Nll

4 45 5 ,
invariant mass (GeV/c?)

Fig. V.8: Yield bins of the invariant mass of the baryon pair in the two-candidate
sample



QE n? from two-candidate events

IIIIlllllllllﬁlllllllllllll
|
|

e by v v Ve e by g oy b s g

25 3 3.5

N 17

4 A5 5 ,
invariant mass (GeV/c*)

| 3°p n° from two-candidate events

40
30
20
10

0

—

[lll |IIIIII|I|III1I|IIIIIIIII|IIIT

PSS T N N VAT SN SN [N SN S T T N TN Y N SN N S T T SR (S SN SO T N WA

2 25 3 3.5

4 45 5
invariant mass (GeV/c)

Fig. V.8: continued

129



130

[ combined x® modes combined |
50
40
30
20

o
I|Il|||||llll|IIIHIlIIlIIlIIIllIIIllIIIII

I I T PR I T T T A SO0 YO WO 0N O YO

25 3 35 4 45 5
invariant mass (GeV/c®)

N

Fig. V.9: Sum of the yields of the channels B~ — Apr® and B~ — X%n° in the
one- and two-candidate samples combined



131

V.3 Reconstruction Efficiencies

In order to obtain a branching fraction for each of the modes, the yields are corrected
for the reconstruction efficiency, which is obtained from the simulated samples. The
efficiencies in bins of the invariant mass of the baryon pair are shown in Figure V.10 for
the combination of the one-candidate and two-candidate samples. Each bin represents
the number of simulated events in the final sample after all cuts and for which the
invariant mass of the baryons falls between the edges of the bin, divided by the total
number of simulated events for the respective channel in that bin of the invariant

mass of the baryon pair.

V.4 Branching Fractions and Upper Limits

The fraction of particles of a certain species fhat decay into a given final state is
referred to as the branching fraction for this final state. We compute the branching
fraction of a certain channel as the yield of that channel in the data sample divided by
the reconstruction efficiency, corrected for the fact that we only reconstruct A decays
to the pr~ final state (and the conjugate decay) and divided by the number of B~

and BT mesons in the BABAR data sample. For example:

Nops(B™ — Apy)
€recoB(A? — pr~)IN(B)
Nops(Bt — A%py)
e B0 = pr7) AN (B)

B(B~ — Apy) =

B(Bt — A%y) =

For decays for which the significance of an observation is too low to quote a
measurement, we compute the upper limit, i.e. the one-sided confidence interval,

such that the actual yield is less than the computed upper limit with a probability of
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95 %. The value of the upper limit can be computed(37) as the product of the error
and the inverse of the integral of the normal distribution. In order to account for
negative yields, which would otherwise lead to low upper limits with high confidence,

we shift the yields upward to 0, if necessary. The upper limit is then
Nyp = max(N,0) + 1.645 x oy,

where Ny, is the upper limit for the branching fraction, N is the computed value
and oy is the error on the computed value. The efficiency correction then results in
the relative abundance of events in the BABAR data sample and corresponds to the
branching fractions reported in Table V.5. As can be gathered from Table IV.11,
the ratio of the number of two-candidate events to one-candidate events is 1.17 for
simulated events, but 1.33 for data. In order to minimize the effect of discrepancies
between the simulation and data on the measurement of the branching fraction, only
the combined result will be quoted here, i.e. the one-candidate and two-candidate
samples are combined' in the computation of the branching fraction.

The reconstruction efficiency-corrected sPlots for the decay channels B~ — Apy
and B~ — X%y are shown in Figure V.11. The predictions of the phasespace and

pole models are overlayed in Figure V.11a.

B~ — Apy (276 £ 047 £0.33) x 100
B~ — X%y (1.934+1.04+1.3) x 10
B~ — Apy <23 % 1078
B~ — 5%y <22 % 1076

Tab. V.5: Branching fractions and upper limits of the signal modes in data samples
accumulated in BABAR runs 1-5
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V.5 Discussion

V.5.1 Comparison with Ezpectation

Based on validation on the simulated samples, it was expected that the two data
samples — the one-candidate sample and the two-candidate sample — have B~ — Apy
candidates in roughly equal amounts, while the sample containing events with two
candidates was expected to be more abundant in B~ — X°py candidates (see Ta-
ble IV.11). The fact that the data samples show the relative abundances in Tables V.1
and V.2 is a deviation from this expectation and may be related to discrepancies be-

tween simulation and experiment that do not affect the overall validity of the result.

V.5.2  Comparison with Other Ezperimental Results

The results presented here influence the published results of the inclusive branching
fraction of the decay b — sy at 1.3 per cent, which is larger than the achievable
precision of the analyses, and establish that decays of this transition to baryonic final
states occur at rates that can not only be measured at the B factories, but will have to
be taken into account by other analyses as possible backgrounds. While the analysis
on the presented data set does not allow for a precision measurement of the decay
rates, it establishes the B~ — X%y decay at a branching ratio that surpasses that
of the decay B~ — Apy. Because of the similar shape of the two kinematic variables
that are most commonly used in measurements of branching fractions, the missing
mass and the reconstructed candidate mass, future analyses will have to be careful
to seriously consider one decay as background to the other and vice versa.

Because of the low significance and the fact that the yields as reported by the
likelihood fit for B~ — Apn? is negative and of the same magnitude as the yield for

B~ — X%n? | only a combined result is reported here. The currently best measure-
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ment of the Belle collaboration(33) of B~ — Apr® is (3.00 081 £0.33) x 107 while
an upper limit on B~ — Y%n° can be estimated from the analysis of the decay
BY — X%n~: in the factorization model, the branching fraction of B~ — X%pn°
is 1/2 that of B® — X%~ due to isospin symmetry. From the Belle result(17)
B(B® — X%r~) < 3.8 x 107, we obtain B(B~ — X%n°) < 1.9 x 107%. Both of
these results are compatible with the results of this analysis. The measurement of
B(B~™ — Apy) = (2.45 1535 +0.22) x 107 by the Belle collaboration(33) agrees with
result of this analysis within errors, and the observation of B~ — X%y does not
contradict the upper limit with 90 % confidence level established by the Belle collab-
oration B(B~ — X%y) < 4.6 x 1075, While the statistical significance of the yield
of about 3 o gives a strong indication of a signal, we cannot quote a statistically sig-
nificant measurement of a branching fraction. Therefore we also give an upper limit.
The yields of both decays B~ — Apr® and B~ — X%mn° are not statistically signif-
icant and we give an upper limit on these decays. The relevant branching fractions
and upper limits by established by other analyses are summarized in Table V.6. It
should be noted that the CLEO collaboration has also established limits on the decays
B~ — Apy and B~ — X%y (38) of B(B~ — Apy)+0.3B(B~ — X%y) < 3.3 x107°
and B(B~ — X°0y) + 0.4B(B~ — Apy) < 7.9 X 1076 and they agree with both the

results by the Belle collaboration and this analysis within errors.

decay BF / upper limit (1079)

current, result this analysis
B~ — Apy 2.45 1028 +0.22 2.76 & 0.47 £+ 0.33
B~ — X%~y < 4.6 1.93 £ 1.04 £+ 1.3(< 5.8)
B~ — Apr®  3.00158 +£0.33 < 2.3
B™ — Y%r® < 1.9 (isospin) < 22

Tab. V.6: Comparison of this analysis with current results
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The distribution of the invariant mass of the baryon system displays the peaking
behavior that has been reported by other analyses of B decays to baryonic final states
at both the Belle and the BABAR collaborations (16; 33; 17; 39; 35). The distribution
of the invariant mass of the baryon pair in the decay B~ — X%y displays a peaking
behavior but shows otherwise little resemblance to the sharp peak in B~ — Apy.

Because of the peaking nature of the distribution and the low yield, only very
little information about the Fermi motion of the b quark inside the meson can be
gained from the photon energy spectrum in the range between 1 and 1.7 GeV that is

not accessible experimentally to other analyses of b — sy (40; 41; 42).

V.5.8 Comparison with Theory

The measured branching fraction of B~ — Apy is in excellent agreement with the
existing measurement by the Belle collaboration. The values for both measurements
is slightly higher than a computation in perturbative QCD(3), but agree with a pole
model treatment(23). It is evident in Figure V.11a that the shape of the distribution
of the invariant mass of the baryon pair is inconsistent with the prediction of the
pole model in the case of B~ — Apy. For B~ — X%y, the shape seems to be more
consistent, but more data is needed to perform a significant comparison. While no
value for the branching fraction of B~ — X%y can be quoted with confidence, the
statistical significance of the observation of this decay indicates an incompatibility
with the prediction of 1072 of the pole model,r because the predicted value is well
below the sensitivity of this analysis. The prediction of (1.2 4 1.2) x 1077 from QCD
counting rules, albeit lower than the observed central value, is consistent with the
observation within errors. The predicted shape of the invariant mass of the 4 — p

system agrees better with the observation than for the pole model.
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V.6 Conclusions

An analysis of the branching fraction and decay dynamics of the exclusive decays
B~ — Apy, B~ — X%y, B~ — Apr® and B~ — X°%n® has been presented. The
analyzed data sample comprises data of collisions at the 7°(45) resonance at the PEP-
IT facility at SLAC, collected by the BABAR collaboration during the years 2001-2007.
This is the first indication of the decay B~ — X°p, and the first time the distribution
of the invariant mass of this decay has been analyzed.

The analysis of the invariant mass of the baryon-baryon system was validated on
detailed studies on Monte Carlo simulations based on theoretical treatments of the
respective decays, which has not been done in this form at the BABAR experiment,
and the method to extract the information about the distribution of this variable
takes into account the full information of the likelihood fit.

The analysis was carried out on a subset of the data sample that is available today.
Including the additional data in the future is going to reduce the statistical error on
the branching fraction measurements, which is the dominant source of uncertainty in
the present analysis. Additionally, future iterations of this analysis may benefit from
improvements to the selection of tracks from displaced vertices, such as those from a
A decay, that became available too late to be included in this work. The statistical
impact of the additional data on this analysis is about 5 %.

We are looking forward to an analysis of these and similar baryonic final states
of the b — s7 transition at B factories with higher luminosities, that will further
help develop the theoretical treatment of these decays, establish the validity of the
pole model approach versus the computation in perturbative QCD and deepen the

understanding of the decay dynamics involving baryons.
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APPENDIX A
LIKELTHOOD FIT IN THE SIGNAL REGION OF B~ — Apy

In order to better evaluate the validity of the fit, Figures A.1 and A.2, A.3 and
A.4, and A.5 and A.6 show the best likelihood shape and data events, where 5.27 <
Mmigs. < 9.3. The yields for the B~ — Apy sample in these events are 36 + 13 — 12 for

the one-candidate events and 56 + 10 — 9 for the two-candidate events, respectively.
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Fig. A.5: Likelihood fit to the kinematic fit variables reconstructed candidate mass
and missing mass for B~ — X% candidates in two-candidate events
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APPENDIX B

SPLOTS OF THE PHOTON ENERGY

For decays of the kind b — s7v to baryons, the energy of the photon is of course
highly correlated with the invariant mass of the baryon pair. However, because of
the finite width of the reconstructed B mass the distribution of the photon energy
cannot be computed from the distribution of the invariant mass of the baryon pair in
a straightforward way. Figure B.1 shows sPlots of the distribution of the energy of

the photon from b — s7.
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APPENDIX C
CORRELATION OF THE FIT VARIABLES

The correlation of the fit variables is shown in Tables C.1, C.2 and C.3. As explained
in section IV.5.5, correlations between mye. and muye are taken into account for the
four signal modes, as they are modeled with a 2d histogram of simulated events.
Correlations between other pairs of variables in signal events and between all variables
in background events are not modeled in the fit, however.

Tables C.4 and C.5 show the correlation coeflicients between the yields as obtained
from the extended likelihood fit to the two-candidate and one-candidate samples, re-
spectively. The sPlots method takes these correlations into account in the covariance
matrix. Large correlations between fit parameters have a negative effect on the sta-
bility of the minimization technique used to determine the extremal value, but do not

affect the value of the extremum itself.

Mrec. | Mmiss. | L2 / Ly Mo
Mrec. 1 0.027 | 0.043 | 0.027
Mmiss. | 0.027 1 -0.023 | 0.006
LQ/L() 0.043 | -0.023 1 -0.123
M0 0.027 | 0.006 | -0.123 1

Tab. C.1: Correlation of fit variables in one-candidate events



149

Myec,
M miss.
Ly/Lg

m,o

Mrec.
1
0.053
-0.034
0.075

Mmiss.

0.053
1
-0.026
0.000

L./ Lo
-0.034
-0.026
1
-0.163

m o
0.075
0.000

-0.163
1

Tab. C.2: Correlation of fit variables in B~ — Apy candidates in two-candidate events

Mrec.
1
0.081
-0.016
0.075

Mmiss.

0.081
1
-0.057
0.018

L/ Ly
-0.016
-0.057
1
-0.173

m o
0.075
0.018

-0.173
1

Tab. C.3: Correlation of fit variables in B~ — X%y candidates in two-candidate

events
decay B~ = Apy. B~ - X%y B~ — Apn® B~ — X%n®  background
B~ — Apy 1 -0.48 -0.10 0.12 -0.05
B~ — X0 -0.48 1 0.06 -0.19 -0.12
B~ — Apn® -0.10 0.06 1 -0.78 -0.00
B~ — X%n° 0.083 -0.133 -0.78 1 -0.11
background -0.05 -0.12 -0.00 -0.11 1
Tab. C.4: Correlation of the yields in the simultaneous fit
decay B~ — Apy B~ - X%y B~ — Apn® B~ — X%n®  background
B~ — Apy 1 -0.56 -0.14 0.11 -0.03
B~ — X%y -0.56 1 -0.00 -0.11 -0.10
B~ — Apn® -0.14 -0.00 1 -0.83 0.13
B~ — X9%nY 0.11 -0.11 -0.83 1 -0.10
background -0.03 -0.10 0.13 -0.10 1

Tab. C.5: Correlation of the fit variables in the fit to the one-candidate sample
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APPENDIX D

ADDITIONAL PLOTS OF THE FIT VARIABLES

In order to emphasize the region of the function that has more structure and is
harder to fit, the plotted range of the best 7% mass was reduced. As a cross-check,
Figures D.1, D.2 and D.3 show additional plots over the whole range of the 7° mass
for one-candidate events, B~ — Apy candidates and B~ — 390y candidates in two-

candidate events, respectively.
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APPENDIX E

ALTERNATIVE FIT SHAPES

For the B~ — Apn® and B~ — X%n° | the variables mmjss.and myec are parametrized
with the “Cruijff” function (eq. IV.3). This function does a much better job of
approximating the data distributions for both variables than a more commonly used
“Crystal Ball” parametrization, which is shown in Figure E.1. For B~ — X%y events
reconstructed as B~ — APy, even the Cruijff function does not approximate the data
points appropriately, as shown in figure E.2. This fact, together with apparent corre-
lation in the fit variables that are not modeled by this parametrization (Table H.2),
causes poor performance of the fit and embedded toy fits clearly show that an accu-
rate yield cannot be extracted from the data this way (E.4). Table E.1 and Figure E.3

summarize the choices of parameterization for events reconstructed as B~ — Apy.
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Fig. E.1: Parametrization of mye.in B~ — Apy events with a “Crystal Ball” shape
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Fig. E.2: Parametrization of misreconstructed B~ — X%py events with a Cruijff func-

tion

Sample Variable | myec. Mmiss. “best m° mass” Lo/ Ly
B~ — Apy Cruijff Cruijff Steps Steps
B~ — X% KEYS Cruijff Steps Steps
B~ — Apn® Cruijff Cruijff Cruijff Steps

B~ — X%%n? Cruijff  Cruijff Cruijff Steps
background Argus Chebychev Cruijff + Chebychev Steps

Tab. E.1: Parameterization of the four samples — myec., Mmiss.. T0y studies based on

this parameterization show that it doesn’t model the data sufficiently.
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With this choice of fit shapes, the embedded toys show a poor performance of the fit.
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APPENDIX F

CUT VARIABLES

Section 1V.4.2 explains the variables that are presented in Figures F.1 and F.2. A plot
on a logarithmic scale can emphasize small differences between the different samples.

This is shown in Figure F.3 and F 4.

F.1  Cut Optimization

The values for the cuts are chosen based on experience. A less subjective measure is
the signal significance in the final sample. This is computed by varying the different
cuts in small steps and obtaining the efficiencies for the different samples at each step.
For each value of the cut, 200 samples are generated in the right composition, and
the likelihood fit is performed on each sample. Figures F.5 and F.6 show the values
of the signal significance for some cuts obtained from these 200 samples. The data
points correspond to the mean of the 200 experiments, and the error bars represent the
standard deviation. For a two-dimensional cut, a two-dimensional plot is shown. This
experiment was carried out only for the significance of the B~ — Apry yield. Because
there was no significant dependence of the significance on the cuts, the results of this

study did not influence the choice of cuts.
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APPENDIX G

CUT EFFICIENCIES

The efficiencies for the cuts outlined in section IV.4.2 are summarized in Tables G.1
and G.2 for the candidates reconstructed as B~ — Apvy and in Tables G.3 and G.4

for candidates that are reconstructed as a B~ — %90y decay.



Cut B~ —Apy B~ = X%y B~ —Apr® B~ — X%n° | background data
Candidates 296.44 366.66 130.30 47.27 2,331,648.93 2,865,144
1.0 < Eens(y) < 2.3 277.75 344.68 98.65 33.09 1,245,410.37 1,544,226
5.2 < missing mass 269.85 330.02 94.18 31.26 661,535.17 811,405
0.001 < x%(A vtx) 239.92 291.61 83.58 27.51 489,652.87 597,533
5 < o(A decay length) 214.82 258.52 74.09 24.30 252,713.60 333,903
mygo < 0.02 208.04 250.48 71.72 23.49 220,500.91 293,237
16 < Proton PID 158.94 191.16 54.47 17.65 29,855.72 46,446
25 < photon — track distance | 155.95 187.34 53.22 17.21 27,719.42 43,337
25 < photon — cluster distance | 146.73 176.39 40.88 14.84 15,013.92 24,711
0.51 < my, veto < 0.57 134.75 161.66 37.23 13.47 12,482.39 19,949
Legendre moments < 0.55 120.69 145.11 32.78 9.23 3,837.86 6,850
—0.4<mp<0.15 119.73 144.78 32.66 9.2 3,215.19 5,535
Tab. G.1: Cut efficiencies for reconstruction as B~ — Apy
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Cut B~ - Apy B~ - X%y B~ — Apn® B~ — Z%n°® | background data
1.0 < Egns(y) < 2.3 0.94 0.94 0.76 0.70 0.53 0.54
5.2 < missing mass 0.97 0.96 0.95 0.94 0.53 0.53
0.001 < x?(A vtx) 0.89 0.88 0.89 0.88 0.74 0.74
5 < o(A decay length) 0.9 0.89 0.89 0.88 0.52 0.56
myo < 0.02 0.97 0.97 0.97 0.97 0.87 0.88
16 < Proton PID 0.76 0.76 0.76 0.75 0.14 0.16
25 < photon — track distance | 0.98 0.98 0.98 0.98 0.93 0.93
25 < photon — cluster distance | 0.94 0.94 0.77 0.86 0.54 0.57
0.51 < m,, veto < 0.57 0.92 0.92 0.91 0.91 0.83 0.81
Legendre moments < 0.55 0.9 0.9 0.88 0.69 0.31 0.34
—0.4<mp <0.15 0.99 1 1 1 0.84 0.81

Tab. G.2: Relative cut efficiencies for reconstruction as B~ — Apy
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Cut B> Apy B~ — 3%y B~ —Apn® B~ — X% | background data
Candidates 176.69 279.25 96.23 52.11 1,153,230.39 1,593,858
1.0 < Egms(y) < 2.3 165.38 261.18 73.50 35.41 589,661.82 812,445
5.2 < missing mass 158.68 251.52 68.91 33.22 250,372.78 340,755
0.001 < x%Avtx 158.68 251.52 68.91 33.22 250,372.78 340,755
5 < o(Adecay length) 153.05 242.32 66.12 31.96 226,858.36 308,086
|m§.IODG —mxo < 0.02 136.72 233.66 59.10 30.63 196,670.32 269,120
16 < Proton PID 103.62 177.37 44.32 23.01 26,790.23 43,889
25 < photon - track distance 101.64 173.80 43.26 22.44 24,867.75 40,920
25 < photon — cluster distance | 95.14 163.28 29.53 17.33 13,645.37 23,431
0.51 < m, veto < 0.57 87.12 149.59 26.69 15.56 11,285.42 18,964
Legendre moments < 0.55 78.70 135.07 23.70 11.22 3,548.92 6,576
—04 <mp <0.15 71.52 133.66 23.14 11.07 2,896.44 5,207

Tab. G.3: Cut efficiencies for reconstruction as B~ — X%y
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Cut B~ —Apy B~ — X%y B~ — Apr® B~ — X%=° | background data
1.0 < Egms(y) < 2.3 0.94 0.94 0.76 0.68 0.51 0.51
5.2 < missing mass 0.96 0.96 0.94 0.94 0.42 0.42
0.001 < x2Avtx 1 1 1 1 1 1

5 < o(Adecay length) 0.96 0.96 0.96 0.96 0.91 0.9
ImE5C¢ — mgo < 0.02 0.89 0.96 0.89 0.96 0.87 0.87
16 < Proton PID 0.76 0.76 0.75 0.75 0.14 0.16
25 < photon — track distance | 0.98 0.98 0.98 0.98 0.93 0.93
25 < photon — cluster distance | 0.94 0.94 0.68 0.77 0.55 0.57
0.51 < m, veto < 0.57 0.92 0.92 0.9 0.9 0.83 0.81
Legendre moments < 0.55 0.9 0.9 0.89 0.72 0.31 0.35
—0.4 <mp <0.15 0.91 0.99 0.98 0.99 0.82 0.79

Tab. G.4: Relative cut efficiencies for reconstruction as B~ — X%y
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APPENDIX H
CORRELATION OF FIT VARIABLES

In order to determine how to best model the fit to the BABAR data sample, it is
important to understand correlations between variables in the fit, because they affect
the overall normalization of the parametrized shapes to the samples. Figures H.1,
H.2, H.3 and H.4 visualize the correlations between the four variables myec, Mimiss.s
Ly/Ly and myo of B~ — Apvy candidates in simulated samples of the decay channels
B~ — Apy, B~ — X%y, B~ — Apn® and B~ — X%n® | respectively. Correlations
between the four variables of B~ — X%y candidates in the four simulated samples
are shown in Figures H.5, H.6, H.7 and H.8. The correlation coeflicients extracted
from the samples are summarized in Tables H.1, H.2, H.3 and H.4 for reconstruction
of B~ — Apy candidates in the samples B~ — Apy, B~ — X%, B~ — Apr® and
B~ — X%~ . The correlation coefficients for variables of B~ — X% candidates in

these samples are listed in Tables H.5, H.6, H.7 and H.§

H.1 Reconstruction as B~ — Apy

mMiss mrec legendre pi0Mass
mMiss 1 0.103  -0.007 -0.006
mrec 0.103 1 0.007 -0.004
legendre | -0.007  0.007 1 0.091
piOMass | -0.006 -0.004  0.091 1

Tab. H.1: Correlations of the fit variables in correctly reconstructed B~ — Apy
events. Parametrization of mec., Mmiss.
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mMiss mrec legendre piOMass
mMiss 1 0.304  -0.025 0.027
mrec 0.304 1 -0.034 0.002
legendre | -0.025 -0.034 1 0.091
pi0Mass | 0.027  0.002 0.091 1

Tab. H.2: Correlations of the fit variables in B~ — X%py events that are incorrectly
reconstructed as B~ — Apy. Parametrization of myec., Mmiss.

mMiss mrec legendre piOMass
mMiss 1 0.067 -0.018 ~0.006
mrec 0.067 1 -0.031 -0.166
legendre | -0.018 -0.031 1 0.078
pi0Mass | -0.006 -0.166  0.078 1

mMiss mrec legendre piOMass
mMiss 1 0.113 -0.019 0.028
mrec 0.113 1 -0.054 -0.133
legendre | -0.019 -0.054 1 0.073
pi0Mass | 0.028 -0.133  0.073 1

Tab. H.3: Correlations of the fit variables in B~ — Apn® events that are incorrectly
reconstructed as B~ — Apy. Parametrization of mMyec., Mmiss.

Tab. H.4: Correlations of the fit variables in B~ — X%n® events that are incorrectly
reconstructed as B~ — Apy. Parametrization of myec., Mmiss.



H.2 Reconstruction as B~ — X%y

mMiss mrec

legenre pi0Mass

mMiss 1 0.048 -0.011 0.002
mrec 0.048 1 0.013 -0.025
legendre | -0.011 0.013 1 0.085
pi0Mass | 0.002 -0.025 0.085 1
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Tab. H.5: Correlations of the fit variables in B~ — Apy events that are incorrectly
reconstructed as B~ — X%py. Parametrization of mrec., Mmiss.
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mMiss mrec legendre pi0OMass

mMiss 1 0.201  -0.020 -0.017
mrec 0.201 1 -0.009 -0.019
legendre | -0.017 -0.019 1 0.088

pi0Mass | -0.017 -0.019  0.088

Tab. H.6: Correlations of the fit variables in correctly reconstructed B~ — X%y
events. Parametrization of mec., Mmiss.

| mMiss mrec legendre piOMass

mMiss 1 0.026  -0.022 -0.013
mrec 0.026 1 -0.041 0.114
legendre | -0.022 -0.041 1 0.068

Tab. H.7: Correlations of the fit variables in B~ — Apn® events incorrectly recon-
structed as B~ — X%y. Parametrization of myec., Miniss.

mMiss mrec legendre piOMass
mMiss 1 0.064  -0.026 -0.009
mrec 0.064 1 -0.050 -0.147
legendre | -0.026 -0.050 1 0.071
piOMass | -0.009 -0.147  0.071 1

Tab. H.8: Correlations of the fit variables in B~ — X%n® events incorrectly recon-
structed as B~ — X%y. Parametrization of myec., Mimiss.
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APPENDIX 1

ALTERNATIVE FIT VARIABLES

The variables myec.and mpyigs are by construction statistically uncorrelated. However,
it is known that for incorrectly reconstructed candidates, these variables can show a
certain degree of correlation. This chapter gives an overview over a few analysis steps

using the more common combination of mgg and AFE as fit variables.

[.1 Correlation Coefficients

Similar to section H this section gives an overview over correlations between the
alternative set of fit variables mgs, AF, Ly/Loand m,o. Tables 1.1, 1.2, 1.3 and
1.4 show the correlation coefficients of the fit variables of B~ — Apy candidates in
simulated samples of B~ — Ap~y, B~ — X%y, B~ — Aprn® and B~ — X%n° events,

respectively, while Tables 1.5, 1.6, 1.7, 1.8 are for B~ — X°%py candidates in those

samples.
mES  deltaE  legendre piOMass
mES 1 0.253  -0.001 -0.020
deltaE 0.253 1 0.006 0.036
legendre | -0.001  0.006 1 0.001
piOMass | -0.020  0.036 0.001 1

Tab. I.1: Correlations of the fit variables in correctly reconstructed B~ — Apy events.
Parametrization of mpg,AE
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mES
mES 1
deltak 0.092
legendre | -0.015
piOMass | 0.009

deltaEl  legendre pi0Mass
0.092 -0.015 0.009
1 -0.035 0.018
-0.035 1 -0.009
0.018  -0.009 1

Tab. 1.2: Correlations of the fit variables in B~ — X%y events incorrectly recon-
structed as B~ — Apy. Parametrization of mgs, AE

mES deltaEE  legendre piOMass
mES 1 0.388  -0.029 0.050
deltaE 0.388 1 -0.015 0.152
legendre | -0.029 -0.015 1 0.049
piOMass | 0.050 0.152 0.049 1

Tab. 1.3: Correlations of the fit variables in B~ — Apr® events incorrectly recon-
structed as B~ — Apy. Parametrization of mgg, AFE

mES deltaE  legendre pi0Mass
mES 1 0.145  -0.013 0.028
deltaE 0.145 1 -0.041 0.188
legendre | -0.013 -0.041 1 -0.002
piOMass | 0.028 0.188  -0.002 1

Tab. 1.4: Correlations of the fit variables in B~ — X%n° events incorrectly recon-
structed as B~ — Apy. Parametrization of mgg, AFE

mES deltaE legendre piOMass
mES 1 0.215 -0.011 0.018
deltak 0.215 1 0.009 0.039
legendre | -0.011  0.009 1 -0.003
piOMass | 0.018 0.039  -0.003 1

Tab. 1.5: Correlations of the fit variables in B~ — Apy events incorrectly recon-
structed as B~ — X%py. Parametrization of mgg, AF
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mES deltaE legendre pi0Mass
mES 1 0.155  -0.019 0.020
deltaE 0.155 1 -0.003 0.035
legendre | -0.019 -0.005 1 -0.010
piOMass | 0.020 0.035  -0.010 1

Tab. 1.6: Correlations of the fit variables in correctly reconstructed B~ — X%y
events. Parametrization of mgg, AE

mES deltaE legendre pi0Mass
mES 1 0.335  -0.021 0.016
deltak 0.335 1 -0.017 0.085
legendre | -0.021 -0.017 1 0.024
piOMass | 0.016  0.085 0.024 1

Tab. 1.7: Correlations of the fit variables in B~ — Apn® events incorrectly recon-
structed as B~ — X%py. Parametrization of mgg, AF

mES deltaE legendre piOMass
mES 1 0.297  -0.030 0.030
deltaE 0.297 1 -0.038 0.150
legendre | -0.030 -0.038 1 -0.008
piOMass | 0.030 0.150  -0.008 1

Tab. 1.8: Correlations of the fit variables in B~ — X%n°® events incorrectly recon-
structed as B~ — X%py. Parametrization of mgg, AE



L.1.1 Reconstruction as B~ — Apy

1.1.2  Reconstruction as B~ — X%y

1.2 Parametrization of the Samples
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Figure 1.1 shows the parametrization of B~ — Apvy candidates with the alternative

set of fit variables. Table 1.9 names the choice of fit shapes in Figure 1.1.

I.2.1 Pure Toys

The result of 1000 “pure toy” experiments, i.e. the fit on 1000 samples generated

from the parametrized shapes, is shown in Figure 1.2.

1.2.2 FEmbedded Toys

Embedding simulated events into data sampled from the parametrization of the back-

ground shapes gives a more realistic study of the performance of the fit. The result

of 1000 of these experiments is shown in Figure 1.3.

Sample Variable | mgg AE “best 7Y mass” Lo/ Ly
B — Apy Cruijff Cruijff Steps Steps
B~ — X% KEYS Cruijff Steps Steps
B~ — Apn® Cruijff  Cruijff Voigtian Steps

B~ — X0%nq° Cruijff ~ Cruijfff = Voigtian + Chebychev Steps
background Argus Chebychev Voigtian + Chebychev  Steps

Tab. 1.9: Parameterization of the four samples using mgs, AE
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APPENDIX J
VALIDATION OF SPLOTS

As an additional cross-check of the method to obtain the branching fraction in bins
of the invariant mass of the two baryons, the two samples of events were each fit in
in bins of the invariant mass. Figures J.1 and J.2 show the result for one-candidate

and two-candidate events, respectively.
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is fit in bins of the invariant mass
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APPENDIX K

SPLOTS

A method for unfolding of distributions, sPlots are a method to obtain unbiased esti-
mators for unknown distributions. They were developed by BaBar collaborators(36)

and we shall give a brief overview of the method.

K.1 inPlots

As a first step towards understanding sPlots, we treat the case when the variable
under consideration is part of the set of fit variables. We assign to each event the

naive weight
Nn n [
k=1 Nk:fk: (ye)

With this weight, the histogram of the variable under consideration is an estimator of

Pr(ye) =

the true distribution. Constructing the histogram N, M, (z)éz := Zéve 52 Pn(¥e), and

going from the discrete to the continuous case by replacing Zéve s; With the integral

[ dy, we obtain the true distribution of the variable x, M,,(z)

Nte) = [y MA@ - B (K2
— N, [ avblaty) - 2)1u(w (K3
—: N,M,(z) (K.4)

This prescription, however, assumes that we already know the distribution of x, be-

cause we have made use of the fact that x was used in the likelihood fit. In general
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we want to be able to apply the procedure to variables that are uncorrelated with the

set of fit variables y and for which we don’t necessarily know the pdf.

K.2 sPlots

This is where the sPlots technique comes into play. The naive weight we have used
in the previous section is no longer applicable, because the integral over y is not
canceled by a Dirac § any longer. However, we can still separate the dependencies on
z and y and it turns out that the remaining integral over y can be expressed using

the covariance matrix of the fit.

-1 fn ye fz ye)
Vi = 5N 5N z; " Nefelwe)? (K.5)
4 @( D) )

ko1 Nefr()

Plugging this in and inverting the equation then yields
N, }
= V,iMi(z) (K.7)
i=1

K.3 Properties

Because of the fact that the likelihood fit has converged, i.e., the likelihood is at a

minimum, the sWeights P have the following useful properties.
1. Maximum likelihood sum rule
N

fj(ye) — 1 v
; S Nefulye) ’
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2. Variance matrix sum rule

3. Covariance matrix sum rule

The third sum rule is of vital importance in the context of this analysis. Summing
over the elements in a row or a column in the covariance matrix, gives the yield for
the corresponding sample. Provided this property is satisfied, we can then just rebin
the events in the variable “dibaryon invariant mass” to account for reconstruction

efficiency and the dependence of the branching fraction on this variable.
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APPENDIX L
VERTEX FITTING

Combining reconstructed objects to create decay trees is done by adding the mo-
mentum information from the reconstructed objects. The resolution can be greatly
improved by taking into account the fact that two or more objects originate from the
same point. A vertex fitting algorithm can be used to find this point in space where
one particle decays into two or more reconstructed objects. Using the information
on the vertex can then in principle be used to improve the measurements of the de-
cay products by treating the vertex as an additional point of measurement. In this
analysis, the two algorithms Cascade and Treefitter are used. Cascade is a generic
algorithm capable of fitting any number of tracks and applying constraints.
Treefitter is a Kalman algorithm specifically designed to deal with decay chains
and capable of handling a number of constraints. The advantage of a Kalman ver-
tex fitter over conventional algorithms is that the latter require inversion of the full
covariance matrix, whereas the former requires only the inversion of a matrix of the

size of one measurement, resulting in a large increase in computational speed.

L.1 A Brief Introduction to the Kalman Algorithm for Vertex Fitting

The reconstruction of B decays can involve simple addition of two Lorentz vectors, as
in the search for the decay B — v+, but most analyses attempt to build complicated
decay chains that involve charged tracks and neutral particles and extend over many
generations. In this case the mass resolution of the reconstructed B candidate can be

greatly improved by making use of the information that two or more tracks are coming
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from one and the same point in space. Additionally, measurements of time-dependent
CP violation depend crucially on the precise determination of the B decay vertex. In
BABAR a vertex fitting algorithm to handle these decay chains was developed based
on a Kalman algorithm.

In general, the vertex fit is carried out by minimizing a x? value, which can be

defined as the sum of contributions from all individual measurements with errors.

X2=ZX1 Zr )V, ry(2)

where r; = m; — h(z) is the residual of the measurement, i.e. the difference between
measurement and hypothesis. This value can then be minimized using standard

minimization routines. The variance in the parameter set x can be found via error

C(z) =2 (8;;‘22)—

This procedure, however, requires the inversion of a matrix whose dimension is pro-

propagation to

portional to the number of tracks in the fit. Applying constraints adds to the size of
the matrix. The computing complexity for the inversion of a matrix scales as O(n?),
so that for large matrices a more efficient algorithm can result in a great increase in
speed, which is essential to apply this algorithm to the large sample of events in the

BABAR data store.
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A progressive fit only computes a local x2, which is then improved in an iterative
process. For each measurement constraint the contribution to the current value of the
x? is defined in terms of the current measurement and the values for the previously

best estimate

Xi = (7 — 2p-1) Oy (7 — zi1) + (ha(@) — mi) Vi (h() — 1)

Using the least-squares approach, this equation can be solved for z, i.e. we are looking
for an updated result taking into account the current measurement. This leads to the
equation

Citi(z — 1) + Hy Vi M (he(z) — myg) = 0

where H = 0h/0z|,  is the derivative of the measurement and we assume linearity
of the measurements, i.e. hg(zx) = hp(zr_1) + Hr(zr — zx-1) The solution of this
equation then becomes the new best estimate if more measurements are available.
After the first iteration of finding the solution taking into account all measurements,
the value for z could still depend on the initial value xq. Therefore this procedure is
repeated with the result = of the previous iteration as a new initial value z, until the

value for the x? converges.
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