
UC San Diego
UC San Diego Electronic Theses and Dissertations

Title
Determinations of the matrix element V(ub) from inclusive semileptonic B decays with 
reduced model dependency

Permalink
https://escholarship.org/uc/item/2xg888s3

Author
Hill, Edward J.

Publication Date
2005
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/2xg888s3
https://escholarship.org
http://www.cdlib.org/


UNIVERSITY OF CALIFORNIA, SAN DIEGO

Determinations of |Vub| from Inclusive Semileptonic B Decays
with Reduced Model Dependency

A dissertation submitted in partial satisfaction of the
requirements for the degree Doctor of Philosophy

in

Physics

by

Edward J. Hill

Committee in charge:

Professor David MacFarlane, Chair
Professor James Branson
Professor Bruce Driver
Professor Douglas Magde
Professor Aneesh Manohar

2005



Copyright
Edward J. Hill (2005).

All rights reserved.



The dissertation of Edward J. Hill is approved, and
it is acceptable in quality and form for publication on
microfilm:

Chair

University of California, San Diego
2005

iii



DEDICATION

For Judy,
Let our adventures begin.

iv



TABLE OF CONTENTS

Signature Page . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii

Dedication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iv

Table of Contents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viii

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xix

Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xxii

Vita . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xxiii

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xxiv

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1 Outline of Dissertation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2 The Theory of Weak Interactions and the Extraction of |Vub| . . . . . . . . . . . 5
2.1 The Standard Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 The CKM Picture of Weak Interactions . . . . . . . . . . . . . . . . . . . 8
2.3 Semileptonic Decays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.4 Inclusive Decays of the B Meson . . . . . . . . . . . . . . . . . . . . . . . 16
2.5 Extracting |Vub| from Charmless Inclusive Semileptonic Decays . . . . . . 17
2.6 Extracting |Vub| in the Real World . . . . . . . . . . . . . . . . . . . . . . 18
2.7 Extracting |Vub| with Reduced Model Dependency . . . . . . . . . . . . . . 22

3 The BABAR Experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.1 PEP-II B Factory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.2 BABAR Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.3 Charged Particle Tracking System . . . . . . . . . . . . . . . . . . . . . . 35

3.3.1 Silicon Vertex Tracker . . . . . . . . . . . . . . . . . . . . . . . . 35
3.3.2 Drift Chamber . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.3.3 Tracking Summary . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3.4 Detector of Internally Reflected Cherenkov Light . . . . . . . . . . . . . . 43
3.5 Electromagnetic Calorimeter . . . . . . . . . . . . . . . . . . . . . . . . . 46
3.6 Instrumented Flux Return . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
3.7 Trigger System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

3.7.1 The Level 1 Trigger System . . . . . . . . . . . . . . . . . . . . . 52
3.7.2 The Level 3 Trigger System . . . . . . . . . . . . . . . . . . . . . 53

3.8 Data Acquisition System . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

v



4 Particle Reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
4.1 Charged Particle Reconstruction . . . . . . . . . . . . . . . . . . . . . . . 57
4.2 Charged Particle Identification . . . . . . . . . . . . . . . . . . . . . . . . 59

4.2.1 Electron Identification . . . . . . . . . . . . . . . . . . . . . . . . 60
4.2.2 Muon Identification . . . . . . . . . . . . . . . . . . . . . . . . . . 63
4.2.3 Kaon Identification . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4.3 Neutral Particle Reconstruction . . . . . . . . . . . . . . . . . . . . . . . . 65
4.4 π0 and K0

S
Reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.4.1 π0 Reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . 67
4.4.2 K0

S
Reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . 68

4.5 D Meson Reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
4.5.1 D0 Meson Selection . . . . . . . . . . . . . . . . . . . . . . . . . 70
4.5.2 D± Meson Selection . . . . . . . . . . . . . . . . . . . . . . . . . 71
4.5.3 D∗± Meson Selection . . . . . . . . . . . . . . . . . . . . . . . . . 73
4.5.4 D∗0 Meson Selection . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.6 B Meson Reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
4.6.1 Energy conservation and ∆E variable . . . . . . . . . . . . . . . . 75
4.6.2 B mass reconstruction and mES variable . . . . . . . . . . . . . . . 76

5 Semi-Exclusive Reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . 80
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
5.2 Reconstruction Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

5.2.1 Selection of B candidates . . . . . . . . . . . . . . . . . . . . . . 82
5.3 Categorization and Summary of B Modes . . . . . . . . . . . . . . . . . . 83
5.4 Signal Event Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
5.5 Selection of the Best B . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

6 Analysis on the Recoil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
6.2 Data and Monte Carlo Samples . . . . . . . . . . . . . . . . . . . . . . . . 91

6.2.1 Data Sample . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
6.2.2 Monte Carlo Samples . . . . . . . . . . . . . . . . . . . . . . . . . 91
6.2.3 Summary of Samples . . . . . . . . . . . . . . . . . . . . . . . . . 97

6.3 Recoil Reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
6.3.1 Recovery of Bremsstrahlung Photons . . . . . . . . . . . . . . . . 99
6.3.2 Reconstruction of the Hadronic System . . . . . . . . . . . . . . . 100
6.3.3 Event Based Selection . . . . . . . . . . . . . . . . . . . . . . . . 101
6.3.4 Comparison of Data and Monte Carlo . . . . . . . . . . . . . . . . 112

7 Signal Extraction and Results . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
7.1 Extraction of δΓ(c) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

7.1.1 Extraction of Nu, the Number of b → u`ν̄ Signal Events . . . . . . 121
7.1.2 Extraction of f . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

vi



7.1.3 Extraction of NSL, the Number of Semileptonic Events . . . . . . . 125
7.1.4 Efficiency Corrections . . . . . . . . . . . . . . . . . . . . . . . . 126
7.1.5 Fit Validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
7.1.6 Summary of δΓ(c) Results . . . . . . . . . . . . . . . . . . . . . . 127

7.2 Extraction of I0 and I+ from the differential b → sγ Photon Spectrum . . . 128
7.3 Determination of |Vub| and B(B → Xu`ν̄) . . . . . . . . . . . . . . . . . 129

8 Systematic Uncertainties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
8.1 δΓ(c) Systematics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

8.1.1 Breco Reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . 138
8.1.2 Fit to the mES Distributions . . . . . . . . . . . . . . . . . . . . . 139
8.1.3 Floating the Other Component . . . . . . . . . . . . . . . . . . . . 140
8.1.4 Breco Tagging Efficiency (εsl

t /εu
t ) . . . . . . . . . . . . . . . . . . . 140

8.1.5 Binning of the mX Distribution . . . . . . . . . . . . . . . . . . . 140
8.1.6 Tracking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
8.1.7 Lepton Identification . . . . . . . . . . . . . . . . . . . . . . . . . 142
8.1.8 Charged Kaon Identification . . . . . . . . . . . . . . . . . . . . . 142
8.1.9 Neutral Reconstruction . . . . . . . . . . . . . . . . . . . . . . . . 142
8.1.10 K0

L Reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . 143
8.1.11 Semileptonic B Branching Fractions . . . . . . . . . . . . . . . . . 143
8.1.12 B → D∗lν Form Factors . . . . . . . . . . . . . . . . . . . . . . 144
8.1.13 Charm Decay Branching Fractions . . . . . . . . . . . . . . . . . . 145
8.1.14 Signal Model and Parameterization . . . . . . . . . . . . . . . . . 145
8.1.15 Fermi Motion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146
8.1.16 Modeling of B → Xu`ν̄ Decays . . . . . . . . . . . . . . . . . . . 147
8.1.17 Hadronization Uncertainties . . . . . . . . . . . . . . . . . . . . . 148
8.1.18 ss Popping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
8.1.19 Monte Carlo Statistics . . . . . . . . . . . . . . . . . . . . . . . . 149
8.1.20 Stability Checks . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

8.2 Statistical and Systematic Uncertainties from the b → sγ Photon Energy
Spectrum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

8.3 Theoretical Uncertainties on the Extraction of |Vub| . . . . . . . . . . . . . 155
8.3.1 Scale Uncertainty of α . . . . . . . . . . . . . . . . . . . . . . . . 156
8.3.2 Perturbative Error . . . . . . . . . . . . . . . . . . . . . . . . . . . 157
8.3.3 Non-perturbative Error . . . . . . . . . . . . . . . . . . . . . . . . 157

9 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

A Fits to the mES Distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

B Fit Results on Various Subsamples . . . . . . . . . . . . . . . . . . . . . . . . 175

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179

vii



LIST OF FIGURES

2.1 The three unitary triangles detailed in Eq. 2.13 (a), 2.14 (b), and 2.15 (c). . 11

2.2 The unitary triangle. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.3 The rescaled unitary triangle, drawn in the (ρ, η) plane. . . . . . . . . . . 13

2.4 The experimental constraints for the sides and angles of the unitary trian-
gle in the (ρ, η) plane. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.5 The semileptonic decay of a B meson. The complicated QCD effects
carried by the gluons (depicted by the curly lines) are located entirely
within the hadronic current. . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.6 The contributing terms to the transition operator T (left), and the corre-
sponding operators in the OPE (right). The open squares represent the
four-fermion interaction in the weak Lagrangian Leff and the black dots
represent local operators of the 1/mb expansion . . . . . . . . . . . . . . 16

2.7 The lepton energy spectra of semileptonic decays. The charmless b →
u`ν̄ decays are shown in blue while the b → c`ν̄ decays are shown in red.
The high momentum region above 2.3 GeV/c is dominated by b → u`ν̄
decays. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.8 The hadronic mass spectra from semileptonic decays before the effects of
detector resolution. The charmless b → u`ν̄ decays are shown in blue
while the b → c`ν̄ decays are shown in red. Note the logarithmic scale for
the vertical axis. The low mass region is dominated by b → u`ν̄ decays
and the region above mD is dominated by b → u`ν̄ decays. . . . . . . . . 20

3.1 The Stanford Linear Accelerator Center. . . . . . . . . . . . . . . . . . . 28

3.2 The polar angle relationship between the CM frame (expressed as the in-
scribed cos θCM lines) and the laboratory frame (outer markings on the
protractor). The detector active region lies between 350 mrad in the for-
ward direction and 400 mrad in the backward direction. . . . . . . . . . . 29

3.3 The total integrated luminosity delivered by PEP-II (blue) and recorded
by BABAR (red). The delivered off-peak data is shown in green. . . . . . . 31

viii



3.4 The daily recorded luminosity delivered by PEP-II (blue) and recorded by
BABAR (red). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.5 A longitudinal cutaway (top) and a horizontal cutaway (bottom) view of
the BABAR detector. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.6 The Silicon Vertex Tracker (SVT). . . . . . . . . . . . . . . . . . . . . . 37

3.7 A longitudinal view of the SVT. The roman numerals indicate the six
different types of sensor modules. . . . . . . . . . . . . . . . . . . . . . . 37

3.8 A cross-sectional view of the SVT. The orientation of the five layers and
the individual strip sensors is shown. . . . . . . . . . . . . . . . . . . . . 38

3.9 A longitudinal cutaway view of the DCH. The dimensions shown are in
units of mm. Note that the interaction point, labeled IP, is offset 370 mm
from the center of the DCH. . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.10 The ten DCH superlayers (left) and the layout of the drift cells for the first
four superlayers (right). The numbers on the right side of the right plot
give the stereo angle of the layer in units of mrad and the lines drawn
between field wires illustrate the boundaries of the drift cells. . . . . . . . 41

3.11 Drift cell 100 ns isochrones in the third and fourth layer of an axial super-
layer. The isochrones are quite circular near the sense wires but become
non-circular near the edges of a cell. . . . . . . . . . . . . . . . . . . . . 42

3.12 The track reconstruction efficiency in the DCH at operating voltages of
1900 V and 1960 V, as a function of transverse momentum (top), and
polar angle (bottom). The efficiency is measured using multi-hadron events. 43

3.13 Track parameter differences between upper and lower tracks for tracks
with pT > 3 GeV/c as determined from cosmic ray muons. . . . . . . . . . 44

3.14 The pT resolution as a function of pT as determined from cosmic ray
muons. The resolution is well described by a linear function. . . . . . . . 44

3.15 The DCH dE/dx measurement vs. the track momentum. The lines dis-
play the Bethe-Bloch predictions for the dE/dx measurement. . . . . . . 45

3.16 A longitudinal cutaway view of the DRC. . . . . . . . . . . . . . . . . . 46

3.17 DRC schematic. The radiator bar reflects Cherenkov photons and the
PMTs provide the imaging to determine the Cherenkov angle θC . . . . . . 47

ix



3.18 The fitted Cherenkov angle versus track momentum from a sample of
multi-hadron events. The lines drawn indicate the predicted values for the
various particles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.19 The expected π-K separation in B0 → π+π− events versus the track
momentum. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.20 A longitudinal cutaway view of the top half of the EMC. Cross-sections
of the 56 crystal rings are visible. Dimensions are listed in mm. . . . . . . 50

3.21 A schematic diagram of a single CsI(Tl) crystal. Please note that this
figure is not to scale. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.22 The energy resolution (left) and angular resolution (right) of the EMC.
The solid lines are fits described in Eqs. 3.4 and 3.5. . . . . . . . . . . . . 52

3.23 The electron identification efficiency and the pion misidentification prob-
ability as a function of the momentum (a) and the polar angle (b). The
efficiency is indicated by the axis labels on the left and the misidentifica-
tion probability is indicated by the axis labels on the right. . . . . . . . . . 53

3.24 An overview of the IFR. The Barrel is pictured on the left and the end
doors are pictured on the right. The dimensions listed are in mm. . . . . . 54

3.25 A cross sectional view of a planar RPC. . . . . . . . . . . . . . . . . . . . 54

3.26 The muon identification efficiency and pion misidentification probability
as a function of the momentum (a) and the polar angle (b). The efficiency
is indicated by the axis labels on the left and the misidentification proba-
bility is indicated by the axis labels on the right. . . . . . . . . . . . . . . 55

3.27 A schematic of the BABAR DAQ system. . . . . . . . . . . . . . . . . . . 56

4.1 Event with looping tracks and ghost tracks. Note that this is not a common
event: Loopers affect a relatively small number of events and to have the
coincidence with ghost tracks (seen in the lower right quadrant) is very
rare. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.2 Distribution for E/p (top left) using a control sample of electrons and E/p
versus momentum (top right), polar angle (bottom left) and azimuthal an-
gle (bottom right). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

x



4.3 Electron identification and hadron misidentification probability for the
likelihood-based electron selector as a function of momentum (left) and
polar angle (right). Note the different scales for identification and misiden-
tification on the left and right ordinates, respectively. The measurements
are for luminosity-averaged rates for Run-1 and Run-2. . . . . . . . . . . 63

4.4 Muon identification and hadron misidentification probability for the tight
muon selector as a function of momentum (left) and polar angle (right).
The solid markers indicate the efficiency in 2000, the empty markers
the efficiency in 2001. Note the different scales for identification and
misidentification on the left and right ordinates, respectively. . . . . . . . 65

4.5 Charged kaon identification and pion misidentification probability for the
tight kaon micro selector as a function of momentum (left) and polar an-
gle (right). The solid markers indicate the efficiency for positive particles,
the empty markers the efficiency for negative particles. Note the different
scales for identification and misidentification on the left and right ordi-
nates, respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.6 Definition of the variables ri, ϕi and R0 . . . . . . . . . . . . . . . . . . . 67

4.7 π0 peaks for simulated events and for data. . . . . . . . . . . . . . . . . . 68

4.8 Mass distributions for K0
S → π+π−. The distribution is fitted with a sum

of a double Gaussian and a first-order polynomial function. . . . . . . . . 69

4.9 KS momentum (left) and polar angle (right) distributions in data (solid
markers) and Monte Carlo simulation (hatched histogram). . . . . . . . . 69

4.10 D0 candidates selected for D0 → Kπ, D0 → Kππ0 D0 → K0
Sππ, and

D0 → K3π modes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.11 Distribution of soft pion momentum in the Υ (4S) frame (left) and m(D0π+)−
m(D0) mass distribution for D∗+ candidates in the B → D∗+π+, D0 →
Kπ mode. Vertical lines indicate the signal windows used in the selection. 73

4.12 ∆m distribution for D∗0 → D0π0 decays, where p∗(D0) < 2.5 GeV/c . . 75

4.13 An example of ∆E distribution for B → D∗+π− with D0 → Kπ. . . . . . 76

4.14 ∆E versus mES for the decay, B → D∗+π− with D0 → Kπ. . . . . . . . 77

xi



4.15 Left: mES distribution for candidates in the off-resonance data (40 MeV
below the Υ (4S) mass). Right: mES distribution for bb background (B0

reconstructed as B+ ). ARGUS shape fit is superimposed in both cases. . . 78

4.16 MC mES distributions for reconstructed B modes with (left) no π0 in the
final state, (middle) 1 π0 in the final state and (right) 2 π0’s in the final
state. The fit function is a sum of crystal ball and ARGUS function. . . . . 79

5.1 Definition of the mES-∆E regions. In each iteration of the semi-exclusive reconstruction
a combination is used (A) only as candidate, (B) both as candidate and as
seed. (C) used as seed but not as candidate and (D) discarded. . . . . . . 83

5.2 ∆E distributions for the four D0 decay modes in B → D∗ππ0, D∗ →
D0π : a) D0 → Kπ, b) D0 → Kππ0, c) D0 → K3π, and d) D0 → K0

Sππ 87

5.3 Dependence of the quality factor S/
√

S + B as a function of the yield
when adding modes for the B0 → D∗+X case. Statistics corresponds to
80 fb−1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

6.1 Semileptonic Brecoil decay recoiling from a fully reconstructed B meson. . 90

6.2 mX distributions at generator level for pure resonant (left) and pure non-
resonant b → u`ν̄ MC simulation (right). . . . . . . . . . . . . . . . . . . 93

6.3 Parton-level distributions for the generator without Fermi motion. The
upper left plot shows the scaled lepton energy x = 2E`/mb, the upper
right plot the scaled hadron energy z = 2(Eh − Λ)/mb, the lower left
plot shows the scaled hadron mass squared sh = m2

h/m
2
b and the lower

right plot shows the scaled virtual W mass squared Q2 = q2/m2
b . The red

lines denote analytical single differential functions with the same input
quantities and the green lines show the tree results without αs corrections. 94

6.4 mX distribution at the generator-level for the hybrid signal Monte Carlo
for b → u`ν̄ events. The resonant and non-resonant contributions to the
hybrid are shown in magenta and red respectively along with the purely
non-resonant distribution in blue. . . . . . . . . . . . . . . . . . . . . . . 96

xii



6.5 Event yields for all seeds combined without additional requirement on
the recoil system (left) and after requiring a lepton with pcms > 1 GeV/c
(right). The numbers printed on each plot indicate signal yield (S), back-
ground yield (B), and purity (P) all in the signal region defined by mES >
5.27 GeV/c2. Only the Argus background is fitted in these plots, with the
signal yield taken as the difference between the histogram and the fitted
Argus background. These plots serve as an illustration of the event yields
and are not used in the analysis. . . . . . . . . . . . . . . . . . . . . . . . 98

6.6 Signal MC: a) p∗ resolution for all electrons, b) p∗ resolution for electrons
that are known through generator truth-matching to contain at least one
Bremsstrahlung photon, c) mX distribution. The blue line corresponds to
no recovery and the red points correspond to recovery of photons within
αbrem < 0.08 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

6.7 Left: Missing-mass squared of the event before (upper plot) and after
(lower plot) the kinematic fit. Due to the zero-mass hypothesis for the
neutrino, the missing-mass of the event after the fit is within the precision
compatible with zero. Right: Mass resolution of the Breco (left side) be-
fore (upper plots) and after (lower plots) the kinematic fit. Due to the im-
posed equal-mass constraint, the masses of the two B mesons are, within
procession, identical after the fit. . . . . . . . . . . . . . . . . . . . . . . 102

6.8 Cocktail MC: The resolution on the kinematically fitted hadronic mass
with all analysis cuts applied for b → u`ν̄ events (left) and b → c`ν̄
events (right). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

6.9 Cocktail MC: The mean (left) and RMS (right) of the resolution on the
kinematically fitted hadronic mass with all analysis cuts applied in bins of
true mX (upper) and m2

miss (lower). The blue points are b → u`ν̄ events
and the red points are b → c`ν̄ events. . . . . . . . . . . . . . . . . . . . 104

6.10 Generic MC:Statistical significance (S/
√

S + B) as a function of the pu-
rity of the mode of the reconstructed B sample for the four charm seeds
after all cuts: clockwise (starting from the upper left plot) the seeds are
B0 → D+∗X , B0 → D+X , B+ → D0X , B+ → D∗0X . . . . . . . . . . 106

6.11 Cocktail MC: The lepton momentum spectrum with all analysis cuts applied107

6.12 Cocktail MC: The number of leptons observed with all analysis cuts applied107

6.13 Cocktail MC: The total event charge with all analysis cuts applied . . . . . 108

6.14 Cocktail MC: The missing-mass squared with all analysis cuts applied . . 108

xiii



6.15 Cocktail MC: Left: the number of charged kaons with all analysis cuts
applied Right: the number of KS with all analysis cuts applied . . . . . . 109

6.16 Cocktail MC: The missing momentum with all analysis cuts applied . . . 109

6.17 Cocktail MC: The cosine of the angle of the missing system with all anal-
ysis cuts applied . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

6.18 Cocktail MC: The momentum of the slowest track with all analysis cuts
applied . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

6.19 Cocktail MC: Missing-mass distribution m2
miss,PR for a) D∗ → D0π, b)

D∗ → Dπ0, c) D∗0 → D0π0 . . . . . . . . . . . . . . . . . . . . . . . . 111

6.20 B0 (left) and B+ (right) lepton spectra (side-band subtracted) in generic/cocktail
MC and data for b → u`ν enhanced (top row) and depleted (bottom row)
event samples. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

6.21 Electron (left) and muon (right) spectra (side-band subtracted) in generic/cocktail
MC and data for b → u`ν enhanced (top row) and depleted (bottom row)
event samples. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

6.22 Reconstructed (left) and kinematically fitted (right) hadronic recoil invari-
ant mass spectra (side-band subtracted) in generic/cocktail MC and data
for b → u`ν enhanced (top row) and depleted (bottom row) event samples. 115

6.23 Missing-mass squared (left) and Q2 (right) distributions (side-band sub-
tracted) in generic/cocktail MC and data for b → u`ν enhanced (top row)
and depleted (bottom row) event samples. . . . . . . . . . . . . . . . . . 116

6.24 Missing momentum (left) and Θmiss (right) distributions (side-band sub-
tracted) in generic/cocktail MC and data for b → u`ν enhanced (top row)
and depleted (bottom row) event samples. . . . . . . . . . . . . . . . . . 117

6.25 Charged (left) and neutral (right) multiplicity distributions (side-band sub-
tracted) in generic/cocktail MC and data for b → u`ν enhanced (top row)
and depleted (bottom row) event samples. . . . . . . . . . . . . . . . . . 118

6.26 Total charge (left) distributions (side-band subtracted) in generic/cocktail
MC and data for b → u`ν enhanced (top row) and depleted (bottom row)
event samples. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

7.1 The fit results for mX < 1.55 GeV/c2. . . . . . . . . . . . . . . . . . . . . 124

xiv



7.2 The fit results for mX < 1.59 GeV/c2. . . . . . . . . . . . . . . . . . . . . 124

7.3 The fit results for mX < 1.67 GeV/c2. . . . . . . . . . . . . . . . . . . . . 124

7.4 The fit results for mX < 1.75 GeV/c2. . . . . . . . . . . . . . . . . . . . . 125

7.5 The fit results for mX < 1.83 GeV/c2. . . . . . . . . . . . . . . . . . . . . 125

7.6 The fit results for mX < 2.50 GeV/c2. . . . . . . . . . . . . . . . . . . . . 125

7.7 The fit results for the depleted sample. . . . . . . . . . . . . . . . . . . . 127

7.8 Photon energy spectrum for the decay b → sγ measured by BABAR [69].
This measurement is based on the sum of exclusive modes and results in
an excellent photon energy resolution. . . . . . . . . . . . . . . . . . . . 129

7.9 b → sγ photon energy spectrum as a function of u = 2Eγ/ mB, weighted
with the weight functions i0(u) and i+(u), calculated for a cut on the
hadronic mass mX < 1.67 GeV/c2. The integral of these functions corre-
spond to I0 and I+, respectively. . . . . . . . . . . . . . . . . . . . . . . 130

7.10 |Vub| vs. the upper cut on mX . The error bars illustrate (from innermost to
outermost) the experimental (statistical plus detector systematics), back-
ground and signal modeling, b → sγ errors. Points without the inner
error bars have only the statistical error displayed. The shaded error band
illustrate the perturbative error (innermost yellow band) and the total the-
oretical error (outermost bluish band) where the QED scale uncertainty,
the perturbative and non-perturbative error have been added in quadrature. 131

7.11 Enlarged view of |Vub| vs. the upper cut on mX with special emphasis on
the statistical error from the b → sγ photon energy spectrum. The error
bars illustrate (from innermost to outermost) the statistical error from the
b → sγ photon energy spectrum and the total error (statistical, experimen-
tal systematic, signal and background modeling). The shaded error band
illustrate the perturbative error (innermost yellow band) and the total the-
oretical error (outermost bluish band) where the QED scale uncertainty,
the perturbative and non-perturbative error have been added in quadrature. 132

8.1 Integrated purity for cocktail MC (left), generic MC (middle) and data
(right), as an indicator of the sample composition. . . . . . . . . . . . . . 139

8.2 The b → c`ν̄ mX distribution (all cuts applied) for cross-feed events com-
pared with the total sample. Left plot corresponds to B0s, right to B+ s. . 140

xv



8.3 Relative efficiency for Monte Carlo (histogram) and for data (dots) for the
soft pions from D∗+ → D0π+, D0 → K−π+ decays, as a function of the
momentum. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

8.4 Measurement of Ru/sl as a function of the mX cut applied. The left col-
umn displays the results with correlated errors. The right column shows
the difference to the default analysis working point with uncorrelated er-
rors shown. The errors are statistical only. . . . . . . . . . . . . . . . . . 151

8.5 Measurement of Ru/sl as a function of the m2
miss cut applied. The left col-

umn displays the results with correlated errors. The right column shows
the difference to the default analysis working point with uncorrelated er-
rors shown. The errors are statistical only. . . . . . . . . . . . . . . . . . 152

8.6 Measurement of Ru/sl as a function the cut on the lepton momentum ap-
plied. The left column displays the results with correlated errors. The
right column shows the difference to the default analysis working point
with uncorrelated errors shown. The errors are statistical only. . . . . . . . 153

8.7 Relative error estimation for |Vub| due to the combined statistical and sys-
tematic error in the b → sγ photon energy spectrum. . . . . . . . . . . . . 156

9.1 Results for |Vub| extractions from other experiments. The world average
is calculated by HFAG [83]. The inclusive results are obtained with shape
function parameters obtained from fits to the Belle b → sγ photon spec-
trum [82]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

A.1 DATA: The total mES distribution (top left) and the individual mES distri-
butions in each bin of mX for B±s. . . . . . . . . . . . . . . . . . . . . . 163

A.2 DATA: The total mES distribution (top left) and the individual mES distri-
butions in each bin of mX for right sign B0s. . . . . . . . . . . . . . . . . 164

A.3 DATA: The total mES distribution (top left) and the individual mES distri-
butions in each bin of mX for wrong sign B0s. . . . . . . . . . . . . . . . 165

A.4 GENERIC MC, b → c`ν̄: The total mES distribution (top left) and the
individual mES distributions in each bin of mX for B±s. . . . . . . . . . . 166

A.5 GENERIC MC, b → c`ν̄: The total mES distribution (top left) and the
individual mES distributions in each bin of mX for right sign B0s. . . . . . 167

xvi



A.6 GENERIC MC, b → c`ν̄: The total mES distribution (top left) and the
individual mES distributions in each bin of mX for wrong sign B0s. . . . . 168

A.7 GENERIC MC, other: The total mES distribution (top left) and the indi-
vidual mES distributions in each bin of mX for B±s. . . . . . . . . . . . . 169

A.8 GENERIC MC, other: The total mES distribution (top left) and the indi-
vidual mES distributions in each bin of mX for right sign B0s. . . . . . . . 170

A.9 GENERIC MC, other: The total mES distribution (top left) and the indi-
vidual mES distributions in each bin of mX for wrong sign B0s. . . . . . . 171

A.10 SIGNAL MC: The total mES distribution (top left) and the individual mES

distributions in each bin of mX for B±s. . . . . . . . . . . . . . . . . . . 172

A.11 SIGNAL MC: The total mES distribution (top left) and the individual mES

distributions in each bin of mX for right sign B0s. . . . . . . . . . . . . . 173

A.12 SIGNAL MC: The total mES distribution (top left) and the individual mES

distributions in each bin of mX for wrong sign B0s. . . . . . . . . . . . . 174

B.1 Fit results for mX < 1.55 GeV/c2: The left plot is neutral B and the right
plot is charged B. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175

B.2 Fit results for mX < 1.59 GeV/c2: The left plot is neutral B and the right
plot is charged B. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175

B.3 Fit results for mX < 1.67 GeV/c2: The left plot is neutral B and the right
plot is charged B. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176

B.4 Fit results for mX < 1.75 GeV/c2: The left plot is neutral B and the right
plot is charged B. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176

B.5 Fit results for mX < 1.83 GeV/c2: The left plot is neutral B and the right
plot is charged B. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176

B.6 Fit results for mX < 2.50 GeV/c2: The left plot is neutral B and the right
plot is charged B. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176

B.7 Fit results for mX < 1.55 GeV/c2: The left plot is electrons and the right
plot is muons. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

B.8 Fit results for mX < 1.59 GeV/c2: The left plot is electrons and the right
plot is muons. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

xvii



B.9 Fit results for mX < 1.67 GeV/c2: The left plot is electrons and the right
plot is muons. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

B.10 Fit results for mX < 1.75 GeV/c2: The left plot is electrons and the right
plot is muons. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

B.11 Fit results for mX < 1.83 GeV/c2: The left plot is electrons and the right
plot is muons. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

B.12 Fit results for mX < 2.50 GeV/c2: The left plot is electrons and the right
plot is muons. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178

xviii



LIST OF TABLES

2.1 The six quarks and six leptons and their properties are presented in this
table. They are split into three generations. u is the “up” quark, d is the
“down” quark, c is the “charm” quark, s is the “strange” quark, t is the
“top” quark, b is the “bottom” quark, e is the electron, µ is the muon, τ is
the tau lepton, and νX are the corresponding neutrinos. . . . . . . . . . . . 6

2.2 The fundamental forces of nature and their associated force carrying gauge
bosons, spins, masses, effective range, sources and couplings. . . . . . . . 7

3.1 The PEP-II beam design parameters and the corresponding achieved val-
ues as of July 2004. σLx, σLy, σLz refer to the size of the interaction region
of the collision. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.2 The cross-sections for the production of various states at the Υ (4S) mass√
s = M(Υ (4S)). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.3 Overview of the coverage, segmentation, and performance of the BABAR
detector systems. The notation (C), (F), and (B) refers to the central bar-
rel, forward and backward components of the system, respectively. The
detector coverage in the laboratory frame is specified in terms of the polar
angles θ1 (forward) and θ2 (backward). The number of readout channels
is listed. Performance numbers are quoted for 1 GeV/c particles, except
where noted. The performances for the SVT and DCH are quoted for a
combined Kalman fit (for the definition of the track parameters, see sec-
tion 3.3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4.1 Summary of track selection criteria. . . . . . . . . . . . . . . . . . . . . . 60

4.2 Summary of selection criteria for the D0 selection . . . . . . . . . . . . . 70

4.3 Summary of selection criteria for the D+ selection . . . . . . . . . . . . . 72

4.4 Summary of the selection criteria for the D∗+ selection . . . . . . . . . . 74

4.5 Summary of selection criteria for the D∗0 selection . . . . . . . . . . . . . 74

xix



5.1 Some of the inclusive and exclusive branching fractions relevant to the
semi-exclusive reconstruction [6]. The reason that the branching fractions
sum to a value greater than unity is that for inclusive B → D(∗)Y decays,
there can be a significant amount of overlap as the Y can include D(∗)

mesons. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

5.2 Summary of the number of semi-exclusive modes. . . . . . . . . . . . . . 84

6.1 Monte Carlo event samples used in this analysis. Equivalent statistics in
|Vub| MC assumes B(b → u`ν̄) = 1.7 × 10−3 . . . . . . . . . . . . . . . . 91

6.2 Branching ratios used in the resonant and non-resonant B → Xu`ν̄ signal
MC (before the hybrid reweighting). The hadron masses mX are those
used in the generator. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

6.3 Branching fractions used in the B → Xu`ν̄ hybrid signal MC after the
reweighting. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

6.4 Signal yield, S, and background, B, per charm seed mode of the Breco

candidate. The numbers are obtained from fits to the mES distributions. . . 105

6.5 Selection criteria for b → q`ν and b → u`ν events. . . . . . . . . . . . . . 112

7.1 The χ2/DOF results from the fits to the hadronic mass spectrum . . . . . 123

7.2 Analysis validation and fit results for high-statistics cocktail MC. The
generated value corresponds to Ru ≡ B(b → u`ν̄)/B(b → c`ν̄) = 0.0116. 127

7.3 The fraction of signal events below a cut-off in the hadronic mass spec-
trum. The error shown is statistical. This number is only used in the
extraction of the total charmless branching fraction (Eq. 7.2) for the full
rate measurement. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

7.4 Summary of the fit parameters for data, on the full (top) and depleted
(bottom) samples. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

7.5 Summary of the fit parameters for data, on the neutral B (top) and charged
B (bottom) samples. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

7.6 Summary of the fit parameters for data, on the electron (top) and muon
(bottom) samples. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

xx



7.7 Differential b → sγ branching fraction in bins of photon energy Eγ . Note
that these numbers are normalized to the bin width and not to 100 MeV as
in Fig. 7.8. The systematic error has been symmetrized. . . . . . . . . . . 136

7.8 The results for the determination of |Vub| and summary of the relative
uncertainties. The first part of the table shows the results obtained in the
framework of Leibovich, Low, and Rothstein and the right-most column
provides the results based on the full rate. . . . . . . . . . . . . . . . . . 137

8.1 Smearing factor in different neutral energy bins. . . . . . . . . . . . . . . 143

8.2 The current best measurements for the branching fractions for B → Xc`ν
decays and values used in MC simulation. The non resonant B → DlνX
is obtained by difference of the inclusive rate and the other 4 components. 144

8.3 D+ branching fractions, current best measurements and values used in the
MC. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

8.4 D0 branching fractions, current best measurements and values used in the
MC. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

8.5 δΓ(c)×103 results and errors for various mX cuts for the signal modeling
studies in sections 8.1.14–8.1.17. The error is determined from the largest
deviations to the nominal value. . . . . . . . . . . . . . . . . . . . . . . . 148

8.6 Summary of errors on the partial b → u`ν̄ rate δΓ(c). The errors are listed
in units of % of δΓ(c). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

xxi



Acknowledgments

The work in this thesis would not be possible if not for the instruction and support I
have received from my colleagues along the way. There are many people to thank, and I
will attempt to list them below. I apologize to anyone who I may have forgotten.

Rolf Dubitzky and Urs Langenegger. Thanks for working with me on this analysis. It
was a pleasure working with both of you.

Adam Leibovich, Ian Low, and Ira Rothstein. Thanks for consistently and patiently
answering my questions.

The members of the Semileptonic AWG, in particular Daniele Del Re, Riccardo Fac-
cini, Virginia Azzolini, Concezio Bozzi, Kerstin Tackmann, and Dominique Fortin. The
work in this thesis has benefited greatly from your work.

The members of BABAR who devoted time to reviewing this analysis and helping pre-
pare it for publication.

The UC San Diego BABAR group of past and present. In particular, I would like to thank
my advisor, David MacFarlane, for his support.

Lastly, I would like to offer a special thank you to Urs Langenegger. This analysis
would not have been possible without you. Thanks for being limitlessly patient and always
finding time to speak with me from the other side of the Atlantic, regardless of the time.
You’ve been a true mentor and friend.

xxii



VITA

1999 Bachelor of Arts, University of Chicago

1999–2005 Research Assistant, University of California, San Diego

2000 Masters of Science, University of California, San Diego

2001 Teaching Assistant, University of California, San Diego

2005 Ph.D., University of California, San Diego

xxiii



ABSTRACT OF THE DISSERTATION

Determinations of |Vub| from Inclusive Semileptonic B Decays
with Reduced Model Dependency

by

Edward J. Hill

Doctor of Philosophy in Physics

University of California, San Diego, 2005

Professor David MacFarlane, Chair

This thesis presents several measurements of the CKM quark mixing matrix element
|Vub| with reduced theoretical model dependency. The data sample for these results consists
of about 90 million Υ (4S) → BB̄ decays collected between 1999 and 2002 with the
BABAR detector at the PEP-II asymmetric-energy e+e− collider, located at the Stanford
Linear Accelerator Center. The determinations of |Vub| are performed by measuring the
invariant hadronic mass spectrum from inclusive semileptonic B meson decays recoiling
from a fully reconstructed B meson decaying hadronically. In one method, the partial rate
extracted from the charmless semileptonic hadronic mass spectrum below 1.67 GeV/c2 is
combined with a weighted integral over the endpoint of the photon energy spectrum from
b → sγ decays and the result |Vub| = (4.43 ± 0.38stat ± 0.25syst ± 0.29theo) × 10−3

is obtained. In a second method, the charmless hadronic mass spectrum is measured up
to 2.50 GeV/c2, corresponding to 96.5% of the simulated hadronic mass spectrum. The
charmless semileptonic branching fraction is deduced from this measurement and results
in B(B → Xu`ν̄) = (1.64 ± 0.60stat ± 0.25syst) × 10−3 which yields |Vub| = (3.84 ±
0.70stat ± 0.30syst ± 0.19theo) × 10−3.

xxiv



Chapter 1

Introduction

Given the inelegance of the Standard Model, in particular the large number of elementary con-
stituents and parameters, particle physics experiments seek to make ever more precise tests of its
predictions with the aim of revealing evidence for a more fundamental underlying theory. As a part
of this program, understanding the nature of flavor changing processes of electroweak interactions is
a central component. Currently, in the Cabibbo-Kobayashi-Maskawa (CKM) matrix that describes
how quarks can change flavor in hadron decays through the electroweak interaction, the element
|Vub| is not precisely determined and arguably represents one of the largest gaps in our knowledge
of the CKM description of electroweak interactions.

Measuring |Vub| has proved to be a challenge for both theory and experiment. Experimentally,
we can only use a restricted region of the available phase space to measure b → u`ν̄ decays because
of the overwhelming background from b → c`ν̄ decays. Theoretically, providing the necessary
calculations for extracting |Vub| from a measurement performed in a small region of the phase
space is challenging. Since |Vub|2 is proportional to the total b → u`ν̄ decay width, theorists must
introduce ad-hoc models to extrapolate the measurement performed in a small region of phase space
to the full phase space. These models are responsible for describing the dynamics of the motion of
the b quark inside the B meson. This motion, called Fermi motion, is not calculable by theorists.

While it is not possible to calculate from first principles the momentum distribution of the b

quark inside the B meson, there are other approaches that sidestep the problem. Since the depen-
dence on the dynamics of the motion of the b quark is common to other decay processes of the B

meson, a method exists to combine the measurable regions of two experimentally difficult decays,
b → u`ν̄ and b → sγ, and cancel the common dependence on the ad-hoc model to leading order.
Also, measuring the full spectrum of b → u`ν̄ decays leaves very little theoretical uncertainty in
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the determination of |Vub| because the model dependency enters only when performing a measure-
ment in a restricted region of phase space. However, this method will incur larger uncertainties
from the large amount of background present and also from imperfect knowledge of the shape and
normalization of the background.

In this dissertation, two determinations of |Vub| with reduced model dependencies are presented.
The first determination will measure the inclusive charmless semileptonic hadronic mass spectrum
in the measurable region below the D meson mass and combine it with the partial b → sγ photon
energy spectrum. The second uses the full inclusive charmless semileptonic hadronic mass spectrum
past the folkloric cut-off at the D meson mass.

Given the theoretical and experimental difficulties in measuring |Vub|, it is clear that we will
greatly benefit from several different approaches with correspondingly different techniques and as-
sumptions. The measurement techniques developed here are novel approaches that offer reduced
model dependency unmatched by previous methods. Although still statistically limited, these tech-
niques offer a promise of more precise measurements in the future as additional data becomes
available.

1.1 Outline of Dissertation

The determinations of |Vub| presented in this dissertation use the charmless semileptonic B

decay rate from the hadronic mass spectrum. The first method to extract |Vub| makes use of the
b → u`ν̄ events below a hadronic mass cut-off near the D meson mass and combines this with a
measurement of the photon energy spectrum from b → sγ decays. The b → sγ photon energy
spectrum is taken from a recently published analysis by BABAR [69]. The second method uses the
full charmless semileptonic decay B rate which allows for a straight-forward determination of |Vub|.

The measurement is performed with a sample of Υ (4S) → BB events recorded at the BABAR
detector at the Stanford Linear Accelerator Center. In order to reduce backgrounds, we fully re-
construct one B meson, called a Breco, in the event through its decays to an hadronic final state.
The other charged and neutral particles in the event are then ascribed to the decay of the second or
recoiling B meson, called a Brecoil. Requiring a fully reconstructed B meson, with an efficiency
of only about 0.5%, results in a relatively small signal sample. However, there are great advantages
to using this approach as the reconstruction provides a clean environment to study semileptonic B

decays and makes simple the neutrino reconstruction that is necessary for studying the hadronic
mass of a semileptonic decay.



3

The analysis is performed by studying the decays of the recoil B mesons. A sample of semilep-
tonic decays is identified by the presence of a high momentum lepton with charge properly corre-
lated to the flavor of the Brecoil. The hadron that the Brecoil eventually decays to is comprised of
the remaining detected charged and neutral particles in the event not belonging to the Breco. The
4-momenta of these charged and neutral particles is summed which yields the 4-momentum of the
hadron. Since the 4-momenta of the Breco, the lepton, the hadron, and the colliding beams are
known, the 4-momentum of the undetected neutrino is deduced by applying conservation laws.

The signal b → u`ν̄ decays are enhanced and the large background from b → c`ν̄ decays is
reduced by applying a selection procedure that exploits fundamental differences in the two types of
decays. For example, b → u`ν̄ decay processes rarely involve kaons whereas they are abundant in
b → c`ν̄ decays. Thus, rejecting events with kaons will reduce background and enhance signal. The
selection procedure also exploits differences in the distributions of various kinematic variables that
describe the event. By making restrictions on the mass and momentum of the undetected neutrino
and the total charge of the event, the signal sample is further enhanced.

After the event selection is applied, the signal yield is determined from the hadronic mass spec-
trum. This spectrum is made up of signal b → u`ν̄ decays, background b → c`ν̄ decays, and a
small amount of other backgrounds including events with misidentified leptons or leptons from sec-
ondary τ or charm decays. To determine the signal yield, the contributions from b → c`ν̄ and other
backgrounds are simulated and subtracted from the measured mass spectrum.

For the first method to extract |Vub|, the partial b → u`ν̄ decay rate below a cut-off near the D
meson mass is determined from the signal hadronic mass spectrum. This partial rate is combined
with a weighted integral over the partial b → sγ photon energy spectrum to determine |Vub|. For
the second method to extract |Vub|, the total b → u`ν̄ decay rate is determined from the full signal
hadronic mass spectrum. |Vub| is then determined from a simple expression relating the decay rate
to |Vub|.

The following outlines the chapters in this dissertation and the information they aim to provide:

• Chapter 2 introduces the Standard Model of fundamental particles and provides the back-
ground for the electroweak interaction and the CKM description of quark mixing. Also in
this chapter, the theory to relate the charmless semileptonic B decay rate to the CKM matrix
element |Vub| is presented.

• Chapter 3 describes SLAC and the BABAR detector and how they combine to record the
decays of B mesons.
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• Chapter 4 describes how various types of charged and neutral particles are reconstructed from
the information provided by the detector systems.

• Chapter 5 describes the full reconstruction method for the Breco, which defines the sample
used for selecting the charmless semileptonic decays in the final signal sample.

• Chapter 6 describes the selection procedures and analysis applied to the recoil B meson.

• Chapter 7 describes the signal extraction technique from the measured semileptonic hadronic
mass spectrum, as well as the calculation of the weighted integrals over the b → sγ photon
energy spectrum and the results for the extraction of |Vub|.

• Chapter 8 discusses the uncertainties on the values extracted for |Vub|.

• Chapter 9 summarizes and discusses the results obtained for |Vub| from the various methods
described in this dissertation.



Chapter 2

The Theory of Weak Interactions and

the Extraction of |Vub|

In this chapter, a summary of the theory describing the extraction of |Vub| is presented. To
do so, a brief introduction to the Standard Model of fundamental particle interactions is presented,
along with a formulation of the Cabibbo-Kobayashi-Maskawa description of the weak interaction.
A detailed description of charmless inclusive semileptonic decays of the B meson and the relation
of the decay rate to |Vub| is then provided. In this description, the problem of having reliable
model-independent theoretical calculations in an experimentally feasible framework is highlighted.
Concluding the chapter, the model-independent |Vub| extraction method of Leibovich, Low, and
Rothstein is presented in detail.

2.1 The Standard Model

Fundamental particle properties and interactions are described by the Standard Model (SM). In
the SM, all matter is comprised from the six quarks and six leptons. The quarks and leptons are
classified as fermions, which are particles with half-integer spin J P = n + 1

2 . The quarks and
leptons are separated into three generations with the third generation having the largest masses and
the first generation having the smallest masses. Matter made up of second and third generation
particles is not stable and ultimately decays to first generation matter. Table 2.1 summarizes the
matter constituent of the SM and their properties.

In the SM, quarks and leptons can interact through the fundamental forces of nature via the

5
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Table 2.1: The six quarks and six leptons and their properties are presented in this table. They are
split into three generations. u is the “up” quark, d is the “down” quark, c is the “charm” quark, s is
the “strange” quark, t is the “top” quark, b is the “bottom” quark, e is the electron, µ is the muon, τ
is the tau lepton, and νX are the corresponding neutrinos.

Quark Q Mass Lepton Q Mass
(e) ( GeV/c2) (e) ( MeV/c2)

u +2
3

∼ 0.003 e −1 0.511
d −1

3
∼ 0.006 νe 0 ∼ 0

c +2
3

∼ 1.25 µ −1 105.7
s −1

3
∼ 0.10 νµ 0 ∼ 0

t +2
3

∼ 175 τ −1 1777.0
b −1

3
∼ 4.5 ντ 0 ∼ 0

exchange of gauge bosons. These gauge bosons are force carrying particles that carry spin of integer
value JP = n. There are four fundamental forces found in nature: gravity, electromagnetic (EM),
weak, and strong. These forces and their associated properties and gauge bosons are described in
Table 2.2

The gravitational force is a long-range force, mediated by the exchange of a massless boson
called the graviton. The source of the interaction is the coupling of the energy-momentum tensor in
two particles. Gravitational interactions are negligible in the study of particle interactions because
the force is many orders of magnitude weaker than the other forces. The coupling constant in the
classical formulation is

GNM1M2

4π~
∼ 10−40

where M1 and M2 are the masses of the interacting particles, ~ is Planck’s constant, and GN is the
gravitational constant.

The EM force is also a long-range force because it is mediated by the exchange of a massless
boson, the photon. The theory of quantum electrodynamics (QED) describes EM interactions be-
tween particles in the SM. The source of the interaction is the electric charge of the particles. The
coupling constant between two particles of unit charge e is

e2

4π~
∼ 1

137

The strong force governs interaction between quarks. Quarks are not known to exist as free par-
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ticles, they are only observed as constituents of hadrons. The theory of quantum chromo-dynamics
(QCD) describes the strong force in the SM. The source of the interaction is the color charge of the
quark and it is mediated by the exchange of the massless gluon. Quarks can either have a color of
red, blue, or green. Despite the gluon being massless, the strong force is a short-ranged force be-
cause the coupling between quarks is not constant. The force confining quarks into hadrons is very
large at large distances, but vanishes at short distances. This principle is referred to as asymptotic
freedom. The coupling constant for the strong force is

αs(mb) ∼ 0.22

The weak force is a short-range force between quarks and leptons. It is short-ranged because
the gauge bosons that mediate the force are massive. The source of the force is the weak charge
of particles. The theory of weak interactions is grouped together with EM theory in electroweak
theory. All processes where a quark or lepton changes flavor are mediated through the electroweak
interaction. The coupling for the weak force is

e2

8M2
W sin2(ΘW )

∼ 10−5

where MW is the mass of the W boson and ΘW is the weak mixing angle.

Table 2.2: The fundamental forces of nature and their associated force carrying gauge bosons, spins,
masses, effective range, sources and couplings.

ElectroWeak
Gravity EM Weak Strong

Gauge Boson graviton photon W,Z gluon
JP 2+ 1− 1± 1−

Mass ( GeV/c2) 0 0 80.4, 91.2 0
Range (m) ∞ ∞ 10−18 10−15

Source mass electric charge weak charge color charge
Coupling Constant 10−40 10−2 10−5 1

While the SM of fundamental particle interaction is known to be consistent with all experimental
results, it is considered to be incomplete. For example, the SM does not incorporate gravitation as
a self-consistent quantum field theory. This particular example is not a problem per se because
the effect of gravity between particles is negligible in comparison to the other forces. Rather, the
complexity of the theory, such as the existence of three generations of quarks and leptons, and the
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large number of parameters suggest that it cannot be the complete description of nature’s particles
and their interactions. As a result, there is an expectation that a more fundamental theory underlies
the SM, which can be revealed either directly by experiments at higher energy or indirectly by
inconsistencies in measurements at lower energy. Pursuing this latter approach, we attempt to test
SM predictions with every increasing precision for such evidence.

2.2 The CKM Picture of Weak Interactions

In the SM, flavor changing processes involving quarks are mediated by the weak interaction.
Take, for example, the neutron decay process n → p e ν e. The quark content of the neutron is udd

and the quark content of the proton is uud. This a weak process because the decay clearly involves
a transition of d → u. That is to say, the d quark is changing flavor to a u quark.

In the formalism of quantum field theory1, we can write a Lagrangian to describe the mechanics
of the interaction of quarks with the SU(2)L gauge bosons that mediate the weak interaction as

LW = −1

2
gQI

Liγ
µτa

1ijQ
I
LjW

a
µ . (2.1)

Here, QI
L are quark fields of the left-handed quark generations, W a

µ are the gauge boson fields of
the weak interaction, 1ij is the unit matrix, g is the weak coupling constant, τ a are Pauli matrices
operating in SU(2) space, and γµ are Dirac matrices operating in Lorentz space.

In the SM, the Higgs field, which is a single complex scalar doublet φ =
(φ+

φ0

)

, is the postu-
lated mechanism by which the fundamental particles of the SM acquire mass through spontaneous
symmetry breaking. Spontaneous symmetry breaking occurs when a system that obeys a given
symmetry loses its symmetry when it goes into a vacuum state (the lowest energy state). In particle
dynamics, this spontaneous symmetry breaking is realized from the non-zero vacuum expectation
value of the Higgs field. The expectation value of the field at vacuum can be expressed as

Evac
0 =

1√
2

(

0

v

)

(2.2)

which is not symmetric in SU(2) gauge theory because a global SU(2) transformation

Evac′
0 = ei−→α−→τ 1√

2

(

0

v

)

(2.3)

1Quantum field theory is necessary to describe the theory of electro-weak interactions. As a reference,
“An Introduction to Quantum Field Theory”, by Michael Peskin and Daniel Schroeder is suggested
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yields a distinct state that has the same energy.
The Lagrangian for the interaction of quarks with the Higgs field is

LY = −GijQI
LiφdI

Rj − FijQI
Liφ̃uI

Rj + hermitian conjugate, (2.4)

where dI
R and uI

R are multiplets of the quark generations and G and F are general complex 3 × 3

matrices. The fact that they are complex is directly responsible for the existence of CP violation,
as we will see. The charge conjugation C and parity P symmetries are discrete symmetries of
particle dynamics. Charge conjugation reverses the quantum numbers describing the particle and
the particle is changed into its antiparticle. Parity reflects the particle coordinates through the origin
P (ct,−→r ) → (ct,−−→r ). Both C and P are found to be violated in the weak interaction, and also the
combination of C and P (CP ) is known to be violated in the weak interaction.

The charged current from the flavor changing weak process in Eq. 2.1 can be written as

Lcc = −
√

1

2
guI

Liγ
µ
1ijd

I
LjW

+
µ + hermitian conjugate, (2.5)

and the mass terms for the quarks can be written from Eq. 2.4 as

LM = −
√

1

2
vGijd

I
Lid

I
Rj −

√

1

2
vFiju

I
Liu

I
Rj + hermitian conjugate. (2.6)

The actual mass matrices for the quarks from Eq. 2.6 are then simply

Md = Gv, Mu = Fv. (2.7)

The quark eigenstates are different from the mass eigenstates, therefore, to obtain physical mass
eigenstates, the mass matrices must be diagonalized so

VdLMdV
†
dR = Mdiag

d , VuLMuV †
uR = Mdiag

u , (2.8)

where the diagonalized matrices M diag
X are real and unitary and the matrices VXL and VXR are

complex and unitary since any complex matrix can be diagonalized by two unitary matrices. Equa-
tion 2.5 can now be rewritten in terms of the basis defined by the mass eigenstates as

Lcc = −
√

1

2
guLiγ

µV ijdLjW
+
µ + hermitian conjugate, (2.9)

where the removal of the superscript I on the quark fields u and d indicates that the basis defined
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by mass eigenstates is being used, and V ij = VuLVdL is the Cabibbo-Kobayashi-Maskawa (CKM)
matrix [1, 2].

The CKM matrix, V ij , is the complex and unitary mixing matrix for the three quark generations
which describes the flavor changing processes of quarks.









d′

s′

b′









= V









d

s

b









(2.10)

where we express the CKM matrix as

VCKM =









Vd′d Vd′s Vd′b

Vs′d Vs′s Vs′b

Vb′d Vb′s Vb′b









=









Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb









(2.11)

The CKM matrix has nine parameters, three are real and six are complex phases. The matrix
can be re-phased, however, so as to be described by only one complex phase. Such a re-phasing is
permissible in this framework because re-phasing by a transformation

V → V = PuV P ∗
d (2.12)

only redefines the phases of the mass eigenstates qL and qR (q = u, d), which doesn’t change the
diagonalized mass matrices M diag

X . It is this one remaining non-trivial phase in the CKM matrix
that is thought to be responsible for the phenomenon of CP violation in the weak interaction. If
there were only two generations of quarks, the CKM matrix would not permit CP violation because
there would be no complex phase. It was this realization that led Kobayashi and Maskawa to predict
the existence of a third generation of quarks [2].

Remembering that the CKM matrix is unitary (V V † = 1), several relations can be derived (see
for example Ref. [3]). The three that are especially helpful in testing the predictions of the SM are:

VudV
∗
us + VcdV

∗
cs + VtdV

∗
ts = 0 (2.13)

VusV
∗
ub + VcsV

∗
cb + VtsV

∗
tb = 0 (2.14)
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VudV
∗
ub + VcdV

∗
cb + VtdV

∗
tb = 0 (2.15)

These three unitarity relations can be geometrically represented as triangles in the complex plane.
They are called the “unitarity triangles”. Pictures of the unitarity triangles are shown in Fig. 2.1.
The triangles all have the same area, yet greatly different angles and leg lengths.

(c)

(b)

(a)

Figure 2.1: The three unitary triangles detailed in Eq. 2.13 (a), 2.14 (b), and 2.15 (c).

You can see from Fig. 2.1 that the first two triangles resulting from the unitarity relations almost
appear to be a line. That is because the amount of CP violation in K decays and leading Bs decays
is small, where as physics of the B meson, represented by the third triangle, predicts larger CP

violation. Figure 2.2 depicts the unitarity triangle defined by Eq. 2.15.
The CKM matrix is commonly expressed in an expansion using four parameters (λ,A, ρ, η)

where λ is the expansion parameter and η is the CP -violating phase. This is referred to as the
Wolfenstein parameterization [4] and its form is

VCKM =









1 − λ2

2 λ Aλ3(ρ − iη)

−λ 1 − λ2

2 Aλ2

Aλ3(1 − ρ − iη) −Aλ2 1









+ O(λ4) (2.16)

At a higher order (O(λ6)) in the expansion, the Wolfenstein parameters can be related to the
matrix elements of the CKM matrix as
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γ

α

βu
b*

V
u

d
V

tb
*Vtd

V

cb
*
V

cdV

Figure 2.2: The unitary triangle.

Vus = λ, Vcb = Aλ2, Vub = Aλ3(ρ − iη) (2.17)

Vtd = Aλ3(1 − ρ − iη) (2.18)

Im(Vcd) = −A2λ5η, Im(Vts) = −Aλ4η (2.19)

where

ρ = ρ(1 − λ2

2
), η = η(1 − λ2

2
) (2.20)

The Wolfenstein representation of the CKM matrix elements is a very good approximation to
the full matrix. With these approximations, the unitarity triangle from Fig. 2.2 can be redrawn in
the complex plane whose coordinate axes are ρ and η. Figure 2.3 depicts this normalized triangle,
where the length of the sides have all been divided by |VcdV

∗
cb|.

The lengths of the non-unit sides of the triangle in Fig. 2.3 are

Rb ≡
√

ρ2 + η2 =
1 − λ2/2

λ
|Vub

Vcb
|, Rt ≡

√

(1 − ρ)2 + η2 =
1

λ
|Vtd

Vcb
| (2.21)

and the angles of the triangle α, β, and γ are [5]

α ≡ arg[− VtdV
∗
tb

VudV
∗
ub

], β ≡ arg[−VcdV
∗
cb

VtdV
∗
tb

], γ ≡ arg[−VudV
∗
ub

VcdV
∗
cb

] = π − α − β. (2.22)
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0 1ρ

η

Re

Im
A

γ

α

β

|cb
*Vcd|V
ub
*VudV

|cb
*Vcd|V
tb
*VtdV

Figure 2.3: The rescaled unitary triangle, drawn in the (ρ, η) plane.

Making precise measurements of all of the elements of the CKM matrix, determining the sides
(Rb, Rt) and angles (α, β, γ) of the unitarity triangles, and even determining whether they are in
fact triangles is essential to testing and validating the predictions of the SM. Any deviation from
the predictions of the SM could hint at physics existing outside the realm of the SM. Current mea-
surements of |VCKM | are listed in Eq. 2.23 [6]. Figure 2.4 [7] displays fitted results for the sides
and angles of the unitary triangle. The existing measurements of the off-diagonal elements, |Vtd|
and |Vub|, are the least well known. As can be seen from Fig. 2.4, the resulting constraint on the
unitarity triangle will be substantially improved by new measurements. The various measurements
of |Vub| tend to be dominated by large theoretical uncertainties, which will be discussed in greater
depth in section 2.7.

|VCKM | =









0.9739 − 0.9751 0.221 − 0.227 0.0029 − 0.0045

0.221 − 0.227 0.9730 − 0.9744 0.039 − 0.044

0.0048 − 0.014 0.037 − 0.043 0.9990 − 0.9992









(2.23)

2.3 Semileptonic Decays

Semileptonic decays of the B meson provide the ideal platform for the extraction of the CKM
matrix elements |Vub| and |Vcb|. As one might expect, b → c`ν̄ transitions are used to extract |Vcb|
and b → u`ν̄ transitions are used to extract |Vub|. Using these decays, the usually theoretically
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Figure 2.4: The experimental constraints for the sides and angles of the unitary triangle in the (ρ, η)
plane.

complicated effects of non-perturbative QCD interactions in the weak decay processes are manage-
able because these QCD effects are solely present in the hadronic current, since the leptons do not
interact via the strong force. The diagram in Fig. 2.5 clearly illustrates the localization of the QCD
effects to the hadronic current in the decay process.

There are two basic ways to study the semileptonic decays of the B meson, both relating the
semileptonic decay rates to the relevant CKM matrix elements. The first method is using exclusive

decays. This means studying one or a handful of particular decay resonances. For example, of the
possible b → c`ν̄ decays, one could examine solely the decays of the B meson to the D∗ in the
process B → D∗`ν. The second method in studying semileptonic B decays is to study inclusive

decays. This means that the sum of all of the possible final state hadrons are studied, with no
specification made on the hadronic state accompanying the lepton and neutrino.

In the case of the b → c`ν̄ decays, both the b and c quarks are very heavy which simplifies
the theoretical calculations. For exclusive decays, the techniques of heavy quark effective theory
(HQET) and heavy quark expansions (HQE) relate the decay rate to the matrix element |Vcb| [8]-
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±0,B , ...πD, 

b

q

c,u

q

±W

µe, 

νub,VcbV

Figure 2.5: The semileptonic decay of a B meson. The complicated QCD effects carried by the
gluons (depicted by the curly lines) are located entirely within the hadronic current.

[13]. These calculations proceed by using the heavy quark symmetry limit which holds in the limit
of infinite mass for the b, and c quarks. In this limit, the b quark does not recoil when it changes
flavor to the c quark. This allows the calculation of the form factors which describe the overlap of
the wave functions for the initial and final state mesons. Corrections for the finite mass of the b

and c quark are calculable. These corrections have been determined for b → c`ν̄ decays, allowing
the extraction of |Vcb| with relatively small theoretical uncertainty. The situation is not quite as
manageable in the case of exclusive b → u`ν̄ decays due to the much smaller mass of the u quark.
The form factors can be calculated using lattice gauge theory, QCD sum rules, perturbative QCD,
or quark models. Unfortunately, with the light u quark in the final state, heavy quark symmetry is
no longer directly applicable. Also, the light mass of the final state hadron provides more q2 phase
space for the final state hadron, making the form factor calculations less reliable.

For inclusive b → c`ν̄ and b → u`ν̄ decays it is possible to use operator product expansion
(OPE) techniques [14] to relate the decay rates to the matrix elements |Vcb| and |Vub|. Theoretically,
the inclusive approach is more desirable for two main reasons, leading to a less model-dependent
determination of the CKM matrix elements. First, effects of the initial bound quark state, such as the
Fermi motion of the b quark inside the hadron, can be dealt with using the heavy quark expansion.
Second, there are no bound-state effects to be considered for the final state hadronic system as there
are for exclusive decays. This is due to the fact that the energy released to the final state hadron
in a b to light quark transition is large compared with the QCD energy scale (ΛQCD). The result
is that the short-distance part of the decay (the disappearance of the b quark) and the long-distance
part (appearance of the hadronic decay product) are factorized. The hadronization to the final decay
product can be assumed to occur with unit probability, allowing only the short-distance part of the
decay to be considered. The factorization of the long-distance and short-distance parts of the decay
is known as parton-hadron duality.
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2.4 Inclusive Decays of the B Meson

The starting point to describe the decay of hadron is the optical theorem [15, 16, 17], which
describes the decay width of a hadron as

Γ(Hb → X) =
1

mHb

Im〈Hb|T|Hb〉, (2.24)

where Hb is a hadron containing a b quark, and T is the transition operator defined as

T = i

∫

d4xT{Leff(x),Leff(0)}, (2.25)

where Leff(x) is the effective weak Lagrangian. The relevant contributions to T are shown in the
Feynman diagrams of Fig. 2.6. Due to the large mass of the b quark, an OPE can be applied in
calculating T. In such an expansion, T can be expressed as a series of local operators containing
b-quark fields (see Fig. 2.6). The result of the OPE is that any inclusive decay width of the B meson
can be written as [15]-[20]

bνµGνµσsgb

bb

g

b b

b b

Figure 2.6: The contributing terms to the transition operator T (left), and the corresponding op-
erators in the OPE (right). The open squares represent the four-fermion interaction in the weak
Lagrangian Leff and the black dots represent local operators of the 1/mb expansion

Γ(B → Xf ) =
G2

F m5
b

192π3

{

cf
3〈bb〉B + cf

5

〈bgsσµνGµνb〉B
m2

b

+ ...

}

, (2.26)

where cf
x are short-distance coefficients that are functions of the quantum numbers f of the final

states and 〈O〉H is shorthand notation for normalized matrix elements of local operators that contain
all of the long-distance information defined as
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〈O〉B =
1

2mB
〈B|O|B〉. (2.27)

where B is the B meson. These matrix elements can then be expanded in powers of 1/mb using
HQET. The expansion results in [15],[17]-[19], [21, 22]

〈bb〉 = 1 +
λ1 + 3λ2

2m2
b

+ O(1/m3
b), (2.28)

〈bgsσµνGµνb〉
m2

b

=
6λ2

m2
b

+ O(1/m3
b ), (2.29)

where λ1 describes the kinetic energy of the b quark inside the B meson and λ2 describes the
chromo-magnetic interaction among the quarks in the B meson. Plugging Eqs. 2.28 and 2.29 into
Eq. 2.26 provides the expression describing the decay width of a B meson

Γ(B → Xf ) =
G2

F m5
b

192π3

{

cf
3

(

1 +
λ1 + 3λ2

2m2
b

)

+ cf
5

6λ2

m2
b

+ ...

}

. (2.30)

The first term in Eq. 2.30, proportional to m5
b , is the result at the parton level for a free quark

decay [23, 24]. The terms containing λ1 and λ2 are proportional to m3
b and are non-perturbative

corrections to the free quark decay. They account for bound state affects inside the B meson. Given
the large mass of the b quark, the free quark decay model is quite accurate [25]-[28].

2.5 Extracting |Vub| from Charmless Inclusive Semileptonic

Decays

The charmless inclusive semileptonic decay width of the B meson Γ(B → Xu`ν) provides
a way to extract the CKM matrix element |Vub|. To adapt the generic expression of Eq. 2.30 to
describe semileptonic decay rates, the proper values of the short-distance coefficients cf

3 and cf
5

need to be inserted. These coefficients are proportional to the square of the CKM matrix element,
which allows us to relate the decay width to the CKM matrix element. For b → u`ν̄ transitions,
these coefficients are

cSL
3 = |Vub|2{1 + O(αs)}, (2.31)

cSL
5 = −|Vub|2. (2.32)
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Inserting the short-distance coefficients into Eq. 2.30 yields

Γ(B → Xu`ν) =
G2

F |Vub|2m5
b

192π3

{

1 +
λ1 − 9λ2

2m2
b

+ O(αs) + ...

}

(2.33)

Calculations in reference [29] provide the O(αs) corrections to the expression which yields the
following expression

Γ(B → Xu`ν) =
G2

F |Vub|2m5
b

192π3

{

1 − 2.41
αs

π
+

λ1 − 9λ2

2m2
b

+ ...

}

(2.34)

The theoretical errors in Eq. 2.34 come from the non-perturbative parameters (λ1 and λ2) and
uncertainty in the mass of the b quark mb. The non-perturbative errors are small, whereas the error
from the b quark mass is larger and dominates the uncertainty. Nevertheless, the theoretical errors
are manageable and have been calculated and yield the following expression to relate the charmless
semileptonic branching fraction B(B → Xu`ν) to |Vub| [30, 31]

|Vub| = 0.00424

(B(B → Xu`ν)

0.002

1.61ps

τb

)1/2

× (1 ± 0.028OPE ± 0.039mb
). (2.35)

Here, τb is the lifetime of the B meson, and the charmless semileptonic branching fraction B(B →
Xu`ν) is related to the decay width Γ(B → Xu`ν) as

Γ(B → Xu`ν) =
B(B → Xu`ν)

τb
(2.36)

In Eq. 2.35, the b quark mass is assumed to be mb = 4.61±0.07GeV/c2 [32]. The subscripts in the
last two terms of Eq. 2.35 refer to the errors in the OPE calculation and the error due to uncertainty
in the b quark mass, respectively.

2.6 Extracting |Vub| in the Real World

With the expression in Eq. 2.35, a simple method exists for the extraction of |Vub| from the total
charmless decay rate with a small theoretical uncertainty (∼ 5% [30, 31]). Unfortunately, until this
point, the measurement of the total charmless decay rate has been considered impossible because
the B meson favors decaying via a charm channel by two orders of magnitude, i.e. B(b → c`ν̄) ∼
100×B(b → u`ν̄) or |Vcb| ∼ 10×|Vub| and the decays are not distinguishable over the entire phase
space.
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How do we work around this problem and separate the charmless from the charm decays? As
it turns out, the heavy mass of the c quark and the light mass of the u quark are what allow us to
experimentally separate the decays. Because of this mass difference, the energy of the lepton E` in
the decay and the mass of the decay product hadron mX are distributed differently for b → c`ν̄ and
b → u`ν̄ decays. The high energy endpoint of the lepton energy spectra for the b → c`ν̄ decays tails
off above 2.3GeV and the remaining phase space contains mostly b → u`ν̄ decays. Similarly, the
low mass region of the hadronic mass spectrum of semileptonic decays is dominated by b → u`ν̄

decays, with the b → c`ν̄ decays clustering at higher masses mX > mD. These examples are
illustrated in Figs. 2.7 and 2.8.

Figure 2.7: The lepton energy spectra of semileptonic decays. The charmless b → u`ν̄ decays
are shown in blue while the b → c`ν̄ decays are shown in red. The high momentum region above
2.3GeV/c is dominated by b → u`ν̄ decays.

This means that, experimentally, we can measure a part of the charmless semileptonic rate in a
favorable region of phase space. Of course, to extract |Vub| in Eq. 2.35, the total rate is required. To
reconcile the situation and provide a framework to translate the phase space restricted measurement
of the charmless semileptonic decay rate to |Vub|, the semileptonic decay width OPE must be re-
computed as a differential distribution of the relevant kinematic variables such as the lepton energy
or hadronic mass. In the case of the lepton energy, to order 1/m2

b , the OPE results in [19, 20]
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Figure 2.8: The hadronic mass spectra from semileptonic decays before the effects of detector
resolution. The charmless b → u`ν̄ decays are shown in blue while the b → c`ν̄ decays are shown
in red. Note the logarithmic scale for the vertical axis. The low mass region is dominated by
b → u`ν̄ decays and the region above mD is dominated by b → u`ν̄ decays.

1

Γ0

dΓ

dx
= Θ(1 − x)

[

5x3

3

2λ1

m2
b

+ (6 + 5x)x2 2λ2

m2
b

]

−λ1 + 33λ2

3m2
b

δ(1 − x) − λ1

3m2
b

δ′(1 − x)

+Θ(1 − x)2x2(3 − 2x)[1 − 2αs

3π
G(x)],

(2.37)

where δ′ is the derivative of the delta function, x = 2E`/mb is the scaled lepton energy, and

G(x) = log2(1 − x) + 2Li2(x) +
2π2

3
+

82 − 153x + 86x2

12x(3 − 2x)

+
41 − 36x + 42x2 − 16x3

6x2(3 − 2x)
log(1 − x) (2.38)

Γ0 = |Vub|2
G2

F m5
b

192π3
(2.39)

The first two lines in Eq. 2.37 contain the non-perturbative corrections and the last line contains
the perturbative corrections. The differential decay width given in Eq. 2.37 can be understood as a
double expansion in powers of ΛQCD/mb and ΛQCD/mb(1 − x). This expansion is well behaved in



21

most of phase space except near the endpoint. At the endpoint (as x → 1), the expansion becomes
singular. To solve the singularity problem, the terms can be re-summed in a twist expansion. In
doing so, it is useful to define a non-perturbative shape function f(k+) [33]. The shape function
describes the distribution of the light-cone residual momentum k+ of the heavy quark 4-momentum
−→
k inside the B meson (i.e. k+ ∼ k0 + k3) and is defined as [33]-[37]

f(k+) =
1

2mB
〈B(v)|bvδ(k+ − iD+)bv|B(v)〉 (2.40)

where D is the QCD covariant derivative operator and D+ = D0 + D3. The domain of the shape
function is ∞ ≤ k+ ≤ Λ where Λ = mB − mb is the mass splitting between the B meson and b

quark. The decay distribution can now be expressed in terms of this shape function as

dΓ

dX
=

∫

dk+ f(k+)
dΓp

dX
(m∗

b). (2.41)

where X is any kinematic variable describing the charmless semileptonic decay, dΓp

dX is the decay
distribution from the parton level calculations, and m∗

b is the effective mass m∗
b = mb + k+. In the

case of the lepton energy the form is

dΓ

dE`
=

∫ Λ

2E`−mb

dk+ f(k+)
dΓp

dE`
(m∗

b), (2.42)

Thus, we have the decay distribution expressed as a function of xB since

x ≡ 2E`

m∗
b

=
mBxB

m∗
b

, xB =
2E`

mB
. (2.43)

With Eq. 2.41, we have a way to extract |Vub| from measuring the branching fraction of b → u`ν̄

decays in an experimentally favorable region of the phase space. But, what of the uncertainties
in this formulation? Unfortunately, the shape function f(k+) describing the decay width is not
theoretically calculable and introduces model dependence through assumptions about its functional
form. In principle, the first few moments of the shape function can be measured, but this is a difficult
enterprise experimentally. Also, the shape function is sensitive to higher moments, and we are still
left with large uncertainties.
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2.7 Extracting |Vub| with Reduced Model Dependency

In section 2.6 we have finally understood a way that theory and experiment can come together
and extract |Vub| from the decay rate of b → u`ν̄ decays. It is understood, though, that the method
has large uncertainty due to ad-hoc model dependence. The uncertainty is not only from the choice
of how to parameterize the shape function, but also the parameters themselves. Beyond this, it is
even difficult to find a way to quantify the uncertainties. Clearly, a better solution is needed to
extract |Vub| with reduced model dependence and uncertainty.

A key observation is that the shape function is universal appearing as well in the inclusive
radiative decays b → sγ [34]. Thus, similar to the expression in Eq. 2.42, the differential decay
distribution of the b → sγ photon energy spectrum can be described in terms of the energy of the
photon Eγ as

dΓ

dEγ
=

∫ Λ

2Eγ−mb

dk+ f(k+)
dΓp

dEγ
(m∗

b). (2.44)

In addition, it has been observed that if one takes the ratio of moments of these differential distri-
butions for b → sγ and b → u`ν̄, the dependence on the shape function is removed [34]. The
necessary calculations were made and a closed form for the extraction of |Vub| from the the lepton
energy endpoint was presented by Leibovich, Low, and Rothstein (LLR) in reference [38]. Later,
they provided the corresponding method to extract |Vub| from the hadronic mass spectrum [39].

To explain this method [38]-[40], let us define the following kinematic variables:

y0 =
2v · q
mb

, y =
q2

m2
b

, x =
2v · p`

mb
, h =

2v · ph

mb
, (2.45)

where v = (1,
−→
0 ), ph is the momentum of the hadron, and q = (p`+pν) describes the momentum of

the lepton and neutrino pair. In this basis, the charmless semileptonic decay width can be expressed
as a triple differential decay width, which conveniently factorizes into hard (H), jet (J ), and soft
(S) processes [41],

1

Γ0

d3Γ

dy0dydx
= 12(y0 − x)(x − y)

∫ mB/mb

ξ
dz S(z)m2

bJ [m2
bh(z − ξ), µ]H(mbh/µ) (2.46)

where the factorization scale µ is introduced to delineate the contributing parts into different mo-
mentum regions, Γ0 is defined in Eq. 2.39, ξ = (1−y)/(2−y0), and z = 1+k+/mb. If we change
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variables from y to ξ and integrate over x, we obtain

1

Γ0

d2Γ

dy0dξ
= 2(2−y0)(2y0−1)

∫ mB/mb

ξ
dz S(z)m2

bJ [m2
b(2−y0)(z− ξ)]H[mb(2−y0)]. (2.47)

As ph ∼ 0 and z ∼ ξ ∼ 1, the jet part J [m2
b(2−y0)(z− ξ)] can be replaced with J [m2

b(2−y0)(1−
ξ/z)]. The moments MN of Eq. 2.47 are then expressed as

MN =

∫ mB/mb

0
dξ ξN−1 1

Γ0

d2Γ

dξdy0

= 2(2 − y0)
2(2y0 − 1)SNJN [m2

b(2 − y0)/µ
2]H[mb(2 − y0)/µ] + O(

1

N
) (2.48)

where the moments of the jet and soft parts JN and SN are

JN (m2
b/µ

2) = m2
b

∫ 1

0
dy yN−1J [m2

b(1 − y), µ] (2.49)

SN =

∫ mB/mb

0
dz zNS(z). (2.50)

The soft part can be separated into a perturbative piece σ(z/s) and non-perturbative piece f(s)

S(z) =

∫ mB/mb

z

ds

s
f [mb(s − 1)]σ(z/s). (2.51)

Note that f is the same shape function from Eq. 2.40. Equation 2.51 yields moments that can also
be separated into perturbative and non-perturbative parts

SN = fNσN . (2.52)

The corresponding analysis of b → sγ decays yields very similar results [41]. These calcula-
tions provide the moments of the differential b → sγ decay width in terms of the photon energy
Eγ
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Mγ
N =

1

Γγ
0

∫ mB/mb

0
dxγ xN−1

γ

dΓγ

dxγ
= SNJγ

NHγ (2.53)

Γγ
0 =

G2
F |V ∗

tsVtb|αQEDC
(0)
7 (mb)

2
(1 + Hγ

mix)m
5
b

32π4
(2.54)

Hγ
mix =

αs

2πC
(0)
7

[

C
(1)
7 + C

(0)
2 R(r2) + C

(0)
8

(

44

9
− 8π2

27

)]

, (2.55)

where xγ = 2Eγ/mb, R(r2) ≈ −4.092 + 12.78(mc/mb − 0.29) [42, 43], and C
(i)
j are Wilson

coefficients [44]-[47]. The term Hγ
mix accounts for interference between the electromagnetic pen-

guin operator O7 with O2 and O8 [42, 43]. As can be seen in Eq. 2.53, the moments are factorized
(like the b → u`ν̄ moments) into soft, hard, and jet processes. The superscripts on the hard and jet
processes indicate that the moments are different than the b → u`ν̄ moments, but the soft moments
SN are the same moments that appear in the b → u`ν̄ analysis.

The calculations for the soft and jet function moments have been performed at next-to-leading
(NLL) logarithmic order [48] and they yield

σNJN = elog(N)g1(χ)+gγ
2 (χ)+gsl(χ,y0) (2.56)

σNJγ
N = elog(N)g1(χ)+gγ

2 (χ), (2.57)

where χ = αs(m
2
b)β0 log N and g1, gγ

2 , and gsl are defined in [38]. The hard parts for the two types
of decays are given by

H(y0) = 1 − 2αs

3π

[

4 log2(2 − y0) +
8 − 10y0

2y0 − 1
log(2 − y0)

+ 2Li2(y0 − 1) +
5

2
+

2π2

3

]

(2.58)

Hγ = 1 − 2αs

3π

(

13

2
+

2π2

3

)

. (2.59)

It is now time to return to the physical space from the detour into moment space. To do this, an
inverse Mellin transformation must be performed at NLL. The transformation is long and compli-
cated, the details of which can be found in the appendix of reference [38]. The result of an inverse
Mellin transformation on Eq. 2.48 is
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1

Γ0

d2Γ

dy0dξ
= 2(2 − y0)

2(2y0 − 1)H(y0)

× d

dξ

{

Θ(1 − ξ − η)
elg1(αsβ0l)+g2(αsβ0l)

Γ[1 − g1(αsβ0l) − αsβ0lg
′
1(αsβ0l)]

}

, (2.60)

where l = − log(− log ξ) ≈ − log(1 − ξ) and g2 = gγ
2 + gsl. The function Θ serves to make the

differential rates a distribution, as η → 0.
The fact that the soft function in Eq. 2.51 is universal to inclusive B decays, allows for the

extraction of |Vub|. Using equations 2.53-2.57 in Eq. 2.48 to substitute for the soft function, the
following result is obtained

MN = 2(2 − y0)
2(2y0 − 1)

H(y0)

Hγ
egsl(χ,y0)Mγ

N . (2.61)

Once again, applying an inverse Mellin transform, the following relation is derived

Γγ
0

Γ0

d2Γ

dy0dξ
= 2(2 − y0)

2(2y0 − 1)

×
∫ 1

ξ
H̃(y0)du

dΓγ

du

(

− z
d

dz

)

[Θ(1 − z − η)egsl(χz ,y0)], (2.62)

where χz = −αsβ0 log(1 − z), u = 2Eγ/mB , z = ξ/u, and

H̃(y0) =
H(y0)

Hγ

= 1 − 2αs

3π

[

4 log2(2 − y0) +
8 − 10y0

2y0 − 1
log(2 − y0) + 2Li2(y0 − 1) − 4

]

(2.63)

gsl(χ, y0) =
4

3πβ0
log(2 − y0) log(1 − χ). (2.64)

where the variables are now defined at a physical scale, i .e. they are normalized to the mass mB

of the B meson instead of the mass mb of the b quark. Integrating over the double differential
distribution from Eq. 2.62 to get the cut integrated rate δΓ(c), where c = (mmax

X /mB)2 is the
hadronic mass cut, yields the following expression
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dΓ(c) =

(∫ 1
1+c

1−
√

c
2

du

∫ 1

1−√
c/2

u

dz

∫ 4uz−2

2− c
1−uz

dy0 +

∫ 1

1
1+c

du

∫ 1
u(1+c)

1−√
c/2

u

dz

∫ 4uz−2

2− c
1−uz

dy0

+

∫ 1

1
1+c

du

∫ 1

1
u(1+c)

dz

∫ 4uz−2

2− 1
uz

dy0

)

Γ0

Γγ
0

I(u, y0, z) (2.65)

I(y, y0, z) = 2(2 − y0)
2(2y0 − 1)H̃(y0)

dΓγ

du

(

− z
d

dz

)

[

Θ(1 − z − η)egsl(χz ,y0)
]

. (2.66)

If we expand gsl to order αs, we are left with a closed expression for |Vub| in terms of the partial
radiative decay rate and the partial charmless semileptonic decay rate. Using the following approx-
imation

− d

dz
(Θ(1 − z)egsl) ≈ δ(1 − z) +

4αs

3π

(

log(2 − y0)

1 − z

)

+

(2.67)

where the plus distribution is defined as

∫ 1

a
dx

f(x)

(1 − x)+

=

∫ 1

a
dx

f(x) − f(1)

1 − x
−

∫ a

0
dx

f(1)

1 − x
(2.68)

we conclude that

δΓ(c) =
Γ0

Γγ
0

[I0(c) + I+(c)] (2.69)

where I0(c) and I+(c) are defined as

I0(c) =

(∫ 1
1+c

1−
√

c
2

du

∫ 4u−2

2− c
1−u

dy0 +

∫ 1

1
1+c

du

∫ 4u−2

2− 1
u

dy0

)

2(2 − y0)
2(2y0 − 1)

dΓγ

du
H̃(y0)(2.70)

I+(c) =

∫

du

∫

dz

∫

dy02(2 − y0)
2(2y0 − 1)z

dΓγ

du

4αs

3π

(

log(2 − y0)

1 − z

)

+

(2.71)

and the limits of the integrals in Eq. 2.71 are the same as those that appear in Eq. 2.65.
The functions I0(c) and I+(c) are simply weighted integrals over the partial photon energy

spectrum from b → sγ decays, and δΓ(c) is simply the partial decay rate of charmless semilep-
tonic decays from the measurable low mass region of the hadronic mass spectrum. Plugging equa-
tions 2.39 and 2.54 into Eq. 2.69 yields the following simple expression for the extraction of |Vub|
(with no dependence on ad-hoc models) in terms of these two measurable quantities
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|Vub|
|Vts|

=

{

6α(1 + Hγ
mix)C7(mb)

2δΓ(c)

π[I0(c) + I+(c)]

}
1
2

. (2.72)

Upon reflection, Eq. 2.72 is quite remarkable. Previously, to extract |Vub| from a measurement
of the decay rate of inclusive charmless semileptonic decays in a measurable region of the phase
space (i.e. low hadronic mass region), we had to rely on an ad-hoc model for the shape function and
extract parameters by measuring the first few moments of the photon energy spectrum from b → sγ

decays to describe the chosen model. With Eq. 2.72, the leading dependence on the shape function
has been eliminated and |Vub| is related to the measurable region of the hadronic b → u`ν̄ mass
spectrum and the measurable b → sγ photon energy spectrum.



Chapter 3

The BABAR Experiment

The measurements presented in this dissertation were performed using data collected by the
BABAR detector at the PEP-II asymmetric-energy electron-positron (e+e−) storage ring which is
located at the Stanford Linear Accelerator Center (SLAC) in Menlo Park, California. In this chapter,
the design and performance of PEP-II and BABAR will be described.

Figure 3.1: The Stanford Linear Accelerator Center.

3.1 PEP-II B Factory

The PEP-II B Factory [49] is an asymmetric energy e+e− collider operating at a high lumi-
nosity, upward of ∼ 1033cm−2s−1. The electrons and positrons are delivered in bunches and they
collide head-on inside the BABAR detector. The luminosity L of the colliding beams is defined as

28
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L =
nfN1N2

A
(3.1)

where n is the number of bunches, f is the frequency at which the bunches are colliding, N1(N2) is
the number of electrons (positrons) in each bunch, and A is the area of the bunches at the collision
point.

An e+e− collider is preferred over a hadronic collider because the e+e− collisions provide an
excellent signal-to-background ratio σb/σTOT ∼ 0.28 (see Table 3.2), clean events characterized
by low charged track multiplicities Ntrk ∼ 11, low interaction rates ∼ 10Hz, and the ability to
reconstruct decays containing photons and π0s [50]. The center-of-mass (CM) energy for the e+e−

bunch collisions is
√

s = 10.58GeV, which coincides with the mass of the Υ (4S) bb resonance.
The Υ (4S) is chosen as the operating point because of its relatively large cross section (1 nb) and
the fact that it decays exclusively to B0B0 and B+B− pairs, with nearly equal probability [51].
This makes it an ideal source for the study of the properties associated with decays of the B meson.
PEP-II is designed to operate with an electron beam (HER) at 9.0GeV and a positron beam (LER)
at 3.1GeV, resulting in a Lorentz boost for the Υ (4S) events of βγ = 0.56 in the laboratory frame.
The purpose of this boosted collision is to allow for the reconstruction of the decay vertexes of the
B meson pair, which is important for measuring time dependent decay rates in CP analyses. The
effect of the boost on the polar angle is shown in Fig. 3.2. The PEP-II design parameters and the
achieved values for these parameters are presented in Table 3.1.
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Figure 3.2: The polar angle relationship between the CM frame (expressed as the inscribed cos θCM
lines) and the laboratory frame (outer markings on the protractor). The detector active region lies
between 350mrad in the forward direction and 400mrad in the backward direction.

As previously mentioned, data collection occurs mostly with CM energy of the Υ (4S) reso-
nance. This data is referred to as on-resonance data. A summary of the production cross-sections for
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Table 3.1: The PEP-II beam design parameters and the corresponding achieved values as of July
2004. σLx, σLy, σLz refer to the size of the interaction region of the collision.

Parameter Design Achieved
Energy HER(LER) ( GeV) 9.0 (3.1) 9.0 (3.1)
Current HER(LER) ( A) 0.75 (2.15) 1.55 (2.45)

# of Bunches 1658 1588
Bunch Spacing ( ns) 4.2 6.3 − 10.5

σLx ( µm) 110 120
σLy ( µm) 3.3 5.6
σLz ( µm) 9000 9000

Peak Luminosity (1033 cm−2 s−1) 3 9.213
Daily Luminosity ( pb−1/day) 135 710.5

collisions at the Υ (4S) is found in Table 3.2. The decays to light quarks (u,d,s) and charm quarks
are referred to as continuum production. The continuum background events and backgrounds from
Υ (4S) decays to states not of interest is referred to as combinatoric background. QED production
e+e− → e+e− (Bhabha), µ+µ−, τ+τ− is used to determine the luminosity. Data collection also
occurs at CM energies below than the Υ (4S) resonance. A fraction (∼ 10%) of data is collected at
an energy 40MeV lower than the Υ (4S) resonance. This data is referred to as off-resonance data,
and it allows for the study of continuum production, which is a common background for many stud-
ies conducted with BABAR data. Figure 3.3 displays the total integrated luminosity for runs 1 − 4,
corresponding to ∼ 245 fb−1 of data taken on the Υ (4S) resonance. Figure 3.4 shows the daily
luminosities for runs 1 − 4.

Table 3.2: The cross-sections for the production of various states at the Υ (4S) mass
√

s =
M(Υ (4S)).

e+e− → Cross-section ( nb)
bb 1.05
ss 1.30
cc 0.35
uu 1.39

dd 0.35
τ+τ− 0.94
µ+µ− 1.16
e+e− ∼ 40
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Figure 3.3: The total integrated luminosity delivered by PEP-II (blue) and recorded by BABAR (red).
The delivered off-peak data is shown in green.

The high beam current, asymmetric energy, head-on collision design of PEP-II produces sig-
nificant backgrounds whose impact must be carefully controlled. The backgrounds generated by
off-axis or off-energy electrons and positrons can cause with high counting rates, dead times in data
acquisition, high currents, and radiation damage. These problems will lower the quality of the data
recorded by BABAR and also shorten the lifetime of the detector systems. The primary sources of
background and the strategies for controlling them are as follows:

• Synchrotron radiation in the interaction region. This has the potential to be the largest back-
ground. The source is beam deflection near the interaction region. This is controlled by
channeling most of the radiation out of the interaction region. Careful design of masking
near the interaction point, which shadows the central beam pipe, has reduced this source of
background to a negligible level;

• Beam interactions with residual gas in the accelerator vacuum systems. The beams can
undergo bremsstrahlung and Coulomb scattering, which cause the beam particles to stray
outside of the nominal orbit. This effect depends on the residual pressure of the background
inducing gases in the rings and the beam current. This radiation can only be controlled by
keeping the pressure low in the rings;
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Figure 3.4: The daily recorded luminosity delivered by PEP-II (blue) and recorded by BABAR (red).

• Electromagnetic showers from beam collisions. This background is caused by Bhabha elec-
trons or positrons near the interaction region, which causes electromagnetic showers to spray
the detector. This background is proportional to the beam luminosity.

3.2 BABAR Overview

The BABAR detector [52] was designed to provide the optimal basis for the study of CP violating
decay processes. Secondary in the design were the goals of making precision measurements of the
flavor changing processes involving bottom or charm quarks, and searches for rare decays. Due to
the small branching ratios of B mesons to CP eigenstates (10−4), the need to fully reconstruct final
states with high track and charge multiplicities, and the need to tag the second neutral B meson in
a BB decay, the BABAR detector was designed to meet the following criteria:

• A large and uniform geometrical acceptance down to small polar angles relative to the boost
direction

• Excellent charged particle reconstruction efficiency down to 60MeV/c

• Excellent neutral particle reconstruction efficiency down to 20MeV/c
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• Excellent momentum resolution

• Excellent energy and angular resolution for the detection of photons from π0 and η0 decays,
and from radiative decays in the range from 20MeV to 4GeV

• Very good vertex resolution, both transverse and parallel to the beam direction

• Efficient electron and muon identification, with low misidentification probabilities for hadrons.
This feature is crucial for tagging the B flavor, for the reconstruction of charmonium states,
and also important for the study of decays involving leptons

• Efficient and accurate identification of hadrons over a wide range of momenta for B flavor-
tagging, and for the reconstruction of exclusive states; modes such as B 0 → K±π∓ or
B0 → π+π−, as well as in charm meson and τ decays

• A flexible, redundant, and selective trigger system

• Low-noise electronics and a reliable, high bandwidth data-acquisition and control system of
high flexibility and operational stability

• Detailed monitoring and automated calibration

• An online computing and network system that can control, process, and store the expected
high volume of data

• Detector components that can tolerate significant radiation doses and operate reliably under
high-background conditions

Figures 3.5 displays longitudinal and end cutaway views of the BABAR detector, respectively.
The coordinate system of BABAR is a conventional right-handed system. The positive z-axis is
defined by the principal axis of the Drift Chamber, which coincides with the direction of the electron
beam flight path, while the y-axis points upward.

BABAR is comprised of several separate detector systems, each responsible for different tasks
in data taking and event reconstruction. In addition, there is a super-conducting solenoid which
provides a 1.5T magnetic field in the tracking detector components. The detector systems that
comprise BABAR are as follows, in order of location from interaction region outward radially:

• Silicon Vertex Tracker (SVT). The SVT is once of the two principal detectors used in charged
particle tracking. It serves to precisely measure the positions and angles of charged particles
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Figure 3.5: A longitudinal cutaway (top) and a horizontal cutaway (bottom) view of the BABAR
detector.

close to the interaction point. For low transverse momentum particles, the SVT is the sole
tracking detector.

• Drift Chamber (DCH). The DCH is the other principal detector in charged particle tracking.
The DCH provides momentum measurements for charged particles and also contributes to
particle identification (PID) through the measurement of gas ionization in the DCH. Apart
from tracking, the DCH contributes information to the trigger system.
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• Detector of Internally Reflected Cherenkov Light (DRC). The DRC serves to identify charged
hadrons by separating pions from kaons.

• Electromagnetic Calorimeter (EMC). The EMC measures the energy and angular position
of electromagnetic showers from charged and neutral particles. The EMC is key to particle
identification through measurement of deposited energy, and the information it provides on
neutral particles is vital to the measurements presented in this dissertation.

• Instrumented Flux Return (IFR). The IFR is used for the identification of muons and neutral
hadrons.

The coverage, segmentation, and performance of the aforementioned detector systems is summa-
rized in Table 3.3. The details of the detector systems will be discussed in the following sections.

3.3 Charged Particle Tracking System

Charged particle tracking is the performed by the SVT and the DCH. The goal of the track-
ing system is high efficiency detection and measurement of the momentum and angles of charged
particles. While this endeavor is important to many studies at BABAR , it is especially critical in
the full reconstruction of B meson decays (and thus the work presented in this dissertation) at high
resolution and with limited background. The tracking information is also an input for the functions
of the DRC, EMC, and IFR.

For tracks below 1GeV/c, the majority of those produced in Υ (4S) decays, the precision of the
momentum determination is limited by multiple Coulomb scattering in the detector material. As a
result, the amount of material in the SVT and DCH has been minimized and is well documented
and modeled. As previously mentioned, the BABAR coordinate system is defined by the principal
axis of the DCH. Because the tracking system is comprised of two detectors, the alignment of the
two systems needs to be carefully monitored and continuously updated. This is done on a run-by-
run basis as the relative positions of the SVT and DCH can vary significantly due to temperature
changes.

3.3.1 Silicon Vertex Tracker

The SVT, pictured in Fig. 3.6, provides BABAR with very precise measurements of decay ver-
texes and charged track trajectories near the interaction region. The design of the SVT was driven
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Table 3.3: Overview of the coverage, segmentation, and performance of the BABAR detector sys-
tems. The notation (C), (F), and (B) refers to the central barrel, forward and backward components
of the system, respectively. The detector coverage in the laboratory frame is specified in terms of
the polar angles θ1 (forward) and θ2 (backward). The number of readout channels is listed. Per-
formance numbers are quoted for 1GeV/c particles, except where noted. The performances for the
SVT and DCH are quoted for a combined Kalman fit (for the definition of the track parameters, see
section 3.3)

System θ1 No. No. Segmentation Performance
(θ2) Channels Layers

SVT 20.1◦ 150K 5 50-100 µm r − φ σd0 = 55 µm
(-29.8◦) 100-200 µm z σz0 = 65 µm

DCH 17.2◦ 7,104 40 6-8 mm σφ = 1 mrad
(-27.4◦) drift distance σtanλ = 0.001

σpT /pT = 0.47%
σ(dE/dx) = 7.5%

DIRC 25.5◦ 10,752 35 × 17 mm 2 σθC
= 2.5 mrad

(-38.6◦) (r∆φ × ∆r) per track
144 bars

EMC(C) 27.1◦ 2 × 5760 47 × 47 mm 2 σE/E = 3.0%
(-39.2◦) 5760 crystals σφ = 3.9 mrad

EMC(F) 15.8◦ 2 × 820 820 crystals σθ = 3.9 mrad
(27.1◦)

IFR(C) 47◦ 22K+2K 19+2 20-38 mm 90% µ± eff.
(-57◦) 6-8% π± mis-id

IFR(F) 20◦ 14.5K 18 28-38 mm (loose selection,
(47◦) 1.5–3.0 GeV/c)

IFR(B) -57◦ 14.5K 18 28-38 mm
(-26◦)

primarily by the need to precisely determine the B decay vertexes for CP studies, which requires
a resolution of ∼ 80µm along the z-axis. Sufficient resolution is required in the x − y plane to
be able to reconstruct final states in B decays, charm decays, and τ decays. This corresponds to a
resolution of ∼ 100µm in the x − y plane.

The SVT serves as the sole provider of tracking information for charged tracks with low trans-
verse momenta pT < 120MeV/c, as such tracks do not penetrate far enough into the DCH for
reliable pattern recognition. The tracking of low transverse momentum tracks is critical for the
identification of slow pions associated with semileptonic D∗ decays, which is important to the work
presented in this dissertation. The SVT also provides critical track angle information which is used
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Figure 3.6: The Silicon Vertex Tracker (SVT).

in identifying tracks and determining the Cherenkov angles of high momentum tracks.
The SVT is located inside the beam support tube and is the innermost detector. Because of

this and the necessary presence of magnets near the interaction point (IP) that bring the beams into
head-on collision at the IP, the angular acceptance of the SVT is 350mrad in the forward direction
and 520mrad in the backward direction. Figure 3.7 depicts the SVT, its dimensions, and angular
acceptance.

580 mm

350 mrad520 mrad

ee +-

Beam Pipe

Space Frame 

Fwd. support

        cone

Bkwd.

support

cone

Front end 

electronics

Figure 3.7: A longitudinal view of the SVT. The roman numerals indicate the six different types of
sensor modules.

The SVT is made up of five concentric layers of double-sided silicon strip sensors. As seen
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in Fig. 3.8, the innermost three layers contain six sensor modules, the fourth layer contains six-
teen, and the fifth layer contains eighteen. The two sides of a given module contain silicon strips
arranged orthogonally to each other. The strips to measure in the φ direction (φ-strips) run along
the z-axis while the strips to measure in the z direction (z-strips) run transverse to the z-axis. The
modules of the inner three layers are flat while the modules in the outer two layers are arch-shaped
to allow maximal angular coverage with a minimal amount of silicon material and to yield a larger
crossing angle for particles that traverse the module near the outer edge. The inner three layers are
responsible for the vertex measurements and the outer two layers are responsible for tracking. The
resolution achieved by the SVT is 10− 15µm for perpendicular tracks in the inner three layers and
40µm in the outer two layers.

Beam Pipe 27.8mm radius

Layer 5a

Layer 5b

Layer 4b

Layer 4a

Layer 3

Layer 2

Layer 1

Figure 3.8: A cross-sectional view of the SVT. The orientation of the five layers and the individual
strip sensors is shown.

The inner three layers of the SVT are all tilted in the φ direction by 5◦ so adjacent modules will
overlap which assures that the entire azimuthal space is covered. The outer two modules cannot be
tilted in φ because of the arch geometry. Instead, they are arranged in sub-layers, one with a smaller
radius than the other. These geometrical nuances can be seen in Fig. 3.8.

The double-sided silicon strip sensors [53] are 300µm thick. The p+ and n+ sensing strips
are built on a high-resistivity (6 − 15 kΩ cm) n-type substrate. There are six different types of
sensor modules, labeled with roman numerals in Fig. 3.7, which have different dimensions, number
of strips, and electronic readout pitches. The modules vary in size from 43 × 42mm2 (z × φ) to
68 × 53mm2. There are a total of 340 silicon sensors which cover a total area of 0.96m2, and
particles will typically only traverse ∼ 4% of a radiation length of material.
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The φ-strips on a module are all connected to make one single readout strip. The resulting strip
is up to 140mm (240mm) long in the inner (outer) layers. The z-strips connect to the readout
electronics by way of fanout circuits. In the three inner layers, every z-strip has its own readout,
but in the outer layers, there are two z-strips per readout. The single z-strips are ∼ 50mm long and
the paired strips are ∼ 100mm long. There are around 150, 000 readout channels and the readout
electronics are located well outside of the detector volume so as not to introduce any unnecessary
material into the acceptance region of the detector.

Signals are read from the strips, amplified, shaped, and compared to a threshold. The time
interval exceeding the threshold (ToT) is related logarithmically to the charge accumulated on the
strips. The output is sampled at ∼ 15 kHz and in the case of a Level 1 trigger accept, the time stamp,
ToT, and strip address are sent to the data acquisition system.

3.3.2 Drift Chamber

The purpose of the DCH is to efficiently detect charged tracks with pT > 100MeV/c and
measure their momenta, positions, and angles through measurement of the track curvature in the
magnetic field as charged particles ionize the Helium based gas in the DCH. The DCH track in-
formation works in conjunction with the information provided by the SVT to reconstruct tracks.
The DCH is responsible for the reconstruction of decay vertexes that occur outside of the SVT, like
K0

S decays. Since it has to provide this vertex information, the DCH also determines longitudinal
position of tracks at ∼ 1mm resolution.

The DCH also contributes to particle identification of low momentum particles that the DRC
cannot provide information for. Particle identification is achieved by measuring the average ioniza-
tion loss per unit track length in the gas volume (dE/dx). The dE/dx measurement provides π/K

separation up to 700MeV/c with a resolution of 7%. For higher momentum tracks pT > 1GeV/c

the transverse momentum resolution is given by σpT ≈ 0.3% × pT . Apart from tracking and PID,
the DCH provides information for the trigger system.

The DCH is 280 cm long and has an inner (outer) radius of 23.6 cm (80.9 cm). Because the
collisions are boosted with respect to the laboratory frame, the center of the DCH is off-set by
37 cm from the interaction region to permit forward and backward traveling particles at the edge of
the DCH acceptance region to traverse at least half of the DCH layers. The geometry of the DCH is
depicted in Fig. 3.9. Scattering of particles in the material of the chamber is a potential performance
limitation and has been minimized in the DCH. The endplates are made from aluminum and thin
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with the forward (backward) endplate measuring 12mm (24mm) thick. The inner cylinder is made
of Beryllium and is 1mm thick which corresponds to a radiation length of ∼ 0.3%. The outer
cylinder is made of two carbon fiber layers and has a radiation length of 1.5%.

IP
236

469

1015

1358 Be  

1749

809

485

630 68

27.4 

464 

Elec–

tronics

17.2 

e–
 e+

1-2001

8583A13

Figure 3.9: A longitudinal cutaway view of the DCH. The dimensions shown are in units of mm.
Note that the interaction point, labeled IP, is offset 370mm from the center of the DCH.

The DCH consists of a total of 7104 hexagonal drift cells arranged in 40 layers. To provide the
necessary resolution both radially and longitudinally, 16 of the layers are oriented parallel to the z-
axis (axial layers) and the remaining 24 layers are rotated from the z-axis orientation (stereo layers).
The layers are further subdivided into ten superlayers. The superlayers are either axial (A) layers
or one of two different types of stereo layers (U,V) and are arranged from the inside of the detector
out in an AUVAUVAUVA pattern as depicted in Fig. 3.10 (left). The angles that the stereo layers
are rotated from the z-axis (stereo angles) vary from ±45mrad at the innermost stereo superlayer
to ±76mrad at the outermost stereo superlayer.

The drift cell design is shown in Fig. 3.10 (right). They are hexagonal with a length of 11.9mm

in the radial direction and 19.0mm in the direction of the z-axis. A cell consists of a sense wire in
the center of the cell and six field wires along the outside. The field wires are grounded, while the
sense wires are held at positive electric potential (typically 1930V), which creates an electric field
in the drift cell that attracts negatively charged ions (drift electrons) towards the sense wire.

The DCH is filled with a 4:1 mixture of helium and isobutane. The mixture is optimized to
minimize drift times and provide sufficient resolution while minimizing the amount of material
presented by the gas itself. As charged particles traverse the chamber, they ionize the gas. The
free electrons drift along field lines to the sense wire. Two pieces of information are recorded in
each drift cell traversed by a charged particle. The first is the drift time, which is defined by the
difference from the time the ionization is created in the cell to the time the electronics receives the
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Figure 3.10: The ten DCH superlayers (left) and the layout of the drift cells for the first four super-
layers (right). The numbers on the right side of the right plot give the stereo angle of the layer in
units of mrad and the lines drawn between field wires illustrate the boundaries of the drift cells.

leading edge of the wire signal. The drift time, after being converted to a distance by an algorithm
that uses the distance of closest approach between the track and sense wire, provides the tracking
system with the position of the charged track. Figure 3.11 shows 100 ns isochrones (contours of
equal drift times) for an example cell. The second piece of recorded information is the integrated
charge deposited in the cell. The signal is first shaped and digitized so it can be integrated to yield
a charge measurement. The combination of drift cell charge measurements are used to make the
dE/dx measurement.

3.3.3 Tracking Summary

Using the SVT and DCH information, charged tracks are assembled and characterized by five
parameters, measured at the track’s point of closest approach to the z-axis:

• Distance from the origin in the x-y plane (d0)

• Distance from the origin in the z plane (z0)

• Azimuthal angle (φ0)
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Figure 3.11: Drift cell 100 ns isochrones in the third and fourth layer of an axial superlayer. The
isochrones are quite circular near the sense wires but become non-circular near the edges of a cell.

• Dip angle with respect to the transverse plane (λ)

• Track curvature (ω = 1/pT )

The variables ω and d0 are signed quantities indicating the charge associated with the track.
The tracking system efficiency is determined from the ratio of the number of tracks found in the

DCH to the number found in the SVT with the requirement that they fall within the DCH’s tighter
geometrical acceptance. Figure 3.12 displays the efficiency as a function of pT and polar angle.
The efficiency is found to average 98.1±1% per track at momenta larger than 200MeV/c and polar
angle larger than 500mrad.

A cosmic ray muon traversing the full chamber can be divided into a separately reconstructed
upper and lower track segment. The difference between the two track halves can then be used to
compute track parameter resolutions. The resulting distributions are shown in Fig. 3.13 for tracks
with pT > 3GeV/c. The shifts in the z0 and tan λ plots are a residual affect of a problem with the
alignment of the SVT with the DCH. Based on these plots, the single track parameter resolutions
are

σd0 = 23µm σφ0 = 0.43mrad

σz0 = 29µm σtan λ = 0.53 × 10−3.
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Figure 3.12: The track reconstruction efficiency in the DCH at operating voltages of 1900 V and
1960 V, as a function of transverse momentum (top), and polar angle (bottom). The efficiency is
measured using multi-hadron events.

The transverse momenta of charged tracks are primarily determined by the DCH. The resolution
on pT , determined from cosmic ray muons, can be seen in Fig. 3.14. The resolution is well described
by a linear function as

σpT /pT = (0.13 ± 0.01)% · pT + (0.45 ± 0.03)% (3.2)

where pT is measured in units of GeV/c. The results of the dE/dx measurement, displaying the
π/K separation at low momenta, for a generic data sample including many background triggers can
be seen in Fig. 3.15.

3.4 Detector of Internally Reflected Cherenkov Light

The work presented in this dissertation and the various studies conducted using the BABAR
detector require the ability to separate pions and kaons sufficiently over a broad range of momenta
and angular trajectories. At low momenta (< 700MeV/c), the DCH is responsible for PID using
the dE/dx measurement. Above this threshold, the DRC is the sole PID detector. The DRC can
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Figure 3.14: The pT resolution as a function of pT as determined from cosmic ray muons. The
resolution is well described by a linear function.

provide pion/kaon separation of 4σ or greater over a broad range of momenta (∼ 0.7 − 4.2GeV/c).
The DRC is a novel PID detector, using the identification of Cherenkov photons that are emitted

as a hadron interacts with the radiator material in the DRC [54]-[56]. The photons are trapped due
to total internal reflection in such a way that the angles of reflection are maintained. Figure 3.16
provides a schematic drawing for the DRC. The DRC consists of 144 long and narrow (1.7 cm ×
3.5 cm × 4.9m) radiator bars of rectangular cross-section, made from synthetic fused silica, which
have a mean index of refraction n = 1.473. The bars are arranged in a 12-sided polygonal barrel and
are located just outside the DCH. In all, the DRC uses 80mm of space radially which corresponds
to about ∼ 17% of a radiation length for the average particle at normal incidence. The radiator bars
cover 94% of the azimuthal angle and 83% of the polar angle.
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Figure 3.15: The DCH dE/dx measurement vs. the track momentum. The lines display the Bethe-
Bloch predictions for the dE/dx measurement.

The detection of Cherenkov light and imaging is handled by an array of photomultiplier tubes
(PMTs). The areas between tubes are filled with light catcher cones [57], which capture and deliver
light to the PMT that would otherwise not be detected. Particles tend to be distributed in the forward
region of the detector due to the asymmetric energy of the beams. Thus, to reduce interference with
the other detector systems, the PMT array is placed at the backward end and the radiator bars have
mirrors at the forward end to reflect light back towards the PMT array.

When a hadron traverses the DRC radiator bars, Cherenkov photons are emitted with a charac-
teristic incidence angle called the Cherenkov angle θC which is given by

cos θC =
1

nβ
(3.3)

where n is the index of refraction of the silica radiator material and β = v/c is the velocity of the
particle. The Cherenkov light is reflected along the narrow bar and enters the wedge which is made
from fused silica and reflects the Cherenkov light at a large angle. The Cherenkov angle is preserved
throughout all of the internal reflections because reflection surfaces are aligned to be parallel. The
photons are then detected by the PMTs. The concept is illustrated in Fig. 3.17.

The Cherenkov angle θC , the angle of the photon in the azimuthal direction about the particle’s
momentum vector φC , and the time of arrival of the photon t are used as a basis to perform a fit to
the track Cherenkov angle. Likelihoods are assigned for the various particle hypotheses (e,µ,π,K ,p)
using an unbinned maximum likelihood technique with the sample of Cherenkov photons emitted
by a track, which is typically ∼ 30 photons. Figure 3.18 shows the fitted Cherenkov angle for tracks
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Figure 3.16: A longitudinal cutaway view of the DRC.

from multi-hadron events. Below 3GeV/c the pions, kaons, and protons are well separated, which
illustrates the particle identification ability of the DRC. Also, the excellent π-K separation achieved
with the DRC are shown for B0 → π+π− events in Fig. 3.19.

3.5 Electromagnetic Calorimeter

The EMC is designed to provide the excellent electromagnetic calorimetry that studies at BABAR
require. The EMC measures electromagnetic showers with high angular and energy resolution over
a broad range of energies. This includes the detection of low energy photons down to 20MeV from
π0 and η decays and the detection of high energy particles up to 9GeV from electromagnetic and
radiative processes like e+e− → e+e−(γ) and e+e− → γγ. These capabilities allow the detection
of neutral particles and the identification of electrons and muons which are vital to measurements
presented here as they allow for the identification of semileptonic decays and reconstruction of the
neutral components associated with the semileptonic decay.

The EMC is constructed to be axially symmetric about the z-axis and has full azimuthal cov-
erage from 15.8◦ forwards to 141.8◦ backwards as seen in Fig. 3.20, which amounts to ∼ 90% of
the solid angle in the CM system. The EMC is a total-absorption calorimeter made of a finely seg-
mented array of crystals. The crystals are made from 0.1% thallium-doped cesium iodide (CsI(Tl)).
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Figure 3.17: DRC schematic. The radiator bar reflects Cherenkov photons and the PMTs provide
the imaging to determine the Cherenkov angle θC .

These crystals were chosen because they have a high light yield and small Moliere radius which
provide excellent energy and angular resolution. Also, the crystals have a short radiation length,
which allows containment of the highest energy showers while keeping the length of crystal to a
minimum. The EMC contains 6580 total crystals which are subdivided into 56 rings. Of the 56
rings, 48 are arranged in a cylindrical barrel around the z-axis while the remaining 8 make up a
forward endcap to account for the asymmetric beam conditions.

The crystals are a total absorption scintillating material. They are between 29.6 cm long (16X0)
in the backward end and 32.4 cm long (17.5X0) in the forward end with a tapered trapezoidal
cross-section. The cross section area at the front face of the crystal is ∼ 22 cm2 and becomes larger
towards the back with an area of ∼ 36 cm2. Particles generate scintillation light in the crystals as
they penetrate which is transported by internal reflection to two silicon photodiodes at the rear end
of the crystal. A schematic of the crystal assembly is shown in Fig. 3.21.

Typically, an electromagnetic shower in the EMC will spread over several crystals, referred to
as a cluster. Pattern recognition algorithms identify clusters and also separate single clusters from
several overlapping clusters, referred to as merged clusters. Single clusters have one local maximum
energy value whereas a merged cluster will have more, called bumps.

The energy resolution at low energies is measured with a radioactive source and yields a reso-
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Figure 3.18: The fitted Cherenkov angle versus track momentum from a sample of multi-hadron
events. The lines drawn indicate the predicted values for the various particles.

lution of σE/E = 5.0 ± 0.8% at 6.13MeV. At high energies, the resolution can be deduced from
Bhabha events since the shower energy can be predicted by the polar angle of the e±. The energy
resolution is found to be σE/E = 1.9 ± 0.07% at 7.5GeV. Figure 3.22 (left) displays the energy
resolution from several different decay processes as a function of energy. The energy resolution of
the EMC is described by a function of a stochastic term and a constant term, added in quadrature.
Fitting the data with this function results in

σE

E
=

(2.32 ± 0.30)%
4
√

E(GeV)
⊕ (1.85 ± 0.12)%. (3.4)

The angular resolution is determined from the decay processes π0 → γγ and η → γγ where the
two photons have approximately equivalent energies. The results as a function of the photon energy
are shown in Fig. 3.22 (right). The angular resolution can be described by a function of a stochastic
term added to a constant term. Fitting the data to this function results in

σθ = σφ =

[(

3.87 ± 0.07
√

E(GeV)

)

+

(

0.00 ± 0.04

)]

mrad. (3.5)

Electrons are separated from charged hadrons in the EMC based on the energy of the shower,
the lateral shower moments, and the momentum of the track along with a consistent determination
from the DRC or DCH dE/dx measurement. The most discriminating variable is the ratio of the
shower energy and track momentum E/p. The electron identification efficiency is obtained from
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Figure 3.19: The expected π-K separation in B0 → π+π− events versus the track momentum.

a sample of radiative Bhabha events and e+e− → e+e−e+e− events. The pion misidentification
probability is obtained from from the selection of π± from the decays of K0

S and three-prong τ

decays. Figure 3.23 shows the results for the electron identification efficiency and pion misidentifi-
cation probability as a function of the momentum and polar angle.

3.6 Instrumented Flux Return

The IFR is responsible for the high purity and high efficiency identification of muons and the
detection of neutral hadrons over a large momentum and angular range. The proper identification
of muons is crucial to the measurements presented here because they make up a significant portion
of the semileptonic sample.

The IFR uses the magnet’s steel flux return to absorb hadrons and filter the deeply penetrating
muons through. As shown in Fig. 3.24, the IFR is separated into three parts: a barrel and two
endcaps which combine to give an angular coverage down to 300mrad in the forward direction and
400mrad in the backward direction. The steel flux return is arranged in finely segmented layers.
Single gap resistive plate chambers (RPCs) [58] are inserted in the gaps between layers to detect
particles. There are 18 steel plate layers varying from 2 cm thick for the inner plates to 10 cm thick
for the outer plates. The spacing between plates is 3.5 cm for the inner layers and 3.2 cm for the
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outer layers. The barrel has 19 RPC layers while the end caps have 18 layers. Additionally, to
detect particles as they exit the EMC, there are two cylindrical RPC layers installed surrounding the
magnet cryostat which is located just outside the EMC and inside the steel flux return.

The planar RPCs, as shown in Fig. 3.25, contain two 2mm thick bakelite (phenolic polymer)
sheets with a 2mm gap between them. The gap is filled with a 56.7% argon, 38.8% freon 134a,
4.5% isobutane gas mixture. The exterior of the bakelite is coated with a resistive graphite and
wrapped in an insulating mylar. One piece of graphite is connected to high voltage (∼ 8 kV) and
the other is connected to ground creating a potential in the gap.

Particles traversing an RPC will ionize particles in the gas creating streamers which are detected
by capacitive readout strips. The readout strips are located on both sides of the RPC and run length-
wise and crosswise to provide two-dimensional readout. A group of adjacent hits in one dimension
in a layer are combined to form a cluster. The cluster’s position is defined by the center strip of the
group of hits. Two-dimensional clusters are formed by combining one-dimensional clusters from
different layers and three-dimensional clusters are formed by combining two-dimensional clusters
in different coordinates as long as there are no more than three of the layers not containing a cluster.

The cluster information is combined with the information from the tracking system to identify
neutral hadrons, charged hadrons, and muons. Neutral hadrons are separated from charged hadrons
and muons if the clusters are not associated with a charged track identified in the tracking system.
This neutral cluster information is combined with EMC information and cluster information from
the cylindrical RPCs located just outside the EMC and yields a K 0

L detection angular resolution of
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Figure 3.21: A schematic diagram of a single CsI(Tl) crystal. Please note that this figure is not to
scale.

60mrad.
Charged hadrons are separated from muons using several variables. The variables used are the

total number of interaction lengths traversed by the particle from the IP to the last RPC (nλ), the
difference between nλ and the predicted value of nλ for a muon of the same vector momentum,
the mean and RMS of the number of RPC hits per layer, the χ2 for matching the geometry of the
track as projected from the tracking system to the RPC clusters. The muon identification efficiency
is ∼ 90% for momenta at 1.5 < p < 3.0GeV/c. The misidentification probability is ∼ 6-8%
in this momentum range. Figure 3.26 illustrates the muon identification efficiency and the pion
misidentification probability as a function of momentum and polar angle.
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are fits described in Eqs. 3.4 and 3.5.

3.7 Trigger System

The BABAR trigger system is responsible for selecting events for the data acquisition (DAQ)
system to log. The trigger is designed to select BB events at ∼ 99% efficiency and continuum
events at ∼ 95% efficiency while keeping background triggers low and thus keeping the event
trigger rate at a manageable rate ∼ 150Hz and keeping deadtimes on the order of a few percent.
The trigger system is split into two levels: the Level 1 (L1) trigger which is executed in hardware
and the Level 3 (L3) trigger which is executed in software.

3.7.1 The Level 1 Trigger System

The L1 trigger operates based on information on charged tracks from the DCH, electromagnetic
showers in the EMC, and tracks detected in the IFR. The L1 trigger is made up of three independent
hardware inputs. They are the drift chamber trigger (DCT), the electromagnetic calorimeter trigger
(EMT), and the instrumented flux return trigger (IFT). The DCT and EMT individually meet the
overall L1 trigger requirements at high efficiency which results in a large amount of redundancy. The
IFT is used for providing triggers for cosmic rays passing through the detector and e+e− → µ+µ−

decays, both of which are used for calibrations and diagnostics.
The DCT, EMT, and IFT send their information, or primitives, to the global trigger (GLT)
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Figure 3.23: The electron identification efficiency and the pion misidentification probability as a
function of the momentum (a) and the polar angle (b). The efficiency is indicated by the axis labels
on the left and the misidentification probability is indicated by the axis labels on the right.

every 134 ns. The primitives sent to the GLT summarize the position and energy read out from
the corresponding detector subsystem. The GLT combines the primitives and passes them along
to the Fast Control and Timing System (FCTS). The FCTS contains the trigger criteria, and if the
criteria are satisfied, a L1 accept is issued for the event and the readout of the event information
from all of the detectors is initiated. In normal operating mode, L1 triggers are produced at a rate of
∼ 1 − 2 kHz and occur at a fixed latency of 11 − 12µs after the e+e− collision.

3.7.2 The Level 3 Trigger System

Trigger accepts from the L1 trigger are forwarded to the L3 trigger. The L3 trigger is executed
in software and has access to the full event information that is read out from the detectors along
with the L1 information. Using this full set of information, the L3 trigger is responsible for event
reconstruction and classification by improving the selection provided by L1. The L3 trigger has
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Figure 3.25: A cross sectional view of a planar RPC.

a flexible design such that different configurations can be easily loaded that permit different event
selection algorithms. Events that pass the selection criteria are issued L3 accepts and the full event
information is logged to disk where it can be accessed by the Online Prompt Reconstruction (OPR)
system for full event reconstruction off-line. The L3 trigger reduces the L1 triggers by a factor of
∼ 10 yielding an accept rate on the order of ∼ 150Hz.
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of the momentum (a) and the polar angle (b). The efficiency is indicated by the axis labels on the
left and the misidentification probability is indicated by the axis labels on the right.

3.8 Data Acquisition System

The data acquisition (DAQ) system manages the data-taking operations. The DAQ system is
designed to manage logging data at L1 trigger rates of up to 2 kHz with an average event size of
∼ 30 kbytes and a L3 accept rate of ∼ 150Hz. The DAQ system is also designed to be reliable and
user-friendly to maximize the amount of data recorded and minimize the unnecessary loss of beam
collisions provided by PEP-II .

The DAQ system is comprised of a set of subsystems, each responsible for a specific task in the
DAQ chain. The subsystems that comprise the DAQ system are:

• Online Dataflow (ODF). ODF is responsible for controlling the detector front-end electronics
(FEEs) and transmitting information from the FEEs to the rest of the DAQ systems.

• Online Event Processing (OEP). OEP is responsible for the processing of events accepted by
the trigger system. This includes the monitoring of data quality and close integration with
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the L3 trigger system.

• Logging Manager (LM). The LM is responsible for writing events received from OEP to disk
so they can be accessed by off-line processes.

• Online Detector Controls (ODC). ODC is responsible for controlling and monitoring the
detector subsystems.

• Online Run Control (ORC). ORC provides the software interface for data-taking. ORC
merges the DAQ components and controls their operations and properly sequences their op-
erations.

The chain of events in DAQ is displayed in Fig. 3.27. The raw information from the detectors
is processed and digitized in the FEEs. When a L1 accept is issued, the FEEs are read out and ODF
passes the information to the Readout Modules (ROMs) in the VME dataflow crates via optical
fibers. In the ROMs, the event information is assembled by detector specific software and passed
along to OEP. At the OEP level, L3 event triggering is executed and events passing the L3 selection
criteria are passed along to the LM. The LM combines all of the OEP information and writes it to
disk. Each ∼ 1 hr long run corresponds to one written file in the LM.
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Figure 3.27: A schematic of the BABAR DAQ system.



Chapter 4

Particle Reconstruction

The starting point for any analysis of B meson decays at BABAR is the identification and recon-
struction of charged and neutral particles. In this chapter, the reconstruction and identification of
charged and neutral particles as it pertains to this analysis is described.

4.1 Charged Particle Reconstruction

As described in section 3.3.3, tracks are reconstructed with information from the SVT and DCH
and are defined by five parameters (d0, z0, φ0, λ, ω) and their associated error matrix. Track finding
and fitting is done with a Kalman filter algorithm [59, 60]. This algorithm takes into account the
magnetic field in the detector and the detailed description of the material that makes up the detector.

The primary goal of track selection is to suppress fake tracks originating in tracking reconstruc-
tion pathologies, such as loopers, and ghost tracks. In this analysis the definition of charged track is
based on the following quantities:

• Distance of closest approach to the beam spot in the x-y plane (|dxy|) and along the z

axis (|dz|). A restriction on those variables reduces fake tracks and background tracks not
originating from the vicinity to the beam-beam interaction point. The selection criteria are
|dxy| < 1.5 cm and |dz | < 10 cm.

• Number of associated hits in the DCH. Tracks with high transverse momentum (p⊥ >

0.2GeV/c) are required to have at least one associated DCH hit. This selection criterion re-
duces the amount of fake tracks reconstructed only from SVT segments or where the matching
to the DCH has failed. This criterion is not used for low transverse momentum tracks since

57
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slow pions (produced for instance in the D∗ → D0π decays) measured only in the SVT

would be rejected.

• Maximum momentum. The selection criteria applied is plab < 10GeV/c, where plab refers
to the laboratory momentum of the track to remove tracks not compatible with the beam
energies.

• The polar angle acceptance of the detector is restricted to 20◦ < θlab < 155◦. This ensures a
well-understood tracking efficiency and systematics.

For lepton and kaon candidates, the track selection criteria are modified as discussed in sec-
tions 4.2.1-4.2.3. For secondary tracks from KS decays, no restriction on the impact parameter
(|dxy|) is imposed. In order to maximize the efficiency for low momenta tracks, which is important
to an inclusive analysis, no restriction on the minimum number of hits on track is used.

Other selection criteria are used to reject pathological events that can introduce tails in the
resolution of some inclusive variables, such as the reconstructed hadronic mass mX in semileptonic
decays. The problematic events and the selection criteria to identify and select them is itemized
below:

• Tracks with transverse momentum p⊥ < 0.18GeV/c are not stopped in the DIRC and EMC
and will spiral inside the drift chamber (“loopers”). This is illustrated in Fig. 4.1. The track-
ing algorithms of BABAR will not combine the different fragments of these tracks into a single
track. Many of these loopers will fail the distance of closest approach criteria, except if they
happen to have polar angle around 90◦. Therefore, specific requirements have been devel-
oped to reject track fragments in the region 1.4 < θ < 1.7 rad compatible with originating
from a looper based on their distance from the beam spot. In order to identify looper can-
didates, the minimal difference in p⊥, φ and θ (modulo π) to all other tracks in the event is
determined. Tracks passing the selection criteria (different for same-sign and opposite-sign
track pairs) are flagged as loopers and only the track fragment with |dz| closest to the beam
spot is retained.

These criteria remove roughly 13% of all low-momentum tracks in the central part of the
detector. On average, they lower the mean charged multiplicity per B meson by less than
1%.

• The lower right quadrant of Fig. 4.1 also illustrates two tracks very closely aligned to each
other (“ghosts”). These cases arise when the tracking pattern recognition divides the DCH
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hits between the two track fragments. If two tracks are very close in phase space (as defined in
Table 4.1), only the track with the most DCH hits is retained. This ensures that the fragment
with the better momentum measurement is kept in the analysis.

Figure 4.1: Event with looping tracks and ghost tracks. Note that this is not a common event:
Loopers affect a relatively small number of events and to have the coincidence with ghost tracks
(seen in the lower right quadrant) is very rare.

The track selection criteria and fake track (ghosts and loopers) criteria are summarized in Ta-
ble 4.1.

4.2 Charged Particle Identification

The charged particle reconstruction described in section 4.1 does not discern between different
types of charged tracks. The identification of the type of charged particle is a separate process and
is described in sections 4.2.1-4.2.3. By default, a reconstructed charged particle is assumed to be
a charged pion, and only if it is identified as an electron, muon, or kaon is the particle hypothesis
changed. The identification process is critical to the analysis presented here because semileptonic
events are identified by the presence of a high-momentum electron or muon and background b →
c`ν̄ events can be rejected by the identification of a charged kaon.
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Table 4.1: Summary of track selection criteria.

Select tracks with Selection Criteria
distance in x − y plane |dxy| < 1.5 cm

distance in z axis |dz| < 10 cm
minimum number of DCH hits NDCH > 0 if p⊥ > 0.2 GeV/c

maximum momentum plab < 10 GeV/c
geometrical acceptance 20◦ < θlab < 155◦

Reject track i if with respect to any other track j
Loopers (p⊥ < 0.18 GeV/c)

same-sign track pairs ∆pt = 100 MeV/c &
|∆φ| < 200 &

|∆θ| < 200 mrad
opposite-sign track pairs ∆pt = 100 MeV/c &

|∆φ| < 200 &
π − θi − θj < 200 mrad

Parallel track pairs (p⊥ < 0.35 GeV/c) |∆φ| < 220 & |∆θ| < 215 mrad

4.2.1 Electron Identification

Electron identification is obtained with information primarily from the EMC but also from DCH
and DRC information. Different criteria are established to select electrons with different levels of
purity. Electrons are primarily separated from charged hadrons on the basis of the ratio of the
energy deposited in the EMC to the track momentum. This quantity should be close to unity for
electrons since they deposit all of their energy in the calorimeter (Fig. 4.2). The other charged
tracks should appear as MIP (minimal ionizing particles) unless they have hadronic interactions in
the calorimeter crystals. To further separate hadrons a variable describing the shape of the energy
deposition in the EMC (LAT ) is used. In addition, the dE/dx energy loss in the DCH and the DRC
Cherenkov angle are required to be consistent with an electron which offers a good e/π separation
over a wide range (for the dE/dx distribution, please see Fig. 3.15).

The track selection criteria from section 4.1 are tightened for electron selection to suppress
background and to ensure a reliable momentum measurement and identification efficiency. The
transverse momentum is required to be p⊥ > 0.1GeV/c, and the number of associated drift cham-
ber hits is required to be NDCH ≥ 12. Furthermore, only tracks with a polar angle in the range
23.5◦ < θlab < 135.8◦ and electron candidates with a laboratory momentum plab > 0.4GeV/c are
considered.
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Figure 4.2: Distribution for E/p (top left) using a control sample of electrons and E/p versus
momentum (top right), polar angle (bottom left) and azimuthal angle (bottom right).

Electrons are identified with a likelihood-based selector [61], which uses a number of discrimi-
nating variables:

• Ecal/plab, the ratio of Ecal, the energy deposited in the EMC, to plab, the momentum in the
laboratory rest frame measured with the tracking system

• LAT , the lateral shape of the calorimeter energy deposit
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• ∆Φ, the azimuthal angle between the centroid of the EMC cluster and the impact point of
the track on the EMC

• Ncry, the number of crystals in the EMC cluster;

• dE/dx, the specific energy loss in the DCH;

• The Cherenkov angle θC and NC , the number of photons measured in the DRC.

First, muons are eliminated based on dE/dx and the shower energy relative to the momentum.
For the remaining tracks, likelihood functions are computed assuming the particle is an electron,
pion, kaon, or proton. These likelihood functions are based on probability density functions that
are derived from pure particle data control samples for each of the discriminating variables. For
hadrons, we take into account the correlations between energy and shower-shapes. Using combined
likelihood functions

L(ξ) = P (E/p, LAT,∆Φ, dE/dx, θC |ξ)

= PEMC(E/p, LAT,∆Φ|ξ) PDCH(dE/dx|ξ) PDRC(θC |ξ)

for the hypotheses ξ ∈ {e, π,K, p}, the fraction

Fe =
feL(e)

∑

ξ fξL(ξ)
,

is defined, where the relative production abundance of particles is assumed to be fe : fπ : fK : fp =

1 : 5 : 1 : 0.1 is assumed. A track is identified as an electron if Fe > 0.95.
The electron identification efficiency has been measured with radiative Bhabha events, as a

function of laboratory momentum plab and polar angle θlab. The misidentification rates for pions,
kaons, and protons are extracted from selected data samples. Pure pions are obtained from kine-
matically selected K0

S → π+π− decays and three prong τ± decays. Two-body Λ and D0 decays
provide pure samples of protons and charged kaons.

The performance of the likelihood-based electron identification algorithm is summarized in
Fig. 4.3, in terms of the electron identification efficiency and the per track probability that a hadron
is misidentified as an electron.

The average hadron fake rates per track are determined separately for positive and negative par-
ticles, taking into account the relative abundance from Monte Carlo simulation of BB events, with
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Figure 4.3: Electron identification and hadron misidentification probability for the likelihood-based
electron selector as a function of momentum (left) and polar angle (right). Note the different scales
for identification and misidentification on the left and right ordinates, respectively. The measure-
ments are for luminosity-averaged rates for Run-1 and Run-2.

relative systematic uncertainties of 3.5%, 15%, and 20% for pions, kaons, and protons, respectively.
The resulting average fake rate per hadron track of plab > 1.0GeV/c, is of the order of 0.05% for
pions and 0.2% for kaons.

4.2.2 Muon Identification

Muons are identified by measuring the number of traversed interaction lengths in the IFR and
comparing it with the number of expected interaction lengths for a muon of a given momentum.
Moreover, the projected intersections of a track with the IFR RPC planes are computed and, for each
readout plane, all strip clusters detected within a predefined distance from the predicted intersection
are associated with the track and the average number and the r.m.s. of the distribution of RPC strips
per layer gives additional µ/π discriminating power. It is expected that the average number of strips
per layer will be larger for pions producing an hadronic interaction than for muons. Other variables
exploiting clusters distribution shapes are constructed. Selection criteria based on all these variables
are applied to select muons. The performance of the muon selection has been tested on samples of
kinematically identified muons from µµee and µµγ final states and pions from three-prong τ decays
and KS → π+π− decays.

The muon selection procedure [62] is based on a series of requirements as follows:

• The track selection criteria from section 4.1 are tightened so: p⊥ > 0.1GeV/c, NDCH ≥ 12,
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20◦ < θlab < 155◦, and plab > 0.4GeV/c

• The energy deposited in the EMC is required to be consistent with the minimum ionizing
particle, 50MeV < Ecal < 400MeV;

• The number of IFR layers associated with the track is required to be NL ≥ 2.

• The interaction lengths of material traversed by the track is required to be λmeas > 2.2.

• The number of interaction lengths expected to be traversed by a muon of the measured mo-
mentum and angle is estimated by extrapolating the track up to the last active layer of the
IFR. This estimate takes into account the RPC efficiencies which are routinely measured
and stored. For the difference ∆λ = λexp − λmeas we require ∆λ < 1.0, for tracks with
momentum greater than 1.2 GeV/c. For track momenta between 0.5GeV/c and 1.2GeV/c,
a variable limit is placed: ∆λ < [(plab − 0.5)/0.7].

• The continuity of the IFR cluster is defined as Tc = NL
L−F+1 , where L and F are the last

and first layers with hit. Tc is expected to be ∼ 1.0 for muons penetrating the detector
whereas it is expected to be much smaller for hadrons. We require Tc > 0.3 for tracks with
0.3 < θlab < 1.0 (i.e. in the forward endcap to remove beam background).

• The observed number of hit strips in each RPC layer is used to impose the conditions on the
average number of hits, m̄ < 8, and the standard deviation, σm < 4.

• The strip clusters in the IFR layers are combined to form a track and fit to a third-degree
polynomial, with the quality of the fit required to satisfy the condition χ2

fit/DOF < 3.
In addition, the cluster centroids are compared to the extrapolated charged track, with the
requirement χ2

trk/DOF < 5.

The muon identification efficiency has been measured using µ+µ−(γ) events and two-photon
production of µ+µ− pairs. The misidentification rates for pions, kaons, and protons are extracted
from selected data samples. The performance of the muon identification algorithm is summarized
in Fig. 4.4, in terms of the muon identification efficiency and the per track probability that a hadron
is misidentified as a muon.

4.2.3 Kaon Identification

Kaon selection is performed with variables based on information from the DRC, the DCH and
the SVT [63]. Likelihood functions are computed separately for charged and neutral particles, as
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Figure 4.4: Muon identification and hadron misidentification probability for the tight muon selector
as a function of momentum (left) and polar angle (right). The solid markers indicate the efficiency
in 2000, the empty markers the efficiency in 2001. Note the different scales for identification and
misidentification on the left and right ordinates, respectively.

products of three terms, one for each detector subsystem and then combined, similar to the electron
algorithm previously described in section 4.2.1. The charged kaon efficiency is compared to the
charged pion misidentification in Fig. 4.5. In the reconstruction of the invariant mass of the hadronic
system, given the difference in the kaon momentum spectrum (4.5), a charged track is identified as
kaon if pK > 300MeV/c and 20◦ < θlab < 141◦.

4.3 Neutral Particle Reconstruction

Neutral particles (photons, π0s, neutral hadrons) are detected in the EMC as clusters of close
crystals where energy has been deposited. They are required to be unmatched to any charged track
extrapolated from tracking volume to EMC inner surface.

For this analysis a neutral particle is selected as a local maximum, or bump, of the energy
depositions in the EMC. These energy clusters originate mostly from photons, thus momenta and
angles are assigned to be consistent with photons originating from the beam-beam interactions. The
list of neutrals is also used to reconstruct the π0s, which is detailed in section 4.4.1.

A sizable background of low energy photons is due to beam-related background. To reduce the
impact of these backgrounds, a restriction on the minimum energy of the neutrals has been studied.
The resolution of the kinematic variables used by this analysis and the signal over background ratio
have been optimized. The resulting restriction is Eγ > 80MeV.
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Figure 4.5: Charged kaon identification and pion misidentification probability for the tight kaon
micro selector as a function of momentum (left) and polar angle (right). The solid markers indicate
the efficiency for positive particles, the empty markers the efficiency for negative particles. Note the
different scales for identification and misidentification on the left and right ordinates, respectively.

Some additional backgrounds are due to neutral hadronic interactions, either by KL or neutrons.
This background is removed by applying requirements on the shape of the calorimeter clusters. In
order to describe the lateral energy distributions of showers, the following variables are defined:
Ncry, the number of crystals associated with the shower, Ei, the energy deposited in the i-th crystal,
numbering them such that E1 > E2 > . . . > EN , and ri, ϕi, the polar coordinates in the plane
perpendicular to the line pointing from the interaction point to the shower center (see Fig. 4.6).

Using these variables, one can define the lateral energy moments as

LAT =

Ncry
∑

i=3
Eir

2
i

∑Ncry
i=3 Eir2

i + E1r2
0 + E2r2

0

,

where r0 is the average distance between two crystals, which is approximately 5 cm for the EMC.
This variable is constructed to discriminate between electromagnetic and hadronic showers based
on their average properties. The summation in the numerator omits the two crystals containing the
highest amounts of energy. Electrons deposit most of their energy in two or three crystals, so that
the value of LAT is small for electromagnetic showers. Multiplying the energies by the squared
distances enhances the effect for hadronic showers, compared with electronic showers. On the basis
of control samples, a selection criterion of LAT < 0.6 has been chosen to separate the electron and
hadron showers.

The polar angle of the bump is required to be 23.5◦ < θ < 145.5◦ to ensure the full containment
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Figure 4.6: Definition of the variables ri, ϕi and R0

of the shower in the well-calibrated part of the EMC. Showers from split-offs are reduced by calcu-
lating the distance of closest approach of a bump to each track on the surface of the EMC requiring
that the minimum distance be dca > 20 cm.

4.4 π0 and K0
S Reconstruction

The are many particles that are not directly detectable in BABAR, but only can be reconstructed
from long-lived daughters. For example, π0s are not directly detected but are instead reconstructed
using the detectable photons it eventually decays to π0 → γγ. The reconstruction of π0 and K0

S are
discussed in sections 4.4.1 and 4.4.2.

4.4.1 π0 Reconstruction

A wide energy spectrum of π0s, ranging from particles almost at rest up to several GeV, is
needed in this analysis. For instance, lowest energy π0s are used to reconstruct the D∗0 → D0π0

decays while the decay products in the B → Dππ0 channel have large momenta.
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The π0s are reconstructed from π0 → γγ decays using pairs of neutral clusters with a restriction
on the photon minimum energy at 30MeV and applying a restriction on the lateral shape of the
calorimeter deposit, LAT . The resulting π0 must have an energy above 200MeV. The invariant
mass of the photon pair must lie between 110 and 115MeV/c2, corresponding to −4σ − +3σ. In
Fig. 4.7, invariant masses and their resolutions for simulated events and for data are shown.

Mgg (GeV)

Simulation

mean = 0.13520 +/- 0.00003

sigma = 0.00640 +/- 0.00002

Mgg (GeV)

Data

mean = 0.13440 +/- 0.00003

sigma = 0.00686 +/- 0.00002

Figure 4.7: π0 peaks for simulated events and for data.

4.4.2 K0
S

Reconstruction

K0
Ss are reconstructed from K0

S → π+π− decays by pairing all possible tracks of opposite
sign, and looking for the 3D point (vertex) which is most likely to be common to the two tracks.
The algorithm is based on a χ2 minimization and it uses the closest approach in 3D as a starting
point for the vertex finding. A ±3σ constraint is imposed on the invariant mass of the pion pair:
0.490 < mπ+π− < 0.505GeV. Figures 4.8 and 4.9 show the comparison between data and Monte
Carlo simulation for the invariant mass of the π+π− system and the K0

S momentum respectively.
Decays of K0

S → π0π0 are not used in this analysis.
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Gaussian and a first-order polynomial function.
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Figure 4.9: KS momentum (left) and polar angle (right) distributions in data (solid markers) and
Monte Carlo simulation (hatched histogram).

4.5 D Meson Reconstruction

Similar to π0 and K0
S , D mesons are not directly detected by BABAR, rather they are recon-

structed from their decay products. The full reconstruction of B mesons in hadronic modes de-
scribed in the next chapter utilizes charmed D mesons decaying in a variety of channels. The
reconstruction and selection of the various types of D mesons is described in sections 4.5.1-4.5.4.
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4.5.1 D0 Meson Selection

D0 candidates are reconstructed from the modes D0 → Kπ, D0 → Kππ0, D0 → K3π, and
D0 → K0

Sππ. The charged tracks originating from a D meson are required to have a minimum
momentum of 200MeV/c for the D0 → Kπ mode and 150MeV/c for the remaining three modes.
The D0 candidates are required to lie within ±3σ, calculated on an event-by-event basis, of the
nominal D0 mass (Fig. 4.10). All D0 candidates must have momentum p∗ > 1.3GeV/c in the
Υ (4S) frame. A looser constraint (p∗ > 1.0GeV) is applied if the D0 is used to reconstruct a D∗+

or D∗0 decay. All D0s must have a momentum in the Υ (4S) frame p∗ < 2.5GeV/c. The lower
momentum constraint reduces combinatoric backgrounds while the upper momentum constraint is
chosen to be at the kinematic endpoint of the D0 coming from a B → D0X decay or B → D∗+X

with D∗+ → D0π+. A vertex fit is performed and a χ2 probability greater than 0.1% is required.
Table 4.2 summarizes the selection criteria for the D0 reconstruction.

Table 4.2: Summary of selection criteria for the D0 selection

Variable Selection Criteria

Vertex Fitter χ2 > 0.001
p∗(D0) (D0 from D∗) > 1.0 (> 1.3) GeV/c

< 2.5 GeV/c

D0 → K−π+

m(K−π+) ±15 MeV/c2

p(K−) > 200 MeV/c
p(π+) > 200 MeV/c

D0 → K−π+π0

m(K−π+π0) ±25 MeV/c2

p(K−, π±) > 150 MeV/c
m(π+π0) m(ρ) ± 150 MeV/c2

| cos θ∗Kπ| > 0.4

D0 → K0
Sπ+π−

m(K0
Sπ+π−) ±20 MeV/c2

p(π±) > 150 MeV/c

D0 → K−π+π+π−

m(K−π+π+π−) ±15 MeV/c2

p(K−, π±) > 150 MeV/c



71

Figure 4.10: D0 candidates selected for D0 → Kπ, D0 → Kππ0 D0 → K0
Sππ, and D0 → K3π

modes.

4.5.2 D± Meson Selection

D+ candidates are reconstructed from the modes D+ → K−π+π+, D+ → K−π+π+π0,
D+ → K0

Sπ+, D+ → K0
Sπ+π0, D+ → K0

Sπ+π+π+. We require that the kaon used in the
K−π+π+ and K−π+π+π0 modes have a minimum momentum of 200MeV/c and that the pions
have momentum greater than 150MeV/c. For the K 0

Sπ+X modes, the minimum charged track
momentum is required to be 200MeV/c. D+ candidates are required to have an invariant mass
within ±3σ, calculated on an event-by-event basis, of the nominal D+ mass. The D+ candidates
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must have momentum greater than 1.0GeV/c in the Υ (4S) frame for the three cleanest modes
(D+ → K−π+π+, D+ → K0

Sπ+ and D+ → K0
Sπ+π0) and greater than 1.6GeV/c for the two

remaining ones (D+ → K−π+π+π0 and D+ → K0
Sπ+π+π+). Moreover, all D+ candidates must

have momentum lower than 2.5GeV/c in the Υ (4S) frame. A vertex fit is performed and a χ2

probability greater than 0.1% is required. Table 4.3 summarizes the selection criteria for the D+

reconstruction.

Table 4.3: Summary of selection criteria for the D+ selection

Variable Selection Criteria

Vertex Fitter χ2 > 0.001
p∗(D+) < 2.5 GeV/c

D+ → K−π+π+

m(K−π+π+) ±20 MeV/c2

p∗(D+) > 1.0 GeV/c
p(K−) > 200 MeV/c
p(π+) > 150 MeV/c

D+ → K−π+π+π0

m(K−π+π+) ±30 MeV/c2

p∗(D+) > 1.6 GeV/c
p(K−) > 200 MeV/c
p(π) > 150 MeV/c

D+ → K0
Sπ+

p∗(D+) > 1.0 GeV/c
m(K0

Sπ+) ±20 MeV/c2

p(π+) > 200 MeV/c

D+ → K0
Sπ+π0

p∗(D+) > 1.3 GeV/c
m(K0

Sπ+) ±30 MeV/c2

p(π+) > 200 MeV/c

D+ → K0
Sπ+π+π+

p∗(D+) > 1.6 GeV/c
m(K0

S
π+) ±20 MeV/c2

p(π+) > 200 MeV/c
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4.5.3 D∗± Meson Selection

D∗+ candidates are formed by combining a D0 with a pion which has momentum greater than
70MeV/c (Fig. 4.11). Only the channel D∗+ → D0π+ is reconstructed since D∗+ → D+π0 events
enter in the B → D+X category as explained in chapter 5. A vertex fit for the D∗+ is performed
using a constraint on the vertical position of the beam sport to improve the angular resolution for
the soft pion. A fixed resolution of σ = 30 µm is used to model the beam spot spread in the
vertical direction. The fit is required to converge, but no restriction is applied on the probability
of χ2. After fitting, selected D∗+ candidates are required to have ∆m = m(D0π+) − m(D0)

within ±3σ of the measured nominal value (Fig. 4.11). The ∆m distribution is fitted with a double
Gaussian distribution and the width is taken to be a weighted average of the core and broad Gaussian
distributions. Table 4.4 summarizes the selection criteria for the D∗+ reconstruction.
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Figure 4.11: Distribution of soft pion momentum in the Υ (4S) frame (left) and m(D0π+)−m(D0)
mass distribution for D∗+ candidates in the B → D∗+π+, D0 → Kπ mode. Vertical lines indicate
the signal windows used in the selection.

4.5.4 D∗0 Meson Selection

D∗0 candidates are reconstructed by combining a previously selected D0 candidate (see sec-
tion 4.5.1) with a either a π0 or a photon having momentum less than 450MeV/c in the Υ (4S)

frame. The minimum momentum for the π0 is 70MeV while the photons are required to have an
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Table 4.4: Summary of the selection criteria for the D∗+ selection

Variable Selection Criteria
D∗+ → D0π+

Vertexing and χ2 beam spot constraint( σy = 30 µm), convergence
m(D0π+) − m(D0) ±3σ MeV/c2

p∗(π+) [70,450] MeV/c

energy greater than 100MeV. For D∗0 → D0π0 decays, selected D∗0 candidates are required
to have ∆m = m(D0π0) − m(D0) within 4MeV/c2 of the nominal value while the window is
wider for D∗0 → D0γ decays (127MeV/c2 < ∆m < 157MeV/c2). The ∆m distribution for
D∗0 → D0π0, obtained from an inclusive sample of D0 → K−π+ decays, is shown in Fig. 4.12
for a bb enriched (p∗(D0) < 2.5 GeV/c) sample. Table 4.5 summarizes the selection criteria for the
D∗0 reconstruction.

Table 4.5: Summary of selection criteria for the D∗0 selection

Variable Selection Criteria
D∗0 → D0π0

m(D0π0) − m(D0) ±4 MeV/c2

p∗(π0) [70,450] MeV/c
p∗(D∗0) 1.3 < p∗ < 2.5 GeV/c

D∗0 → D0γ
m(D0γ) − m(D0) [127,157] MeV/c2

E∗(γ) [100,450] MeV
p∗(D∗0) 1.3 < p∗ < 2.5 GeV/c

4.6 B Meson Reconstruction

B meson candidates are reconstructed by combining a D meson with a linear combination of
pions and kaons. The details of the B reconstruction in fully hadronic modes will be given in
chapter 5. This section is intended to give a description of the two main variables used the select B

candidates, to extract the yields and to define a sideband region to study the background.
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Figure 4.12: ∆m distribution for D∗0 → D0π0 decays, where p∗(D0) < 2.5 GeV/c

4.6.1 Energy conservation and ∆E variable

In fully reconstructing a B meson from the two-body decay of the Υ (4S), energy conservation
can be imposed. The energy difference ∆E is then defined as

∆E = E∗
B −

√
s/2 , (4.1)

where E∗
B is the energy of the B candidate in the Υ (4S) rest frame (CM) and

√
s is the e+e− CM

beam energy. The resolution of this variable is affected by the detector momentum resolution and by
the particle identification since a wrong mass assignment would result in a shift in ∆E . The signal
event ∆E distribution, seen in Fig. 4.13, can be described by a Gaussian around a central value of
zero. The continuum and bb background can be fitted with a polynomial distribution. Background
due to misidentification gives shifted Gaussian peaks (visible in the left part of Fig. 4.13). The
resolution of ∆E differs for various reconstructed B modes and can vary from 20MeV to 40MeV.
The source of the variation in the resolution is the charged track multiplicity and π0 multiplicity.
The higher the multiplicity, the worse the resolution because there is a higher probability of particle
misidentification and poor momentum measurement. A cut on ∆E , dependent upon the B decay
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mode, is then necessary as described in chapter 5.
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Figure 4.13: An example of ∆E distribution for B → D∗+π− with D0 → Kπ.

4.6.2 B mass reconstruction and mES variable

The beam energy-substituted mass is defined as:

mES =
√

(
√

s/2)2 − p∗2B , (4.2)

where
√

s is the total energy of the e+e− system in the CM rest frame and p∗ is the B candidate
momentum in the CM rest frame. Since |p∗B | � √

s/2, the experimental resolution on mES is
dominated by beam energy fluctuations. To an excellent approximation, the shapes of the mES

distributions for B mesons reconstructed in a final states with charged tracks only are Gaussian.
The presence of neutrals in the final states, in case they are not fully contained in the EMC, can
introduce tails to the distribution.

It is important to notice that mES and ∆E are dependent variables by their definition. However,
since the sources of experimental smearing are uncorrelated (beam energy for mES and detector
momentum resolution for ∆E), they can be treated as independent variables. See Fig. 4.14 for a
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distribution of mES vs. ∆E .
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Figure 4.14: ∆E versus mES for the decay, B → D∗+π− with D0 → Kπ.

Fit to the mES variable

The background shape in mES is parameterized with the ARGUS function [64]:

dN

dmES
= N · mES ·

√

1 − x2 · exp
(

−ξ · (1 − x2)
)

(4.3)

where x = mES/mmax and the parameter ξ is determined from a fit to the mES distribution. The
value of mmax, which is the endpoint of the ARGUS distribution, is fixed in the fit to mES, since
it depends only on the beam energy. ARGUS shapes describe both continuum (cc and uds) and bb

background events well, as shown in Fig. 4.15.
The signal component is fitted using a Crystal Ball function [65], which is piecewise in mES:



78

 [GeV]ESm
5.19 5.21 5.23 5.25 5.27 5.29

E
n

tr
ie

s 
/ 2

.5
 M

eV

0

500

1000

1500

2000

2500

mes for offresonance data

 [GeV]ESm
5.2 5.22 5.24 5.26 5.28 5.3

E
n

tr
ie

s 
/ 2

.5
 M

eV

0

200

400

600

800

1000

1200

1400

1600

1800

mes for crossfeed bbar events

Figure 4.15: Left: mES distribution for candidates in the off-resonance data (40 MeV below the
Υ (4S) mass). Right: mES distribution for bb background (B0 reconstructed as B+ ). ARGUS
shape fit is superimposed in both cases.

- if mES > m − σ · a

dN

dmES
= N · 1√

2 · π · σ
· exp

(

−1

2
· (mES − m)2

σ2

)

(4.4)

- and if mES < m − σ · a

dN

dmES
= N · 1√

2 · π · σ
·
(n

a

)n
exp

(

−1

2
· a2

)

1
(

(mES−m)
σ + n

a − a
)n (4.5)

where m is the mean of the Gaussian peak, σ is the width of the Gaussian peak, a determines the
transition point for the piecewise function, and n describes the shape of the tail.

The radiative tail of this function can account for energy losses in the showers of reconstructed
π0s. Thus, the left tail of the distribution depends on the reconstructed B mode and in particular on
the number of π0s. Figure 4.16 shows the fitted shape on the Monte Carlo for modes with no π0s,
one π0 and two π0s.

With these choices for background and signal forms, the maximum total number of floating
parameters in fits to the mES distribution is 7. Two of them arise from the ARGUS function, while
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the remaining five parameters are due to the Crystal Ball. The signal yield S from an mES fit is
defined as the area of the Crystal Ball function for the region mES > 5.27. The background B from
an mES fit is defined as the area of the Argus function for the same region. The purity of the mES

distribution is defined as a ratio of the signal-to-background as P = S/(S + B).
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Figure 4.16: MC mES distributions for reconstructed B modes with (left) no π0 in the final state,
(middle) 1 π0 in the final state and (right) 2 π0’s in the final state. The fit function is a sum of crystal
ball and ARGUS function.



Chapter 5

Semi-Exclusive Reconstruction

The measurement of the partial b → u`ν̄ decay rate δΓ(c) is performed by studying the re-
coiling B meson from a fully reconstructed hadronically decaying B meson. The motivations for
performing the study with the fully reconstructed recoil sample are explained in chapter 6. In this
chapter, the methods for assembling a semi-exclusive B sample are described.

5.1 Introduction

The goal of the semi-exclusive reconstruction is to reconstruct as many B mesons in hadronic
modes as is possible. The sum of a select few highly pure exclusive modes assures a very high
purity sample, but the reconstruction efficiency will be low. On the other hand, a fully inclusive
approach that uses modes with high track and neutral multiplicities is not feasible since the level
of combinatoric background would be too high. Instead, this analysis uses a compromise between
these two extremes. The reconstruction includes only favored modes by putting a limit on the
maximum number of particles (multiplicity) used in the reconstruction and employing an algorithm
that is as inclusive as possible in combining the particles, neglecting the intermediate states when
possible.

The B meson decays predominantly into hadronic final states involving D or D∗ mesons. Ta-
ble 5.1 shows the relevant branching fractions for B decays that contain one of these modes. Be-
cause of these relatively large branching fractions, the semi-exclusive reconstruction will concen-
trate on the fully hadronic modes that involve the D(∗), D0(∗) mesons.
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Table 5.1: Some of the inclusive and exclusive branching fractions relevant to the semi-
exclusive reconstruction [6]. The reason that the branching fractions sum to a value greater than
unity is that for inclusive B → D(∗)Y decays, there can be a significant amount of overlap as the Y
can include D(∗) mesons.

mode branching fraction (%)
B → D∗±Y 22.5 ± 1.5
B → D±Y 23.5 ± 1.9

B → D∗0/D∗0Y 26.0 ± 2.7
B → D0/D0Y 64.0 ± 3.0
B → D∗±

s Y 7.9 ± 2.2
B → D±

s Y 10.5 ± 2.6
B → D∗±

s D(∗) 4.2 ± 1.2

B → D
(∗)
s D(∗) 4.9 ± 1.2

B → D(∗)D(∗)K 7.1 ± 2.3

5.2 Reconstruction Method

Since high multiplicity modes are involved, techniques are applied to reduce the combinatoric
background in order to obtain a sample with reasonable purity while reducing the CPU time and the
size of the final sample. The strategy of the reconstruction method is as follows:

• Reconstruct all possible decay modes B → DY , where D implies any D meson (D0, D+,
D∗0, D∗) and the Y system is comprised of a linear combination of π+,π0, K+ and K0

S with
total charge equal to ±1.

• Identify submodes and create subcategories according to the multiplicity and the structure of
the Y system (e.g. Dππ0 , Mππ0 < 1.5GeV/c2). This is meant to identify the high purity
modes and to optimize the overall purity of the sample as clean modes have to be separated
from the low purity ones.

• Determine a mode-by-mode ∆E cut (see 4.6.1), in order to account for different resolutions.

• Rank the submodes according to their purity and yields and study the ratio of signal-to-
background S/

√
S + B as a function of the number of used modes in order to maximize the

statistical significance of the sample.

• Group submodes with similar purity.
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• Resolve cases with multiple candidates

The reconstruction starts with the construction of D0, D+, D∗, D∗0 mesons, as described in
section 4.5. Pion, kaon, π0, and K0

S candidates are combined with the D meson to reconstruct B

meson candidates. Tracks are selected using the criteria described in 4.1 with additional constraints.
Overlaps from Λ → pπ candidates and γ conversions (γ → e+e−) are removed. Tracks satisfying
the electron and muons selection criteria (4.2.1,4.2.2) are discarded. Tracks identified as kaons
(4.2.3) are assigned the mass of the kaon while the others are treated as pions.

The reconstruction of π0 candidates proceeds as described in section 4.4.1. Pairs of oppositely-
charged hadrons (V 0 = h+h− ) and quartets of hadrons (W 0 = h+h−h+h−) are created from
charged tracks in the event. If both the K0

S decay products are among the tracks used for a V 0 or a
W 0, the two tracks are replaced by the K0

S (i.e. a V 0 would become a K0
S and a W 0 either a K0

S ππ

or a K0
S K0

S ). The selection of K0
S candidates is described in 4.4.2.

5.2.1 Selection of B candidates

The algorithm starts with a reconstructed D meson, which is called a pre-seed. A track is added
and the combination of the D and the track form the seed e.g., B0 → D−π+. This is driven
by the requirement that only neutral B modes decaying into charged D mesons and charged B

modes decaying into neutral D mesons will be considered. The seed is the starting point of the
reconstruction. Then π0, K0

S , and additional track pairs are added iteratively to make up the Y

system.
Each combination is classified according to the two kinematic variables ∆E and mES discussed

in section 4.6. The plane mES vs. ∆E is divided in four zones that take into account the fact that
the addition of a π0 or a couple of charged tracks increases the ∆E . A B meson candidate should
lie near ∆E = 0 and mES = 5.279GeV/c2. As a result, we define zones in the mES − ∆E plane
that guide the algorithm in the development of candidates:

• Zone A: The event has a high ∆E value and is in the mES signal region thus it is only
considered as a B candidate and not as a seed since adding any further tracks or neutrals
would inflate ∆E further.

• Zone B: The event is in the signal region in mES and has a ∆E that leaves room for the
addition of π0 or track pairs, thus it is considered both as a candidate and a potential seed.
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• Zone C: The event is out of the signal region in mES so it is considered as a seed since
the addition of further particles could move the event into zone A or B, resulting in a signal
candidate B.

• Zone D: The event has high ∆E but is out of the mES signal region, so the event is discarded.
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4 4.2 4.4 4.6 4.8 5 5.2

D
E

 (
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)
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A

B

C

D

mes-DE regions

Figure 5.1: Definition of the mES-∆E regions. In each iteration of the semi-
exclusive reconstruction a combination is used (A) only as candidate, (B) both as candidate and
as seed. (C) used as seed but not as candidate and (D) discarded.

The algorithm continues to iterate, considering all possible combinations of up to 7 particles (5
charged tracks and 2 neutrals). The end result is a set of several candidates for the various D seeds.

5.3 Categorization and Summary of B Modes

The choice of the submodes is the next step in the reconstruction method. The identification
of the clean modes allows us to establish an efficient and pure selection from among the multiple
candidates in different modes. There are 52 B modes per seed mode (53 for the D+ seed) which
results in a total of 1097 modes, as summarized in Table 5.2.
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Table 5.2: Summary of the number of semi-exclusive modes.

Channel pre-seed mode number of B modes
B+ → D0Y D0 → K−π+ 52

D0 → K−π+π0 52
D0 → K0

S
π+π− 52

D0 → K−π+π+π− 52
208

B0 → D+Y D+ → K−π+π+ 53
D+ → K−π+π+π0 53

D+ → K0
Sπ+ 53

D+ → K0
S
π+π0 53

D+ → K0
S
π+ 53

265
B+ → D∗0Y D∗0 → D0π0, D0 → K−π+ 52

D∗0 → D0π0, D0 → K−π+π0 52
D∗0 → D0π0, D0 → K0

Sπ+π− 52
D∗0 → D0π0, D0 → K−π+π+π− 52

D∗0 → D0γ, D0 → K−π+ 52
D∗0 → D0γ, D0 → K−π+π0 52
D∗0 → D0γ, D0 → K0

S
π+π− 52

D∗0 → D0γ, D0 → K−π+π+π− 52
416

B0 → D∗+Y D∗+ → D0π+, D0 → K−π+ 52
D∗+ → D0π+, D0 → K−π+π0 52
D∗+ → D0π+, D0 → K0

Sπ+π− 52
D∗+ → D0π+, D0 → K−π+π+π− 52

208
TOTAL 1097

5.4 Signal Event Selection

Once all the possible reconstruction modes are identified, a window in ∆E is defined and a
criterion is established for selecting from among the multiple candidates in a given mode. The ∆E

resolutions are determined from the ∆E distributions before requesting the best candidates. The
resolutions depend on the number of charged tracks and above all, the number of π0 in the Y system
(since the reconstructed D meson is mass constrained).

For the modes without a π0, a fit with a linear background and a Gaussian is performed and two
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symmetric windows are taken. In the case of modes with at least one π0, the situation is trickier.
First of all, there are many candidates per event. There is no choice but to allow a maximum of 10
candidates and the candidates with the smallest |∆E | are taken. This can create a bias in the ∆E

distribution, therefore only the cleanest modes (an example for D∗ ππ0 is in Fig. 5.2) are used to
determine a common window for all modes including a π0.

The chosen ∆E windows for the various types of Y systems are:

• −45 < ∆E < 30MeV for Y = 3h

• |∆E | < 45MeV for Y = h and Y = K0
S + h

• |∆E | < 48MeV for Y = 5h and Y = K0
S + 3h

• |∆E | < 50MeV for Y = K0
SK0

S + nh

• −90 < ∆E < 60MeV all other combinations

where h means either a charged π or K .

5.5 Selection of the Best B

Two kinds of multiple candidates are possible: multiple candidates can be reconstructed in the
same submode or there can be many reconstructed submodes per event, or there can be a combi-
nation of the two situations where there are multiple candidates in a given submode with several
submodes reconstructed per event. If there are multiple candidates in the same submode, the candi-
date with the lowest |∆E | is taken to reduce the situation to one candidate per submode.

The selection of the best B candidate from among the different submodes cannot rely on the
∆E criterion because the modes with higher combinatoric background would be favored with
respect to the clean ones, thus introducing a systematic bias. Instead, signal events are selected on
the basis of the expected purity for the mode, using tables of mode-by-mode purity. The selection
proceeds by taking the mode with the highest purity among those reconstructed for the event.

The purity tables are also useful to subdivide the long list of modes into an optimal set. The
modes are ranked according to their purity and are added to the sample one at a time, in order of
decreasing purity. Because the highest purity modes are added first, at each addition of a mode the
yield increases and the purity mostly decreases. This method is very useful because the composi-
tion of the modes can be optimized for the analysis of the recoil by computing the quality factor
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S/
√

S + B as a function of the number of added modes. An example for the case B0 → D∗+X is
shown in Fig. 5.3. The optimization of the purity for the four D seeds, after applying all analysis
cuts, will be described in 6.3.3.
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Figure 5.2: ∆E distributions for the four D0 decay modes in B → D∗ππ0, D∗ → D0π : a)
D0 → Kπ, b) D0 → Kππ0, c) D0 → K3π, and d) D0 → K0

Sππ



88

0 10000200003000040000500006000070000
Yield

0

50

100

150

200

250

S/sqrt(S+B)

Figure 5.3: Dependence of the quality factor S/
√

S + B as a function of the yield when adding
modes for the B0 → D∗+X case. Statistics corresponds to 80 fb−1.



Chapter 6

Analysis on the Recoil

The extractions of |Vub| in this dissertation are made by measuring the hadronic mass spectrum
of charmless semileptonic B decays. In particular, the hadronic mass spectrum yields the partial
charmless semileptonic decay rate δΓ(c) below a cut-off near the D mass for Eq. 2.72 and the total
charmless semileptonic branching fraction B(B → Xu`ν) for Eq. 2.35. This chapter describes the
methods used to select b → u`ν̄ decays and reject the dominant b → c`ν̄ background in order to
provide measurements of δΓ(c) and B(B → Xu`ν). The analysis is executed by examining the B

mesons recoiling from the fully reconstructed B mesons that were described in chapter 5.

6.1 Introduction

The measurements of the hadronic mass spectrum of charmless semileptonic B decays are de-
rived from studying the recoiling B meson (Brecoil) from the fully reconstructed B meson (Breco).
The strategy of the analysis is to identify semileptonic B decays (Brecoil → X`ν̄) by identifying
a high momentum lepton (`). The hadronic X system is reconstructed from the remaining charged
tracks and neutrals not belonging to the Breco. Additional selection criteria are applied to select
the signal Brecoil → Xu`ν̄ events and reject the background Brecoil → Xc`ν̄ events. Studying
semileptonic decays on the recoil of a fully reconstructed B meson has many advantages, which
derive from a very clean environment:

• The fully reconstructed B decays hadronically and all of the remaining particles detected
belong to the recoil B. These particles are well separated from the reconstructed B. See
Fig. 6.1.
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• The charge of the B mesons is known.

• The momentum of the recoil B meson is known, which allows for Lorentz transformations
(boosts) into the rest frame of the B meson.

• The flavor of the B mesons is known. This quantity is correlated to the charge of the lepton,
which allow for rejection of cascading B decays (B → D → `).

• Charge conservation can be applied because the only undetected particle is a neutrino, which
is neutral.

• Since the neutrino is the only undetected particle, using conservation laws, the mass of the
undetected neutrino can be calculated from knowledge of the Υ (4S), the reconstructed B,
and other particles forming the recoil B.

• Since the kinematics of the recoil system are constrained, the resolutions on signature recoil
variables, such as the mass of the hadron mX , can be improved by applying kinematic fits.

The method does have a drawback however. The full reconstruction results in a relatively small
data sample since the full reconstruction described in chapter 5 has a low efficiency (∼ 0.5%). The
advantages far outweigh this drawback in light of the high luminosity available at BABAR.

Figure 6.1: Semileptonic Brecoil decay recoiling from a fully reconstructed B meson.
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6.2 Data and Monte Carlo Samples

This section will describe the data and Monte Carlo (MC) samples used to perform the analysis.

6.2.1 Data Sample

The analysis is based on a total integrated on-peak luminosity of 81.9 fb−1, with 20.7 fb−1 and
61.2 fb−1 in Run-1 and Run-2, respectively, recorded during the years 1999-2002. They correspond
to about 90 millions of pairs BB. The off-peak data, corresponding to 9.6 fb−1, is used as a control
sample to check the fit to the mES variable for the continuum events (see section 4.6.2).

6.2.2 Monte Carlo Samples

The Monte Carlo samples used in this analysis are summarized in Table 6.1. These samples dif-
fer either in terms of the decay modes for the fully reconstructed B or the selection of semileptonic
decays and their decay model. Cocktail samples contain specific hadronic decay modes for one of
the B mesons, corresponding to a subset of the modes used in the semi-exclusive reconstruction.
These samples have the advantage that the semi-exclusive reconstruction has high efficiency. Generic
bb MC includes the full spectrum of possible decays of the B meson, so that it should represent the
data and be an unbiased event sample. The cocktail MC is only used for crosscheck purposes and
high statistics tests, while the generic bb samples are actually used to model the data in the fit to
extract the signal.

Table 6.1: Monte Carlo event samples used in this analysis. Equivalent statistics in |Vub| MC
assumes B(b → u`ν̄) = 1.7 × 10−3

Data Set 1’ B mode 2’ B mode equiv. lumin. recon. B s
B0 cocktail cocktail generic 250 fb−1 326200
B± cocktail cocktail generic 210 fb−1 489700
B0 generic generic generic 114 fb−1 158600
B± generic generic generic 110 fb−1 346600
|Vub| hybrid generic hybrid signal generic 750 fb−1 9370
|Vub| nonres generic nonres signal generic 450 fb−1 5560
|Vub| hybrid cocktail hybrid signal cocktail 900 fb−1 11300
|Vub| nonres cocktail nonres signal cocktail 900 fb−1 11600
cc - - 35 fb−1 -
uu, dd, ss - - 29 fb−1 -
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Signal Monte Carlo

Three signal Monte Carlo samples are used in this analysis. The first contains only resonant
exclusive B → Xu`ν decays, based on the measured branching fractions and theoretical expecta-
tions. The second sample is based on a non-resonant inclusive model. The third is a combination of
the two above. The size of the generated event samples and the equivalent luminosity is detailed in
Table 6.1.

The ISGW2 model [66] is used to simulate exclusive charmless semileptonic decays. The
branching ratios used are listed in Table 6.2 and the mX distribution is shown in Fig. 6.2 (left).

Table 6.2: Branching ratios used in the resonant and non-resonant B → Xu`ν̄ signal MC (before
the hybrid reweighting). The hadron masses mX are those used in the generator.

Mode BR mX Mode BR mX

( GeV/c2) ( GeV/c2)

B0 → π− `+ν 180 · 10−6 0.13498 B+ → π0 `+ν 90 · 10−6 0.13957
B+ → η `+ν 30 · 10−6 0.54730

B0 → ρ− `+ν 260 · 10−6 0.7685 B+ → ρ0 `+ν 130 · 10−6 0.7685
B+ → ω `+ν 130 · 10−6 0.78257
B+ → η′ `+ν 60 · 10−6 0.95777

B0 → a−
0 `+ν 14 · 10−6 0.9835 B+ → a0

0 `+ν 7 · 10−6 0.9835
B0 → a−

1 `+ν 165 · 10−6 1.23 B+ → a0
1 `+ν 82 · 10−6 1.23

B0 → a−
2 `+ν 14 · 10−6 1.318 B+ → a0

2 `+ν 7 · 10−6 1.318
B0 → b−1 `+ν 102 · 10−6 1.231 B+ → b0

1 `+ν 48 · 10−6 1.231
B+ → f 0

0 `+ν 4 · 10−6 1.000
B+ → f ′0

0 `+ν 4 · 10−6 1.4
B+ → f 0

1 `+ν 41 · 10−6 1.2822
B+ → f ′0

1 `+ν 41 · 10−6 1.4268
B+ → f 0

2 `+ν 4 · 10−6 1.275
B+ → f ′0

2 `+ν 4 · 10−6 1.525
B+ → h0

1 `+ν 24 · 10−6 1.17
B+ → h′0

1 `+ν 24 · 10−6 1.40
Exclusive 735 · 10−6 Exclusive 730 · 10−6

Inclusive 616 · 10−6 Inclusive 616 · 10−6

Total 1351 · 10−6 Total 1346 · 10−6

In the non-resonant model the final-state hadron is produced with a continuous invariant mass
spectrum. This generator has the advantage that it allows studies of the change in the fraction
of events below the hadronic mass cut as input parameters are varied. The generator simulates
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Figure 6.2: mX distributions at generator level for pure resonant (left) and pure non-resonant b →
u`ν̄ MC simulation (right).

B → Xu`ν decays and is based on the triple differential decay width as computed by Neubert and
de Fazio [67] with hadronization performed with Jetset 7.4 [68]. The three variables in the triple
differential distribution are defined at the parton level as:

x =
2E`

mb
, z =

2(Eh − Λ)

mb
, p2 =

m2
h − 2EhΛ − Λ 2

m2
b

, (6.1)

where E` is the energy of the charged lepton, Eh and mh are the energy and mass of the hadronic
Xu state and the parameter Λ = mB − mb. The decay width is calculated up to O(αs) corrections.

The parton-level generator does not include corrections for the motion of the b quark inside the
B meson which is known as Fermi motion. Figure 6.3 compares the generated parton-level distribu-
tions without Fermi motion to analytical functions for various single differential decay distributions
with and without QCD corrections. It is worth noting that the singularities in the analytical functions
at z = 1 and sh = Λ/mb(1 + Λ/mb) are not present in the generator. The singularities reflect the
unphysical nature of the parton-level distributions. The differences vanish once the Fermi motion is
implemented and the parton-level variables are replaced with observable quantities.

The Fermi motion of the b quark inside the B meson can be incorporated in this formalism by
replacing the parton-level b quark mass with mB − q+, where q+ = Λ − k+ is a function of the
momentum (k+) of the b quark inside the B meson and Λ. The functional form of the distribution
of k+ is constrained by the first three moments, which satisfy: A0 = 1, A1 = 0 and A2 = −λ1/3.
The parameter −λ1 is the average momentum squared of the b quark in the B meson. The form of
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Figure 6.3: Parton-level distributions for the generator without Fermi motion. The upper left plot
shows the scaled lepton energy x = 2E`/mb, the upper right plot the scaled hadron energy z =
2(Eh − Λ)/mb, the lower left plot shows the scaled hadron mass squared sh = m2

h/m2
b and the

lower right plot shows the scaled virtual W mass squared Q2 = q2/m2
b . The red lines denote

analytical single differential functions with the same input quantities and the green lines show the
tree results without αs corrections.

the Fermi motion used in the generator is

F (k+) = N(1 − x)ae(1+a)x; x =
k+

Λ
≤ 1 and a = f(Λ, λ1), (6.2)

which gives A1 = 0 by construction. The normalization is fixed by N and the parameter a can be
related to the second moment, yielding A2 = −λ1/3 = Λ 2/(1 + a). Therefore mb and a can be
chosen as the two parameters of the function.

In practice, a reweighting of the Fermi motion parameter k+ was used to allow variations in
the choices of Λ and λ1. The two parameters mb and a of the Fermi motion are varied to estimate
the uncertainty due to the Fermi motion. Figure 6.2 (right) shows the non-resonant mX distribution
after the Fermi motion is incorporated into the signal model. The values of the parameters are taken
to be mb = 4.79GeV/c2 and a = 1.96 [69].
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The non-resonant generator cannot produce hadronic final states with masses below 2mπ and it
does not produce any resonant structure in the hadronic mass distribution (e.g. from ρ, etc.). These
limitations are addressed with a hybrid generator that uses the set of branching ratios to specific
final-state hadrons for low-mass final states listed in Table 6.3 and supplements these decays with
the non-resonant production for final states Xu with mX > 1.4GeV/c2. The resonant and non-
resonant Monte Carlo are mixed in such a way that the fraction of events below a given threshold
in mX is similar to the non-resonant case (except local discontinuity due to the resonant structure).
A comparison between hybrid and non-resonant model is shown in Fig. 6.4. The total branching
fractions, including the non-resonant contribution, are B(B0 → Xu`ν) = 0.2673% and B(B+ →
Xu`ν) = 0.2887%, as listed in Table 6.3.

Table 6.3: Branching fractions used in the B → Xu`ν̄ hybrid signal MC after the reweighting.

B0 mode B × 10−4 (%) B+ mode B × 10−4 (%)
B0 → π−`+ν 133 ± 22 B+ → π0`+ν 72 ± 12

B+ → η`+ν 84 ± 36
B0 → ρ−`+ν 269+74

−77 B+ → ρ0`+ν 145+40
−41

B+ → ω`+ν 145 ± 145
B+ → η

′
`+ν 84 ± 84

other resonant 0 other resonant 0
resonant 402 resonant 530
non-resonant 2271 non-resonant 2357
total 2673 total 2887

The generated exclusive branching ratios do not agree with current measurements. Thus, the
exclusive modes are reweighted in the hybrid MC to agree with current measurements and obey
isospin conservation. The resonant MC is also reweighted in the hybrid MC sample to have agree-
ment between our signal MC and the measured fraction of resonant and non-resonant events. The
weights for the non-resonant MC are determined as follows:

• B0 and B+ decays are weighted separately

• Phase space is split into eight bins for each of the variables mX , q2, and El

• In each bin, the hybrid model H can be expressed as a linear combination of resonant R

and non-resonant I contributions: Hi = Ri + wiIi where wi is the weight applied to the
non-resonant MC.
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• The weights, wi are determined by requiring that the fraction of hybrid events in each bin be
equal to the fraction of non-resonant events in each bin. If wi is found to be negative, it is
reset to 0.

• Because of the possibility of negative weights being reset to 0, all of the weights wi are
globally renormalized to preserve the overall normalization.
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Figure 6.4: mX distribution at the generator-level for the hybrid signal Monte Carlo for b → u`ν̄
events. The resonant and non-resonant contributions to the hybrid are shown in magenta and red
respectively along with the purely non-resonant distribution in blue.

Background BB Events

Semileptonic B decays in the generic Monte Carlo simulation have been modeled with specific
decay models for the charm meson. A parameterization of HQET form factors, defined in Ref. [70],
is used for B → D∗`ν, the model of Goity and Roberts [71] is used for the non-resonant decays
B → D(∗)π`ν, whereas the ISGW2 model [66] is used for all other semileptonic decays. The total
generated Cabibbo-favored semileptonic branching fraction is B(b → c`ν) = 10.4%, somewhat
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lower than the recent measurement by BABAR [32]. These events are thus reweighted to correspond
to B0(b → c`ν) = 10.21% and B+(b → c`ν) = 11.04%. Also, the background B → D∗lν events
are reweighted to use the BABAR measurement of the form factors [72].

Non bb Events

The non bb Monte Carlo consists of cc and uu, dd, ss events. These samples have been used,
similar to the off-peak data, to check the mES shape (see 4.6.2).

6.2.3 Summary of Samples

The mES shapes and yields for data, Cocktail MC, generic MC, and hybrid b → u`ν̄ MC are
illustrated in Fig. 6.5 for two conditions: (1) without any event cuts and (2) after the requirement of
at least one lepton with center of mass momentum greater than 1GeV/c. These plots are merely an
illustration of the yields from the data and MC samples used in this analysis.
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Figure 6.5: Event yields for all seeds combined without additional requirement on the recoil system (left) and after requiring a lepton with
pcms > 1GeV/c (right). The numbers printed on each plot indicate signal yield (S), background yield (B), and purity (P) all in the signal
region defined by mES > 5.27GeV/c2. Only the Argus background is fitted in these plots, with the signal yield taken as the difference
between the histogram and the fitted Argus background. These plots serve as an illustration of the event yields and are not used in the analysis.
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6.3 Recoil Reconstruction

To study semileptonic B decays, B → X`ν, the following particle selection and reconstruction
techniques are employed:

• Events with a fully reconstructed B are selected by the semi-exclusive reconstruction de-
scribed in chapter 5.

• Charged particles and neutral clusters in the EMC are defined to assure well known efficien-
cies and minimal backgrounds (see sections 4.1 and 4.3).

• Leptons (`) are identified using standard BABAR algorithms for electrons and muons, de-
scribed in sections 4.2.1 and 4.2.2. Bremsstrahlung photons are recovered before the leptons
are used in the recoil as described in section 6.3.1.

• Charged and neutral kaons are used to separate B → Xu`ν from the dominant B → Xc`ν

decays, see sections 4.2.3 and 4.4.2.

• The hadron system, X , and the undetected neutrino, ν, make up the remaining event recoiling
against the Breco. Their kinematic reconstruction is described in section 6.3.2.

6.3.1 Recovery of Bremsstrahlung Photons

The dominant source of energy loss in high energy electrons in the BABAR detector is the
radiation of Bremsstrahlung photons. If a leading electron should lose energy in the form of
Bremsstrahlung photons, the lepton energy will be underestimated and the emitted Bremsstrahlung
photons will mistakenly enter the recoil calculation, introducing a bias in the reconstruction of the
hadronic system. To recover the Bremsstrahlung photons, we select photons that are emitted within
a narrow opening angle with respect to the electron. The constraint on the opening angle αbrem is
determined from a sample of signal MC to be

αbrem < 80mrad (6.3)

Applying this recovery procedure results in a noticeable improvement in the p∗ resolution as
seen in Fig. 6.6(a). Figure 6.6(b) illustrates the improvement in the p∗ resolution for electrons
that are truth-matched MC events to ensure at least one Bremsstrahlung photon. Figure 6.6(c)
demonstrates the effect Bremsstrahlung recovery has on the reconstruction of the hadronic system.
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Figure 6.6: Signal MC: a) p∗ resolution for all electrons, b) p∗ resolution for electrons that are
known through generator truth-matching to contain at least one Bremsstrahlung photon, c) mX

distribution. The blue line corresponds to no recovery and the red points correspond to recovery of
photons within αbrem < 0.08

The Bremsstrahlung photon recovery procedure is performed before the leading lepton is identi-
fied since the choice of the leading lepton can be affected by this process. Also, when Bremsstrahlung
photons are identified and added to the corresponding electron, the photons are removed from the
list of neutral particles so they won’t be mistakenly included in the recoil calculation.

6.3.2 Reconstruction of the Hadronic System

The hadronic X system is comprised of charged tracks and neutrals that are not associated with
the Breco candidate and that are not identified as leptons. The measured four-momentum pm

X of the
X system can be written as

pm
X =

Nch
∑

i=1

pch
i +

Nγ
∑

j=1

pγ
j (6.4)

where p are four-momenta and the indices ch and γ refer to the the selected number of charged
tracks and neutrals. K0

S reconstruction is only used for the kaon veto, so no mass constraint is
applied.

The four-momentum of the missing particle (neutrino) is reconstructed by relating the four-
momentum of the colliding beams QCM to the measured Breco four-momentum pm

reco, the X

hadrons four-momentum pm
X , and the lepton four-momentum pm

` ,

pmiss = QCM − pm
reco − pm

X − pm
` . (6.5)

The measured invariant mass squared of the missing particle, m2
miss = |pmiss|2, is an important
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estimator of the quality of the reconstruction of the total recoil system. Any secondary particles from
the decay of the hadronic X system that are undetected or poorly measured will impact the measure-
ment of both mX and m2

miss. Likewise any sizable energy loss of the leptons via Bremsstrahlung
or internal radiation will impact the measurement of these two quantities. The effect of initial-state
radiation is rather small, due to the fact that the width of the Υ (4S) resonance is rather small.

Kinematic Fit on the Recoil

The available kinematic information for the full event is exploited by performing a 2-C kine-
matic fit that imposes four-momentum conservation, the equality of the masses of the two B mesons,
m(Brecoil) = m(Breco), and forces m2

miss = p2
ν = 0. The fit is an iterative χ2 minimization that

takes into account event-by-event the measurement errors of all individual particles and the mea-
sured missing-mass squared.

The Breco candidate enters with four parameters into the kinematic fit whereas the other can-
didates are described with only three fit parameters. The neutrino is assumed to be massless and
unmeasured in the kinematic reconstruction.

The distribution of the missing-mass of the event, m2
miss, before and after the kinematic fit is

shown in Fig. 6.7. Due to the zero-mass hypothesis for the neutrino, the missing-mass of the event
is - per definition - zero after the fit. Figure 6.7 shows also the mass resolution of the Breco and the
Brecoil candidate before and after the kinematic fit. Due to the imposed equal-mass constraint, the
masses of the two B mesons are, within precision, identical after the fit.

Figure 6.8 displays the resolution for the kinematically fitted hadronic mass for signal and
background events. Figure 6.9 shows the kinematically fitted mass mX as a function of the true
mX and the measured m2

miss, in terms of both the mean and the RMS width of the distributions
mX(fit) − mX(true). Forcing the semileptonic B events to fulfill the constraints of energy and
momentum conservation and the equal-mass hypothesis leads not only to an improvement of the
RMS width of the mass resolution for the X system but also the bias is reduced. This stability to-
gether with the overall improvements in resolution and mass bias clearly favors the fitted kinematic
quantities over the reconstructed ones.

6.3.3 Event Based Selection

The event selection criteria for the analysis were determined on the basis of data/MC agreement
and the optimization of the statistical uncertainty on the extraction of the number of b → u`ν̄ signal
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Figure 6.7: Left: Missing-mass squared of the event before (upper plot) and after (lower plot) the
kinematic fit. Due to the zero-mass hypothesis for the neutrino, the missing-mass of the event
after the fit is within the precision compatible with zero. Right: Mass resolution of the Breco (left
side) before (upper plots) and after (lower plots) the kinematic fit. Due to the imposed equal-mass
constraint, the masses of the two B mesons are, within procession, identical after the fit.

events. A full data/MC comparison study was conducted for different values of each given event cut,
along with a scan of the results of the signal extraction fit for different values of cut. These data/MC
studies and fit scans are based on the generic MC because it is used to model the background in
the fit to extract the signal yield. Due to the correlations between different event variables, the
procedure was done iteratively, allowing many different combinations of event variable cuts to be
observed. The event selection criteria can be loosely divided into three categories according to their
purpose in this analysis. These categories are:

1. Select semileptonic decays Brecoil → X`ν̄ (i.e. identification of high momentum lepton,
correlated lepton charge and B flavor)

2. Select signal events Brecoil → Xu`ν̄ (i.e. total charge conservation, missing system consis-
tent with neutrino hypothesis, number of leptons)
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Figure 6.8: Cocktail MC: The resolution on the kinematically fitted hadronic mass with all analysis
cuts applied for b → u`ν̄ events (left) and b → c`ν̄ events (right).

3. Reduce the amount of background events Brecoil → Xc`ν̄ (kaon veto, vetoes on various
partial reconstructions of B → D∗`ν.)

The following discussion provides a detailed discussion of the event selection criteria used in
the extraction of δΓ(c). The plots shown (Figs. 6.11 -6.19) are from cocktail MC (except for the
purity scan) with no extra normalization and serve merely as an illustration of the shape of the event
variable distribution. Plots of the background subtracted distributions of the recoil event variables
for data and generic MC for the event selection can be found in section 6.3.4.

• Purity cut per seed for reconstructed B modes

The semi-exclusive reconstruction allows for a selection of the purity of the sample. For
higher purity, the total sample is smaller, while the fits to mES are cleaner. With a lower
purity, the total sample is larger and the fits to mES have more combinatoric background.
The impact of the purity selection on the statistical error was studied on the basis of data. In
Fig. 6.10 the ratio S/

√
S + B is shown for events passing all selection criteria as a function of

the purity for the four charm seeds. Discontinuities shown by the plots are due to the addition
of a single mode with quite large statistics. In Table 6.4 the optimal cuts are summarized.
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Figure 6.9: Cocktail MC: The mean (left) and RMS (right) of the resolution on the kinematically
fitted hadronic mass with all analysis cuts applied in bins of true mX (upper) and m2

miss (lower).
The blue points are b → u`ν̄ events and the red points are b → c`ν̄ events.

• Presence of a high momentum lepton, p∗l > 1GeV/c

Semileptonic B decays are identified by the presence of a high momentum electron or muon.
A requirement that p∗l > 1GeV/c in the B rest frame is imposed to reduce backgrounds from
fake leptons, secondary charm, and τ± decays. Figure 6.11 shows the lepton momentum
spectrum in the B rest frame separately for b → u`ν̄ decays and b → c`ν̄ decays.

• Number of leptons, Nl = 1

The presence of a second lepton is rare in b → u`ν̄ decays, whereas they appear more fre-
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Table 6.4: Signal yield, S, and background, B, per charm seed mode of the Breco candidate. The
numbers are obtained from fits to the mES distributions.

Seed Mode Purity Cut S B
B → D∗X 24% 228 ± 18 51 ± 12
B → D+X 9% 510 ± 31 357 ± 26
B → D∗0X 8% 307 ± 23 172 ± 19
B → D0X 9% 615 ± 33 470 ± 27

quently in b → c`ν̄ decays due to the cascade decays of the charm particles. Thus, the
number of leptons in the event is required to be exactly one. Of course, for the determination
of the number of semileptonic decays, Nsl, with p∗l > 1GeV/c the requirement is not im-
posed. Figure 6.12 shows the number of detected leptons per event separately for b → u`ν̄

decays and b → c`ν̄ decays.

• Lepton charge and B flavor correlation

In semileptonic decays, the flavor of the decaying B meson is correlated to the charge of
the primary lepton. This correlation can be written as Qb(recoil)Ql > 0, where Qb(recoil)

refers to the charge of the b quark in the semileptonically decaying Brecoil and Ql refers
to the charge of the primary lepton. Secondary leptons from cascade D decays will have
Qb(recoil)Ql < 0. For charged B mesons, this condition is imposed, for neutral B both
combinations are retained, since in mixed events the B flavor is changed.

• Total event charge, Qtot = 0

Total event charge conservation, Qtot = QBreco + QBrecoil
, is imposed to ensure proper

reconstruction of the hadronic recoil system. Improper hadronic recoil reconstruction through
the loss or gain of charged tracks results in an incorrect value for the hadronic mass, mX .
If an event fails the charge conservation requirement, it helps to reject these events with lost
or gained tracks. Lost tracks come simply from missing particles, gained tracks come from
γ → e+e− conversions, δ-rays, or tracking errors. This selection criterion rejects background
because b → c`ν̄ decays have higher charged track multiplicities. Figure 6.13 shows the total
event charge separately for b → u`ν̄ decays and b → c`ν̄ decays.

• Missing-mass squared, −1.0 < m2
miss < 0.5GeV2/c4

In this analysis, the only undetected particle should be a neutrino. In this hypothesis, the mass
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Figure 6.10: Generic MC:Statistical significance (S/
√

S + B) as a function of the purity of the
mode of the reconstructed B sample for the four charm seeds after all cuts: clockwise (starting
from the upper left plot) the seeds are B0 → D+∗X , B0 → D+X , B+ → D0X , B+ → D∗0X .

of the missing system should be consistent with zero. Making an event selection based on this
variable makes it possible to reject events in which the recoil reconstruction is poor. This can
happen if particles are poorly measured or if the recoil reconstruction falsely gains or loses
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Figure 6.11: Cocktail MC: The lepton momentum spectrum with all analysis cuts applied
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Figure 6.12: Cocktail MC: The number of leptons observed with all analysis cuts applied

particles. Background b → c`ν̄ events are expected to have a broader m2
miss distribution

because they have higher particle multiplicities and possibly can contain additional neutrinos
or KL which will not be added into the recoil calculation by construction. Figure 6.14 shows
the missing-mass squared separately for b → u`ν̄ decays and b → c`ν̄ decays.

• Number of kaons, NK± = NKS
= 0

In semileptonic B decays, a powerful way to discriminate background from signal is through
the detection of kaons in the recoil system. b → u`ν̄ decays rarely include kaons whereas
b → c`ν̄ decays most often do. Figure 6.15 demonstrates the kaon multiplicities separately
for b → u`ν̄ decays and b → c`ν̄ decays.

• Missing momentum, pmiss > 0.3GeV/c

To be consistent with the hypothesis that the only undetected particle in a semileptonic B

decay be a neutrino, the magnitude of the missing particle’s momentum is required to have
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Figure 6.13: Cocktail MC: The total event charge with all analysis cuts applied
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Figure 6.14: Cocktail MC: The missing-mass squared with all analysis cuts applied

a non-zero value. Figure 6.16 shows the missing momentum separately for b → u`ν̄ decays
and b → c`ν̄ decays. It is clear that such a cut does not make an important distinction
between signal and background, however it is found to contribute toward better agreement
between data and MC.

• Angle of missing system, -0.95 < cos θmiss < 0.95

Neutrinos and otherwise detectable particles that lie outside of the geometric region of ac-
ceptance in the detector are indistinguishable. Thus, we make the requirement that the co-
sine of the angle of the missing system be consistent with a particle not projected along the
beam axis. Figure 6.17 shows the cosθmiss distributions separately for b → u`ν̄ decays and
b → c`ν̄ decays.

• Slow track killing, p∗trk,low > 0.12GeV/c

Due to the relatively high particle multiplicity in D decays, the charged hadron track mo-
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Figure 6.15: Cocktail MC: Left: the number of charged kaons with all analysis cuts applied Right:
the number of KS with all analysis cuts applied
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Figure 6.16: Cocktail MC: The missing momentum with all analysis cuts applied

menta will be lower for b → c`ν̄ decays compared to b → u`ν̄ decays. Events with b → u`ν̄

decays have very small abundance of slow tracks (with momenta of order p⊥ < 0.2GeV).
Figure 6.18 shows the p∗trk,low distributions separately for b → u`ν̄ decays and b → c`ν̄

decays.

• Rejection of B → D∗`ν

The decays of B → D∗`ν with D∗ → Dπ are a dominant source of background. These
decays can be identified by exploiting the fact that the mass difference between the D∗ and
the D is close to the pion mass and therefore a pion produced in the D∗ decay is soft and
essentially collinear with the D∗. A discriminating variable that exploits these conditions
can be adapted from the partial reconstruction analyses [73]: using the approximation that
the direction of flight of the pion is the same as that of the D∗ and taking into account that
the soft pion energy in the rest frame of the D∗, E∗

π is fixed, the pion energy in the lab frame
is
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Figure 6.17: Cocktail MC: The cosine of the angle of the missing system with all analysis cuts
applied
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Figure 6.18: Cocktail MC: The momentum of the slowest track with all analysis cuts applied

Eπ = γ(E∗
π − βP ∗

π ) (6.6)

where β and γ refer to the D∗ boost and P ∗
π is the soft pion momentum in the D∗ frame.

Neglecting the second term in Eq. 6.6, the D∗ energy in the LAB frame can be computed as

E∗
D∗ = γMD∗ = Eπ

MD∗

E∗
π

(6.7)

Given that the 4-momentum pD∗ of the D∗ is now known, the missing invariant mass can be
computed as

m2
miss,PR = |precoil − pD∗ − plepton|2 (6.8)

This variable peaks at zero for background and is flat for signal, and is thus used to reject
background. Three decay modes are partially reconstructed:
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Figure 6.19: Cocktail MC: Missing-mass distribution m2
miss,PR for a) D∗ → D0π, b) D∗ → Dπ0,

c) D∗0 → D0π0

– D∗ → D0π: E∗
π = 145MeV. Pions must be properly charge correlated with the

leading lepton and have a momentum in the CMS frame less than 200MeV/c. The
lowest momentum pion is selected. To optimize the signal-to-background ratio, events
with m2

miss,PR > −3GeV2 are rejected.

– D∗ → Dπ0: E∗
π0 = 140MeV. Pions must have a momentum less than 200MeV/c

in the CMS frame, an opening angle larger than 2.2rad with the leading lepton, and
the event must have a neutral multiplicity greater than 4. The lowest momentum pion
is selected. To optimize the signal-to-background ratio, all events which pass these
criteria are rejected.

– D∗0 → D0π0: Same as above except E∗
π0 = 142MeV.

As an additional check, the efficiency of the optimized cuts is calculated from the signal MC
and found to reject very little signal. The signal MC efficiencies are 96% for the D∗ → D0π,
98% for the D∗ → Dπ0, and 99% D∗0 → D0π0. The efficiency from signal MC for the
combination of the three cuts is 93%.

Event Based Selection Summary

On the basis of the kaon vetoes, two samples are defined:

1. signal-enhanced or signal-enriched sample where NK± = NK0
S

= 0

2. signal-depleted sample where NK± > 0 or NK0
S

> 0
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The selection criteria that was previously described are summarized in Table 6.5. They are listed
in two categories as a different combination of cuts is used to identify semileptonic events and
charmless semileptonic events.

Table 6.5: Selection criteria for b → q`ν and b → u`ν events.

Selection Criteria Nmeas
sl Nmeas

u

Breco Candidate mode based mode based
Minimum Lepton Momentum p∗ > 1.0 GeV/c p∗ > 1.0 GeV/c
Number of Charged Leptons Nlepton > 0 Nlepton = 1
Lepton Charge-B Flavor Qb(recoil)Q` > 0 Qb(recoil)Q` > 0
Total Charge per Event Qtot = 0
Missing-Mass −1.0 < m2

miss < 0.5 ( GeV/c2)2

Missing Momentum pmiss > 0.3 GeV/c
Missing Angle −0.95 < cos(θmiss) < 0.95
Kaon Veto NK± = 0 and NKS

= 0
Slow Track Killing p∗trk,low > 0.12 GeV/c
B → D∗`ν Rejection mode based

6.3.4 Comparison of Data and Monte Carlo

A good description of the relevant variables by the Monte Carlo simulation is important for this
inclusive analysis. Figures 6.20–6.26 show data and MC comparisons for various variables, both
for generic and cocktail MC samples. The overall agreement is between data and MC is reasonable.

All spectra in Figs. 6.20–6.26 have been background-subtracted with the appropriate mES side-
band distribution. The event samples are divided into signal-enhanced and signal-depleted subsets
based on the absence or presence of charged and neutral kaons, respectively. The histograms are
normalized to equal area. Each pair of histograms is tested for compatibility with two methods.
The results of both tests are printed in the upper left corner of each plot for both generic and cock-
tail MC: The first pair of numbers indicates the χ2/d.o.f. and the number in parentheses gives the
Kolmogorov probability.
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Figure 6.20: B0 (left) and B+ (right) lepton spectra (side-band subtracted) in generic/cocktail MC
and data for b → u`ν enhanced (top row) and depleted (bottom row) event samples.
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Figure 6.21: Electron (left) and muon (right) spectra (side-band subtracted) in generic/cocktail MC
and data for b → u`ν enhanced (top row) and depleted (bottom row) event samples.
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Figure 6.22: Reconstructed (left) and kinematically fitted (right) hadronic recoil invariant mass
spectra (side-band subtracted) in generic/cocktail MC and data for b → u`ν enhanced (top row) and
depleted (bottom row) event samples.
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Figure 6.23: Missing-mass squared (left) and Q2 (right) distributions (side-band subtracted) in
generic/cocktail MC and data for b → u`ν enhanced (top row) and depleted (bottom row) event
samples.
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Figure 6.24: Missing momentum (left) and Θmiss (right) distributions (side-band subtracted) in
generic/cocktail MC and data for b → u`ν enhanced (top row) and depleted (bottom row) event
samples.
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Figure 6.25: Charged (left) and neutral (right) multiplicity distributions (side-band subtracted) in
generic/cocktail MC and data for b → u`ν enhanced (top row) and depleted (bottom row) event
samples.
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Figure 6.26: Total charge (left) distributions (side-band subtracted) in generic/cocktail MC and data
for b → u`ν enhanced (top row) and depleted (bottom row) event samples.



Chapter 7

Signal Extraction and Results

This chapter presents the analysis used to measure the quantities needed for the determination of
|Vub|. Section 7.1 describes the measurement of the partial rate δΓ(c) determined from the number
of b → u`ν̄ events with c < (mX/mB)2. Section 7.2 describes the determination of the weighted
integrals I0(c) and I+(c), obtained from the b → sγ energy spectrum. Finally, section 7.3 presents
the results for |Vub|.

7.1 Extraction of δΓ(c)

Equation 2.72 requires the measurement of the partial b → u`ν̄ decay rate δΓ(c) below a
hadronic mass cut-off c < (mX/mB)2 from the signal events selected according to the criteria
described in chapter 6. We define the cut-integrated rate as (dropping the factor of ~

τB
since it

cancels with the weighted photon spectrum integrals)

δΓ(c) =
NufB(B → X`ν̄)

NSLεu
× εsl

l

εu
l

× εsl
reco

εu
reco

. (7.1)

Equation 2.35 requires the total charmless semileptonic branching fraction (or full rate) B(B →
Xu`ν). We define the the total branching fraction as

B(B → Xu`ν) =
δΓ(c)

εmX

(7.2)

The quantities in Eqs. 7.1 and 7.2 are as follows:

• Nu is the total number of signal events after all analysis cuts and after background subtraction
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(see section 7.1.1).

• f corrects for difference between the true and reconstructed mX (see section 7.1.2).

• NSL is the total number of events containing at least one lepton with a momentum above the
threshold of 1GeV/c after a background subtraction (see section 7.1.3).

• B(B → X`ν̄) is the inclusive semileptonic branching fraction, B(B → X`ν̄) = 0.1087 ±
0.18(stat) ± 0.30(syst) as measured by BABAR [32].

• εu is the efficiency for selecting Brecoil → Xu`ν̄ decays once a Brecoil → X`ν̄ has been
identified with a hadronic mass below the cut-off (see section 7.1.4).

• εsl
l

εu
l

is the ratio of the efficiencies for selecting a semileptonic decay with a momentum above
the 1GeV/c threshold for Brecoil → X`ν̄ and Brecoil → Xu`ν̄ events (see section 7.1.4).

• εsl
reco

εu
reco

is the ratio of the efficiencies for successfully reconstructing a Breco candidate opposite
a Brecoil → X`ν̄ and Brecoil → Xu`ν̄ decay (see section 7.1.4).

• εmX
is the efficiency for measuring below a cut-off in the hadronic mass spectrum.

Using the ratio of the partial charmless semileptonic branching fraction δΓ(c) to the total
semileptonic branching fraction B(B → X`ν̄) has three advantages. First of all, by measuring a
ratio, the absolute efficiency of the semi-exclusive reconstruction is not needed. This is very impor-
tant since the semi-exclusive efficiency is affected by uncertainties due to the complicated algorithm
and the fact that many of the reconstructed modes are not well described in the MC. Secondly, most
of the systematics due to lepton identification are removed since they are present in both numerator
and denominator of the ratio. Finally the normalization to the number of semileptonic events is less
affected by biases in the mES fits. As shown in Fig. 6.5, the quality of the fit and the signal over
background ratio improves considerably once a cut on the lepton momentum is applied.

7.1.1 Extraction of Nu, the Number of b → u`ν̄ Signal Events

An unbinned maximum-likelihood fit in each bin of the mX distribution is used to determine
the the number of signal events Nu. The signal component from the mES fits is parameterized by a
Crystal Ball function [65] and the background is parameterized by an ARGUS function [64]. The
mES fit in each bin of mX have their signal shape parameters fixed to the fit parameters resulting
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from an mES fit to the whole distribution. The (Crystal Ball) signal shape does not have any de-
pendence on mX , as verified with signal MC. The signal normalization parameter and the ARGUS
parameters are allowed to float in the fits in individual bins of mX . The bins of the mX distribution
are fit to the sum of three separate distributions: the signal N u

i , the B → Xc`ν̄ background N c
i , and

the other background N o
i . The shapes of these three contributions are determined from MC, and the

normalization coefficients CX are determined from a χ2 fit. The sum of the three components is
defined as

µi = CuNu,MC
i + CcN

c,MC
i + CoN

o,MC
i , (7.3)

and the χ2 distribution is defined as

χ2(Cu, Cc, Co) = −
∑

i

(

Nu,meas
i − µi

√

δ(Nu,meas
i )2 + δ(Nu,MC

i )2

)2

(7.4)

where Nu,meas
i is the measured number of events, δ(N u,meas

i ) and δ(Nu,MC
i ) are the statistical

errors for the mES fits to the data and MC respectively, and the subscript i indicates the mX bin.
The other background component is a small contribution to the fit and is not well determined.
For this reason, the contribution of the other component is fixed to that of the charm background
Co ≡ Cc and the sum of the two types of background is obtained from the fit, removing one degree
of freedom.

For neutral B decays, the fits must properly account for B0−B0 mixing. Under the assumption
that the neutral B sample consists solely of direct and cascade leptons, the relation of right-sign (rs)
to wrong-sign (ws) neutral events can be expressed as

Nrs = (1 − χd)NB + χdND (7.5)

Nws = χdNB + (1 − χd)ND (7.6)

where χd is the mixing parameter [6], NB is the number of direct decays, and ND is the number of
cascade decays. Solving,

NB =
1 − χd

1 − 2χd
Nrs −

χd

1 − 2χd
Nws (7.7)

Of course, there can exist events with no leptons or events with two D mesons which would be
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right-sign events even if it is not a direct decay. However these possibilities are not considered as
the mixing correction is applied separately for the aforementioned three components of the fit.

The mX distribution has bins with a width of 300MeV/c2. To accommodate a mX cut that is
not an integer multiple of the nominal bin width, the last bin before the mX cut is extended up to the
mX cut, so there are no bins with widths smaller than the nominal bin width of 300MeV/c2. Thus
the results for different mX cuts correspond to a differently binned mX distribution and therefore
to separate fits.

Finally, the number of background-subtracted signal events Nu is defined as

Nu =

Nbin
∑

i=1

(

Nu,meas
i − CcN

c,MC
i − CoN

o,MC
i

)

(7.8)

where Nbin is the number of bins in the hadronic mass distribution below the mX cut. The fits are
found to have χ2/DOF ∼ 1.0, as summarized in Table 7.1. The results of the χ2 fits to the mX

distribution can be found in Figs. 7.1 - 7.6. Also, examples of the fits to the mES distributions in
each mX bin can be found in Appendix A. The results for the fits for various hadronic mass cut-offs
and subsamples are detailed in Tables 7.4-7.6.

Table 7.1: The χ2/DOF results from the fits to the hadronic mass spectrum

mX Cut [ GeV/c2 ] χ2 DOF χ2/DOF

1.55 10.373 11 0.943
1.59 11.176 11 1.016
1.67 12.947 11 1.177
1.75 11.308 11 1.028
1.83 9.493 11 0.863
2.50 10.219 11 0.929

7.1.2 Extraction of f

To obtain the true number of signal events, it is necessary to apply a correction for events
generated inside (outside) the signal region and reconstructed outside (inside) the signal region.
This correction factor is defined as

f = 1 +
N2

N1
− N3

N1
(7.9)
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Figure 7.1: The fit results for mX < 1.55GeV/c2.
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Figure 7.2: The fit results for mX < 1.59GeV/c2.
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Figure 7.3: The fit results for mX < 1.67GeV/c2.

where N1 is the number of events observed in the signal area and N2 (N3) is the number of events
generated inside (outside) the signal area but measured outside (inside) the signal area. The factor f

is calculated on the signal MC sample. The results for the extraction of f for various hadronic mass
cut-offs and subsamples are found in Tables 7.4-7.6.
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Figure 7.4: The fit results for mX < 1.75GeV/c2.
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Figure 7.5: The fit results for mX < 1.83GeV/c2.
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Figure 7.6: The fit results for mX < 2.50GeV/c2.

7.1.3 Extraction of NSL, the Number of Semileptonic Events

The number of semileptonic events NSL is measured from a fit to the mES distribution of events
with a momentum above the 1GeV/c threshold. The fit allows all parameters to float and is corrected
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for mixing in the neutral B mesons. The residual background in NSL from semileptonic charm
decays and lepton misidentification is estimated from MC and NSL is corrected appropriately. As
in the case of the signal extraction, a mixing correction is applied to the neutral B sample in the
determination of NSL. The results for the extraction of NSL for various hadronic mass cut-offs and
subsamples are found in Tables 7.4-7.6.

7.1.4 Efficiency Corrections

The efficiency factor εsl
reco

εu
reco

corrects for a possible bias in successfully reconstructing a Breco

candidate in events with a recoiling Brecoil → X`ν̄ or Brecoil → Xu`ν̄. From generic MC, εsl
reco

εu
reco

=

1.00±0.03. We take the MC statistical error as a systematic uncertainty. This efficiency calculation
is independent of of the hadronic mass cut.

The efficiency factor εsl
l

εu
l

accounts for the efficiency for detecting semileptonic decays with a
momentum above the 1GeV/c threshold. The efficiency is not expected to be unity because the
shapes of the lepton momentum spectra are different for B → Xc`ν̄ and B → Xu`ν̄ decays. This
efficiency factor is also independent of the hadronic mass cut, but will be different for electrons and
muons. The results are detailed in Tables 7.4-7.6 for the various samples.

The efficiency factor εu is the cut efficiency after the detection of a lepton with momentum
above the 1GeV/c threshold and a hadronic mass below the cut-off. The efficiency is determined
from hybrid signal MC and varies with the mX cut. The results for the extraction of εu for various
hadronic mass cut-offs and subsamples are found in Tables 7.4-7.6.

7.1.5 Fit Validation

As a cross-check of the analysis procedure, the fit is performed with the high statistics sample of
cocktail MC used for all data and MC inputs. We then compare the extracted ratio of the charmless
semileptonic branching ratio to the total semileptonic branching ratio Ru to the generated value,
Ru ≡ B(b → u`ν̄)/B(b → c`ν̄) = 0.0116. The results are summarized in Table 7.2 and are found
to be compatible with the generated value.

Another cross-check is provided by fitting the signal depleted sample, which was defined in 6.3.3.
This sample is large and contains an overwhelming amount of background, so the signal extraction
will have large errors. However, this method is more useful for checking resolution effects and con-
firming that the shape of the mX distribution is well understood. The fit to the depleted sample has
been performed with data and is shown in Fig. 7.7. Table 7.4 contains a breakdown of the results.
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Table 7.2: Analysis validation and fit results for high-statistics cocktail MC. The generated value
corresponds to Ru ≡ B(b → u`ν̄)/B(b → c`ν̄) = 0.0116.

mX Cut [ GeV/c2 ] Ru [×10−2]

1.55 1.10 ± 0.09
1.59 1.14 ± 0.10
1.67 1.16 ± 0.10
1.75 1.16 ± 0.12
1.83 1.09 ± 0.14
2.50 1.06 ± 0.25

The results confirm within errors the expected result.
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Figure 7.7: The fit results for the depleted sample.

7.1.6 Summary of δΓ(c) Results

The results for the extraction of δΓ(c) have been summarized in Tables 7.4-7.6 and are illus-
trated in Figs. 7.1–7.6. The results are shown for several mX cuts and several different samples:
charged B mesons, neutral B mesons, electrons, muons, and the depleted sample. Fit results for the
sub-samples can be found in appendix B. The mX distribution in the MC simulation describes the
data well, which is consistent with the data/MC agreement study in section 6.3.4. The efficiency of
the mX cut-offs, adjusted by the correction factor f are summarized in Table 7.3.
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Table 7.3: The fraction of signal events below a cut-off in the hadronic mass spectrum. The error
shown is statistical. This number is only used in the extraction of the total charmless branching
fraction (Eq. 7.2) for the full rate measurement.

mX Cut [ GeV/c2 ] Captured Rate (%)
1.55 77.1 ± 1.3
1.59 78.9 ± 1.3
1.67 82.9 ± 1.1
1.75 85.5 ± 1.0
1.83 88.2 ± 0.9
2.50 96.5 ± 0.4

7.2 Extraction of I0 and I+ from the differential b → sγ

Photon Spectrum

We extract the differential rate of the endpoint rate from the photon energy spectrum of b → sγ

decays provided in reference [69]; Table 7.7 summarizes the differential rate. The bin boundaries are
related to the bin boundaries for the hadronic mass, with E2

γ = (m2
B−m2

Xs
)/(2mB). Reference [69]

does not provide a differential rate (or, equivalently, branching fraction) in the bins of photon energy,
rather the bin contents are reported in units of events/100MeV. Therefore we extract the differential
rate (∆B/∆Eγ)i in bin i from the numbers in reference [69] in the following way

(

∆B
∆Eγ

)

i

=
yi

0.1GeV

where yi are the branching fraction numbers in bin i normalized to 100MeV as given in table V of
reference [69]. The differential branching fraction can be integrated in the range 1.8972 < Eγ <

2.606GeV and yields the visible branching fraction

B(b → sγ; 1.897 < Eγ < 2.606GeV) =

∫ 2.606

1.897

(

dB
dEγ

)

dEγ

=

18
∑

i=0

(

∆B
∆Eγ

)

i

(∆Eγ)i

= 3.94 × 10−4,
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in accordance to the measured value quoted in reference [69].
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Figure 7.8: Photon energy spectrum for the decay b → sγ measured by BABAR [69]. This measure-
ment is based on the sum of exclusive modes and results in an excellent photon energy resolution.

We extract the weighted integrals I0 (Eq. 2.70) and I+ (Eq. 2.71) from this photon energy
spectrum with a MathematicaTM notebook. The two components to I0 and I+ are shown in Fig. 7.9
for a cut on the hadronic mass mX < 1.67GeV/c2.

7.3 Determination of |Vub| and B(B → Xu`ν̄)

Combining the results for the partial rates δΓ(c) with the weighted integrals of the photon
spectrum yields results for |Vub|/|Vts|. We assume |Vts| = |Vcb| and use the measurement of |Vcb|
from BABAR [32] to determine |Vub| as listed in Table 7.8. The derivation of the error is described
in detail in chapter 8. Table 7.8 presents the results for a selection of upper limits on the hadronic
mass spectrum: Good consistency is observed for all cuts.

The second determination of |Vub| is based on the measurement of the full rate. The full rate
is determined from the partial rate δΓ(c) for mX < 2.50GeV/c2, which amounts to 96.5% of the
total rate. We thus scale the partial rate by this efficiency εmX

= 0.965 ± 0.004stat ± 0.035syst . The
systematic error on this efficiency is taken as the full difference of the central value from unity and
is added to the signal modeling error, visible in Table 7.8. The total branching fraction obtained is
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Figure 7.9: b → sγ photon energy spectrum as a function of u = 2Eγ/mB, weighted with the
weight functions i0(u) and i+(u), calculated for a cut on the hadronic mass mX < 1.67GeV/c2.
The integral of these functions correspond to I0 and I+, respectively.

B(B → Xu`ν̄) = (1.64 ± 0.60stat ± 0.25syst) × 10−3, (7.10)

We use the formula of Refs. [30, 31] (Eqn. 2.35) with the B meson lifetime τB = (1.604 ±
0.012) ps [6, 74] to translate the full rate into |Vub|:

|Vub| = 0.00424

√

B(B → Xu`ν̄)

0.002

1.61 ps

τB
× (1.00 ± 0.028OPE ± 0.039mb

) (7.11)

= (3.84 ± 0.70stat ± 0.15det ± 0.14b2c ± 0.22b2u ± 0.11OPE ± 0.15mb
) × 10−3 (7.12)

The result is also provided in the right-most column of Table 7.8. We observe good agreement
between the value obtained the OPE formula in Eq. 7.12 and the approach of Leibovich, Low, and
Rothstein for cut values above ∼ 1.5GeV/c2 on the mass spectrum (see Fig. 7.10). There is no
evidence for large power correction effects not included in the calculation for the values quoted in
Table 7.8. However, these effects may be visible when lowering the cut values to low mX cutoffs,
where a systematic rise of |Vub| can be observed. This departure from a stable result is expected
from the breakdown of the OPE in this regime and is reflected in the very large increase of the
non-perturbative error for low mX cutoffs (see section 8.3.3).

It is interesting to observe the decrease of |Vub| with increasing mX cut. This variation is
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not due to the ‘semi-leptonic’ part of the analysis, as can be observed by the good stability of
the extrapolated branching fraction at high mX cuts, shown in Fig. 8.4. This indicates that the
observed systematic decrease results either from the theoretical calculation (the weight functions in
particular) or the experimental input from the b → sγ photon energy spectrum. At high mX cutoffs,
the theoretical errors are expected to be small. However, at high mX cutoffs in the Leibovich, Low,
and Rothstein method, the weighted integral starts lower in the measured photon energy spectrum,
which is the experimentally challenging region of the photon spectrum to measure. As a result, the
errors from the photon spectrum are large at high mX cutoffs, as shown in Fig. 7.11 (compare them
to the constant perturbative error, shown as the inner (yellow) error band).
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Figure 7.10: |Vub| vs. the upper cut on mX . The error bars illustrate (from innermost to outermost)
the experimental (statistical plus detector systematics), background and signal modeling, b → sγ
errors. Points without the inner error bars have only the statistical error displayed. The shaded
error band illustrate the perturbative error (innermost yellow band) and the total theoretical error
(outermost bluish band) where the QED scale uncertainty, the perturbative and non-perturbative
error have been added in quadrature.
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Figure 7.11: Enlarged view of |Vub| vs. the upper cut on mX with special emphasis on the statistical
error from the b → sγ photon energy spectrum. The error bars illustrate (from innermost to outer-
most) the statistical error from the b → sγ photon energy spectrum and the total error (statistical,
experimental systematic, signal and background modeling). The shaded error band illustrate the
perturbative error (innermost yellow band) and the total theoretical error (outermost bluish band)
where the QED scale uncertainty, the perturbative and non-perturbative error have been added in
quadrature.
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Table 7.4: Summary of the fit parameters for data, on the full (top) and depleted (bottom) samples.
mX cut Nmeas

sl εsl
l /εu

l Nu BGc
u BGoth

u εu f δΓ(c)
( GeV/c2) (∗103)

Full Sample
1.55 32532 ± 242 0.82 ± 0.02 100 ± 15 48 ± 2 6 ± 0 0.235 ± 0.005 0.991 ± 0.007 1.154 ± 0.175
1.59 32532 ± 242 0.82 ± 0.02 103 ± 16 55 ± 2 6 ± 0 0.231 ± 0.005 0.994 ± 0.007 1.199 ± 0.185
1.67 32532 ± 242 0.82 ± 0.02 120 ± 17 73 ± 3 7 ± 0 0.231 ± 0.005 1.010 ± 0.005 1.426 ± 0.208
1.75 32532 ± 242 0.82 ± 0.02 122 ± 20 125 ± 7 8 ± 0 0.231 ± 0.005 1.004 ± 0.005 1.442 ± 0.241
1.83 32532 ± 242 0.82 ± 0.02 132 ± 25 199 ± 9 9 ± 0 0.231 ± 0.005 1.015 ± 0.004 1.580 ± 0.293
2.50 32532 ± 242 0.82 ± 0.02 135 ± 45 598 ± 21 18 ± 0 0.231 ± 0.004 0.998 ± 0.002 1.585 ± 0.531

Depleted Sample
1.55 32532 ± 242 0.82 ± 0.02 0 ± 11 69 ± 2 4 ± 0 0.022 ± 0.002 0.917 ± 0.039 −0.030 ± 1.264
1.59 32532 ± 242 0.82 ± 0.02 0 ± 14 82 ± 2 4 ± 0 0.023 ± 0.002 0.889 ± 0.036 −0.020 ± 1.492
1.67 32532 ± 242 0.82 ± 0.02 −3 ± 14 116 ± 3 4 ± 0 0.023 ± 0.002 0.930 ± 0.058 −0.303 ± 1.601
1.75 32532 ± 242 0.82 ± 0.02 −3 ± 17 161 ± 5 6 ± 0 0.022 ± 0.002 0.966 ± 0.031 −0.385 ± 2.055
1.83 32532 ± 242 0.82 ± 0.02 15 ± 22 257 ± 0 6 ± 0 0.022 ± 0.002 1.025 ± 0.028 1.885 ± 2.793
2.50 32532 ± 242 0.82 ± 0.02 17 ± 66 1494 ± 36 14 ± 0 0.023 ± 0.002 1.013 ± 0.008 2.104 ± 8.044
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Table 7.5: Summary of the fit parameters for data, on the neutral B (top) and charged B (bottom) samples.
mX cut Nmeas

sl εsl
l /εu

l Nu BGc
u BGoth

u εu f δΓ(c)
( GeV/c2) (∗103)

Neutral B Sample
1.55 11765 ± 155 0.82 ± 0.02 34 ± 8 7 ± 1 2 ± 0 0.177 ± 0.007 0.984 ± 0.014 1.416 ± 0.352
1.59 11765 ± 155 0.82 ± 0.02 35 ± 9 8 ± 1 3 ± 0 0.175 ± 0.007 1.002 ± 0.013 1.527 ± 0.377
1.67 11765 ± 155 0.82 ± 0.02 37 ± 9 13 ± 2 3 ± 0 0.174 ± 0.007 1.020 ± 0.010 1.649 ± 0.412
1.75 11765 ± 155 0.82 ± 0.02 43 ± 11 21 ± 3 3 ± 0 0.172 ± 0.007 1.006 ± 0.008 1.878 ± 0.472
1.83 11765 ± 155 0.82 ± 0.02 51 ± 13 31 ± 4 3 ± 0 0.175 ± 0.006 1.001 ± 0.006 2.174 ± 0.548
2.50 11765 ± 155 0.82 ± 0.02 38 ± 22 108 ± 10 5 ± 0 0.173 ± 0.006 1.004 ± 0.004 1.640 ± 0.962

Charged B Sample
1.55 20775 ± 186 0.82 ± 0.02 67 ± 13 41 ± 2 3 ± 0 0.277 ± 0.006 0.993 ± 0.009 1.027 ± 0.193
1.59 20775 ± 186 0.82 ± 0.02 67 ± 13 47 ± 2 3 ± 0 0.272 ± 0.006 0.990 ± 0.008 1.047 ± 0.205
1.67 20775 ± 186 0.82 ± 0.02 83 ± 15 61 ± 3 4 ± 0 0.273 ± 0.006 1.006 ± 0.006 1.310 ± 0.232
1.75 20775 ± 186 0.82 ± 0.02 80 ± 17 104 ± 6 4 ± 0 0.274 ± 0.006 1.004 ± 0.006 1.254 ± 0.270
1.83 20775 ± 186 0.82 ± 0.02 84 ± 21 166 ± 8 6 ± 0 0.272 ± 0.006 1.019 ± 0.006 1.347 ± 0.334
2.50 20775 ± 186 0.82 ± 0.02 100 ± 39 488 ± 19 12 ± 0 0.273 ± 0.006 0.994 ± 0.002 1.557 ± 0.613
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Table 7.6: Summary of the fit parameters for data, on the electron (top) and muon (bottom) samples.
mX cut Nmeas

sl εsl
l /εu

l Nu BGc
u BGoth

u εu f δΓ(c)
( GeV/c2) (∗103)

Electron Sample
1.55 18739 ± 182 0.86 ± 0.02 48 ± 12 35 ± 2 3 ± 0 0.218 ± 0.006 0.998 ± 0.010 1.094 ± 0.267
1.59 18739 ± 182 0.86 ± 0.02 54 ± 12 39 ± 2 3 ± 0 0.216 ± 0.006 0.994 ± 0.010 1.226 ± 0.276
1.67 18739 ± 182 0.86 ± 0.02 62 ± 14 48 ± 3 3 ± 0 0.215 ± 0.006 1.006 ± 0.009 1.435 ± 0.315
1.75 18739 ± 182 0.86 ± 0.02 60 ± 16 79 ± 5 4 ± 0 0.217 ± 0.006 1.001 ± 0.008 1.361 ± 0.360
1.83 18739 ± 182 0.86 ± 0.02 71 ± 18 116 ± 7 4 ± 0 0.217 ± 0.006 1.022 ± 0.007 1.646 ± 0.433
2.50 18739 ± 182 0.86 ± 0.02 84 ± 34 339 ± 16 7 ± 0 0.222 ± 0.006 0.997 ± 0.003 1.874 ± 0.760

Muon Sample
1.55 13737 ± 159 0.76 ± 0.02 50 ± 10 21 ± 1 6 ± 0 0.261 ± 0.008 0.982 ± 0.009 1.124 ± 0.236
1.59 13737 ± 159 0.76 ± 0.02 50 ± 11 24 ± 1 6 ± 0 0.256 ± 0.007 0.993 ± 0.008 1.170 ± 0.253
1.67 13737 ± 159 0.76 ± 0.02 56 ± 12 36 ± 2 7 ± 0 0.256 ± 0.007 1.012 ± 0.006 1.320 ± 0.285
1.75 13737 ± 159 0.76 ± 0.02 62 ± 14 59 ± 4 7 ± 0 0.254 ± 0.007 1.011 ± 0.006 1.471 ± 0.340
1.83 13737 ± 159 0.76 ± 0.02 59 ± 17 101 ± 7 8 ± 0 0.255 ± 0.007 1.016 ± 0.006 1.406 ± 0.411
2.50 13737 ± 159 0.76 ± 0.02 57 ± 32 290 ± 15 16 ± 1 0.252 ± 0.007 0.996 ± 0.002 1.348 ± 0.752
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Table 7.7: Differential b → sγ branching fraction in bins of photon energy Eγ . Note that these
numbers are normalized to the bin width and not to 100MeV as in Fig. 7.8. The systematic error
has been symmetrized.

Bin Emin
γ [ GeV] Emax

γ [ GeV] ∆Eγ [ GeV] ∆B
∆Eγ

[ GeV−1] σstat σsyst

1 1.897 2.000 0.103 -0.000072 0.000366 0.000092
2 2.000 2.094 0.094 +0.000590 0.000339 0.000273
3 2.094 2.181 0.087 +0.000600 0.000278 0.000195
4 2.181 2.261 0.080 +0.000528 0.000243 0.000122
5 2.261 2.298 0.037 +0.000218 0.000316 0.000077
6 2.298 2.333 0.035 +0.001160 0.000281 0.000156
7 2.333 2.366 0.033 +0.000812 0.000249 0.000096
8 2.366 2.397 0.031 +0.000895 0.000233 0.000103
9 2.397 2.427 0.030 +0.001020 0.000208 0.000103

10 2.427 2.454 0.027 +0.000824 0.000184 0.000090
11 2.454 2.480 0.026 +0.001080 0.000184 0.000107
12 2.480 2.503 0.023 +0.000763 0.000147 0.000080
13 2.503 2.525 0.022 +0.000286 0.000112 0.000041
14 2.525 2.545 0.020 +0.000168 0.000062 0.000031
15 2.545 2.563 0.018 +0.001090 0.000077 0.000070
16 2.563 2.579 0.016 +0.001290 0.000073 0.000085
17 2.579 2.593 0.014 +0.000019 0.000049 0.000007
18 2.593 2.606 0.013 +0.000033 0.000040 0.000008
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Table 7.8: The results for the determination of |Vub| and summary of the relative uncertainties. The
first part of the table shows the results obtained in the framework of Leibovich, Low, and Rothstein
and the right-most column provides the results based on the full rate.

mX Cut ( GeV/c2) Units 1.55 1.59 1.67 1.75 1.83 2.50 2.50
|Vub| [×10−3] 4.31 4.26 4.43 4.29 4.32 3.68 3.84
σ(stat) % 7.9 8.1 7.7 8.9 9.9 18.2 18.2
σ(det.) % 2.7 2.9 3.4 3.4 3.7 3.8 3.8
σ(bg model) % 1.0 1.0 1.0 1.3 1.1 3.8 3.8
σ(signal model) % 3.7 3.7 3.9 3.9 4.6 5.4 5.6
σstat (b → sγ) % 3.4 3.4 3.5 3.4 3.8 6.2 n/a
σsyst (b → sγ) % 2.3 2.3 2.3 2.3 2.4 3.1 n/a
σexp(|Vcb|) % 1.0 1.0 1.0 1.0 1.0 1.0 n/a
σ(α) % 1.0 1.0 1.0 1.0 1.0 1.0 n/a
σ(pert.) % 3.0 3.0 2.9 2.9 3.0 2.9 2.8
σ(nonpert.) % 6.3 6.0 5.4 5.0 4.5 2.4 3.9
σtheo(|Vcb|) % 1.7 1.7 1.7 1.7 1.7 1.7 n/a



Chapter 8

Systematic Uncertainties

This chapter discusses at length the systematic uncertainties associated with the extraction of
|Vub|. The first section describes the systematic uncertainties on the extraction of the partial rate
δΓ(c). The second section describes the errors from the b → sγ photon energy spectrum and their
propagation to |Vub|. The final section discusses the theoretical errors.

8.1 δΓ(c) Systematics

Table 8.6 summarizes the systematic uncertainties on the measurement of δΓ(c) discussed in
this section, for various mX cut-offs. Because |Vub| ∝

√

δΓ(c), the errors on |Vub| (see Table 7.8)
are smaller by a factor of two.

8.1.1 Breco Reconstruction

The semi-exclusive reconstruction is a possible source of uncertainty in the measurement of
δΓ(c). One possible source is a mismatch of data and MC in the composition of the Breco sample.
This effect can have an impact on the analysis in several ways. First of all, the individual decay
modes, depending on the multiplicity, may have different resolution in the kinematic quantities so
that a difference in the Breco composition might also result in a different resolution. Similarly, the
ratio of efficiencies εsl

t /εu
t could be mode dependent and a data/MC composition mismatch could

give a different ratio. Finally the cross-feed among the reconstructed modes and between B 0 and
B+ could be different in data and in Monte Carlo samples.

In order to minimize the impact of this effect the generic MC was used to model the data since

138



139

the cocktail MC reproduces only a few very clean modes, as previously described. The measured
quantities have been compared for full generic and cocktail MC simulation and the observed differ-
ences have been found to be negligible.

Figure 8.1 shows the difference between data and generic MC for the integrated purity variable.
The analysis was also repeated with a re-weighting that enforced an identical distribution of purity
for the modes. The change in the result is less than 1%.
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Figure 8.1: Integrated purity for cocktail MC (left), generic MC (middle) and data (right), as an
indicator of the sample composition.

Another effect could be introduced by B0-B+ cross-feed. In Fig. 8.2 the fitted mX shapes for
the cross-feed events is shown. The fractions of these events corresponds to 3.0 ± 0.6% for B+s
and 1.8 ± 0.5% for B0’s. In order to determine the impact of this effect, the data events were fitted
using a Monte Carlo model with and without cross-feed. The results are consistent.

Since all the effects are negligible, as expected, no systematic uncertainty is assigned to the
Breco composition.

8.1.2 Fit to the mES Distributions

The signal extraction uses a Crystal Ball function to model the signal shape. Alternatively, a
Gaussian model was also used and the difference between the results is taken as a systematic error.
Also, in the signal extraction, the mES fits are unbinned. Binning the fits was also explored and the
difference in results is taken as a systematic error. Finally, the parameters that enter the mES fits
were varied within their errors to measure the systematic uncertainty.
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Figure 8.2: The b → c`ν̄ mX distribution (all cuts applied) for cross-feed events compared with the
total sample. Left plot corresponds to B0s, right to B+ s.

8.1.3 Floating the Other Component

The signal extraction fixes the relative contribution of the other background distribution to that
of the charm background. These are the factors Cc,o in Eq. 7.3. The alternative method of letting
this contribution float in the fit was explored and the difference in results taken as a systematic
uncertainty.

8.1.4 Breco Tagging Efficiency (εsl
t /εu

t )

The uncertainty on the ratio of Breco tagging efficiencies εsl
t /εu

t is estimated to be 3.0% (see
section 7.1.4).

8.1.5 Binning of the mX Distribution

The hadronic mass spectrum is binned in 300MeV/c2 bins, approximately equivalent to the mX

resolution. The fit result varies based on choice of binning, so the binning was varied at 100MeV/c2

intervals from 200MeV/c2 to 600MeV/c2 and the difference the extracted value of δΓ(c) is taken
as a systematic uncertainty.
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8.1.6 Tracking

Differences in the tracking efficiency and track resolution can impact the mX , m2
miss and Qtot

distributions. In addition, there is a small fraction of tracks that are duplicated such that a single par-
ticle results in two measured tracks, and any differences between data and Monte Carlo simulation
may lead to a distortion of the mX distribution.

To study tracking efficiencies, control samples are used. For high momentum tracks, a control
sample of high momentum tracks from e+e− → τ+τ− decays are used because of the high cross-
section. The efficiencies from data and MC are found to be in good agreement. The difference
is estimated at 1.3% per track. For low momentum tracks D∗+ → D0π+, D0 → K−π+ events
are selected as a control sample. The pion in these decays are low momentum particles and are
consequently used for the low momentum efficiency. The agreement of data/MC is good and a
difference in efficiency of 0.9% per track is observed (see Fig. 8.3).

fit eff vs P* slow pi
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0.2
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0.6

0.8

1

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Figure 8.3: Relative efficiency for Monte Carlo (histogram) and for data (dots) for the soft pions
from D∗+ → D0π+, D0 → K−π+ decays, as a function of the momentum.

In general, the tracking efficiencies are modeled well in the MC and found to be in good agree-
ment with data, as shown in our data/MC comparison from Fig. 6.25, and no efficiency corrections
need to be applied.

To estimate the systematic error from the tracking, tracks are randomly removed from the recoil
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B meson with a probability of 1.3% for p⊥ > 200MeV/c and a probability of 2.5% if p⊥ <

200MeV/c. The resulting shift in the value of δΓ(c) is taken as a systematic error.

8.1.7 Lepton Identification

As described in section 4.2, lepton identification efficiencies and misidentification probabilities
are derived from control samples. For electron efficiency, radiative Bhabha events are used. For
pions, the decay products of K0

S → π+π− are used. Muons with a momentum spectrum covering
the range of interest are extracted from the e+e− → µ+µ−γ channel and e+e− → e+e−µ+µ−

channel.
The results from data are shown in Fig. 4.3 (electrons) and 4.4 (muons). The statistical and

systematic errors from the data/MC comparison are used to compute the systematic uncertainties.
For the efficiency, each bin in momentum and polar angle is shifted by ±2% for electrons and ±3%

for muons. For the misidentification probability, each bin in momentum and polar angle is shifted
by ±15%. The difference in the fitted δΓ(c) is taken as a systematic uncertainty.

8.1.8 Charged Kaon Identification

The systematics uncertainties from kaon identification efficiency and misidentification proba-
bilities are obtained with the same technique used for lepton identification. A control sample of
kaons and pions is obtained taking kaons from the process D∗ → D0π, D0 → Kπ. The results for
the efficiency and misidentification probabilities are shown in Fig. 4.5.

For the efficiency, each bin in momentum and polar angle is shifted by ±2%. For the misiden-
tification probability, each bin in momentum and polar angle is shifted by ±15%. The difference in
the fitted δΓ(c) is taken as a systematic uncertainty.

8.1.9 Neutral Reconstruction

Differences between data and MC simulation in the photon detection efficiency and resolution,
as well as additional energy depositions in the EMC, can impact the mX and m2

miss distributions.
Control samples are used to study the efficiency and resolution. The efficiency study is per-

formed with hadronic τ decays that represent an abundant source of π0s. e+e− → τ+τ− events
are selected by identifying the decay τ → eνν̄. The recoiling τ is then studied. The ratio
R = N(τ → h±π0)/N(τ → h±π0π0) is computed both for data and MC as a function of the
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π0 energy in order to evaluate possible differences in efficiency. The agreement has been found to
be good and the ratio is compatible with the unity over the full range. This is reflected in the good
data/MC agreement seen in Fig. 6.25.

The resolution has been studied by examining π0s from both τ → h±π0 and τ → h±π0π0

decays. The π0 mass is fitted in energy bins and the resolution (σ using a Gaussian fit) is then
compared for data and MC. The MC resolution is found to have some modest disagreement with
data, and a smearing factor is applied to improve the level of agreement between data and MC. The
resulting smearing factors are shown in Table 8.1.

Table 8.1: Smearing factor in different neutral energy bins.
Energy range Smearing factor
30–100 MeV 3%
100–300 MeV 2.6%
300–600 MeV 1.6%
>600 MeV 0%

To estimate the systematic uncertainty for the neutral resolution, the smearing is turned off and
the resulting shift in δΓ(c) is taken as a systematic uncertainty. The systematic uncertainty for the
neutral efficiency is estimated by randomly removing 2.5% of neutrals from the recoil calculation
and the resulting shift in δΓ(c) is also taken as a systematic error.

8.1.10 K0
L Reconstruction

Although we do not perform K0
L identification since the calorimeter and IFR information do not

allow for it with a sufficient purity, a possible systematic effect exists from the proper detection of
the neutral energy deposited in the EMC. For the most part, the neutral selection eliminates neutral
clusters from K0

L interactions. To assess the systematic error, all neutrals resulting from a K 0
L

are removed from the reconstruction of the hadronic X system and the resulting difference in the
extracted result is taken as the uncertainty.

8.1.11 Semileptonic B Branching Fractions

The exclusive semileptonic branching fractions for B → Xc`ν decays and the corresponding
hadronic mass spectrum is crucial for the determination of the b → c background. Two systematic
effects are considered:
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• The individual branching fractions in the Monte Carlo simulations are known to differ from
the current world averages [6]. This difference is corrected by re-weighting all events to
match the world averages (see Table 8.2). Here D∗∗ refers to either non-resonant or broad
D∗∗ states and the corresponding branching fraction is taken as the difference between the
total semileptonic rate and the other measured branching fractions.

• The uncertainties in the measured branching fractions and the decay model introduce system-
atic errors. This effect has been estimated by determining δΓ(c) for branching fractions that
are varied within one standard deviation around the current measured value. The spread in
the δΓ(c) results from the full fit based on the variation of these branching fractions is taken
as the systematic error.

Table 8.2: The current best measurements for the branching fractions for B → Xc`ν decays and
values used in MC simulation. The non resonant B → DlνX is obtained by difference of the
inclusive rate and the other 4 components.

B Decay mode best measurement (%) MC (%)
B0 → D−lν 2.07 ±0.15[6] 2.10
B0 → D∗−lν 5.70+0.53−1.02 [6] 5.6
B0 → D−

1 lν 0.52±0.15[75] 0.56
B0 → D∗−

2 lν 0.23±0.23 [75] 0.37
B0 → Xclν 10.21±0.17 [6] 10.4
B+ → D0lν 2.24±0.16[6] 2.10
B+ → D∗0lν 6.17 + 0.83 − 1.13 [6] 5.60
B+ → D0

1lν 0.56±0.16[75] 0.56
B+ → D∗0

2 lν 0.30± 0.30 [75] 0.37
B+ → Xclν 11.04±0.18 [6] 10.4

8.1.12 B → D∗lν Form Factors

Another source of uncertainty in our modeling of the charm background is the uncertainty in
the knowledge of the form factors that describe the B → D∗lν decays. As previously mentioned
in section 6.2.2, the generic MC is reweighted to use the BABAR measured form factors [72]. To
study the uncertainty, the three form factors, R1, R2 and ρ2, are each varied ±1σ. We observe
a small difference in our result based on the form factor parameters and take this as a systematic
uncertainty.
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8.1.13 Charm Decay Branching Fractions

Analogous to the semileptonic B branching fractions, the branching fractions and decay models
for hadronic and semileptonic charm decays will affect the measurement. This effect will be differ-
ent for neutral and charged Bs since B0 decay mostly into charged Ds while B± decay mostly into
D0.

Tables 8.3 and 8.4 list the D± and D0 (respectively) current average measurements for the
exclusive and inclusive branching fractions and the values used in the MC simulation. The most
important decay modes are the ones involving neutral and charged kaons. Charm baryon and Ds

decay modes are not included. The same reweighting procedure as for semileptonic B decays in
section 8.1.11 has been followed to adjust the charm branching fractions used in the MC simulation
to the current best measurements.

The uncertainty in the inclusive D branching fractions is considered separately. They are par-
ticularly relevant because they affect the amount of KL and K+ in the sample. Similar to the
semileptonic B branching fractions, the values of the branching fractions are varied within their
errors and the spread in the fit results for δΓ(c) is taken as a systematic uncertainty.

8.1.14 Signal Model and Parameterization

The extraction of δΓ(c) is dependent on the underlying model used for the signal MC. The
default choice, as previously mentioned in section 6.2.2, is the exponential model of de Fazio and
Neubert [67] (see Eq. 6.2). Also explored is a Gaussian [76] model whose form is

F (k+) = N(1 − x)ae−b2(1+x)2 ; b = Γ(
a + 2

2
)/Γ(

a + 1

2
), (8.1)

and the Roman model [36] whose form is

F (k+) = N
κ

π
e
− 1

4
( a

κ(1−x)
−κ(1−x))2

; κ =
a

π
e

a
2 K1(a/2) (8.2)

where K1 is a modified Bessel function of the first kind. The differences between the models is
taken as a systematic uncertainty. Table 8.5 contains results for the extracted value of δΓ(c) using
these alternate models for the same nominal central value of the shape function parameters as is
used in the exponential model described in 6.2.2.
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Table 8.3: D+ branching fractions, current best measurements and values used in the MC.

BR
D+ Decay mode PDG MC
D+ → K+X 0.275 ± 0.024 0.34
D+ → K0X 0.61 ± 0.08 0.62
D+ → K0π 0.0271±0.0020 0.0294
D+ → Kππ 0.088 ±0.006 0.0896
D+ → K0ππ0 0.098 ±0.030 0.107
D+ → Kπππ0 0.063 ±0.010 0.0658
D+ → K0πππ 0.069 ±0.009 0.0784
D+ → Kππππ 0.0071±0.0010 0.0127
D+ → Kπππ0π0 0.020 ±0.007 0.0053
D+ → K0ππππ0 0.054 ±0.030 0.0551
D+ → K0πππππ 0.0008±0.0007 0.0008
D+ → Kπππππ0 0.0020±0.0018 0.0043
D+ → K0K0K 0.018 ±0.008 0.0187
D+ → ππ0 0.0025±0.0007 0.0024
D+ → πππ 0.0030±0.00045 0.0048
D+ → ππππ0 0.019 ±0.015 0.0227
D+ → πππππ 0.002±0.0004 0.0006
D+ → ππππππ0 0.0029±0.0029 0.0009
D+ → µν 0.0008±0.0017 0.0038
D+ → K0lν 0.068 ±0.008 0.1334
D+ → Kπlν 0.085±0.0096 0.0644
D+ → K0ππlν <0.009 0.0003
D+ → Kππ0lν <0.0017 0.0054
D+ → π0lν 0.0031±0.0015 0.0099

8.1.15 Fermi Motion

Along with being dependent on the model, the extraction of δΓ(c) is dependent on the choices
for the model parameters used in the signal MC. To estimate this uncertainty, the parameters of the
Fermi motion model, mb and a, are varied within the ∆χ2 = 1 error ellipse [69] in our signal model.
Table 8.5 displays the results for this study. The systematic error is conservatively determined as
half of the full difference between the largest and smallest deviation with respect to the nominal
value.
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Table 8.4: D0 branching fractions, current best measurements and values used in the MC.

BR
D0 Decay mode PDG MC
D0 → K+X 0.53 ± 0.04 0.54
D0 → K0X 0.42 ± 0.05 0.39
D0 → Kπ 0.0380±0.0009 0.0387
D0 → K0π0 0.0230±0.0022 0.0210
D0 → K0ππ 0.0597±0.0035 0.0552
D0 → Kππ0 0.130 ±0.008 0.1380
D0 → K0π0π0 0.0178±0.0026 0.0164
D0 → Kπππ 0.0746±0.0031 0.0897
D0 → K0πππ0 0.109 ±0.013 0.0976
D0 → Kππ0π0 0.15 ±0.05 0.0844
D0 → Kππππ0 0.040 ±0.004 0.0435
D0 → ππ 0.00143±0.00007 0.0015
D0 → π0π0 0.00084±0.00022 0.00083
D0 → πππ0 0.011 ±0.004 0.0257
D0 → ππππ 0.0073±0.0005 0.00725
D0 → πππππ0 0.019 ±0.004 0.0177
D0 → ππππππ 0.0004±0.0003 0.0004
D0 → Klν 0.0343±0.0014 0.0670
D0 → Kπ0lν 0.011 ±0.007 0.0133
D0 → K0πlν 0.018 ±0.008 0.0260
D0 → Kππlν <0.0012 0.0015
D0 → πlν 0.0036±0.0006 0.0000

8.1.16 Modeling of B → Xu`ν̄ Decays

As previously stated, the efficiencies are obtained from our signal MC sample. The contribu-
tions to the exclusive modes that make up our hybrid signal MC are varied conservatively within
known errors and the differences in δΓ(c) are taken as systematic uncertainties. Also, the inclu-
sive B → Xu`ν̄ branching fraction assumed in the hybrid signal MC is varied and the difference
is also taken as a systematic uncertainty. Table 8.5 summarizes the results of the study on the ex-
clusive modes. The systematic error is determined by adding the error from each of the individual
modes in quadrature. The error on an individual mode is obtained by averaging the magnitude of
the difference of each the positive and negative variation from the default value of δΓ(c).
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8.1.17 Hadronization Uncertainties

The fragmentation of light quarks in the non-resonant MC generator is handled by Jetset 7.4 ,
whereas the resonant MC is implemented in terms of ISGW2. To estimate the systematic uncer-
tainty, the fits to extract δΓ(c) are performed with the pure-nonresonant MC for the signal MC. The
full difference of this result with respect to the default result with the hybrid signal MC is taken as
the systematic error for the uncertainties in the hadronization model. See Table 8.5 for the results.

Table 8.5: δΓ(c) × 103 results and errors for various mX cuts for the signal modeling studies in
sections 8.1.14–8.1.17. The error is determined from the largest deviations to the nominal value.

mX cut-off ( GeV/c2) : 1.55 1.59 1.67 1.75 1.83 2.50
δΓ(c) × 103

Nominal, (mb, a) = (4.79, 1.96) 1.154 1.199 1.426 1.442 1.580 1.585

Roman SF 1.160 1.211 1.439 1.456 1.586 1.601
Gaussian SF 1.168 1.219 1.449 1.468 1.599 1.622
(mb, a) = (4.69649, 1.43862) 1.239 1.288 1.543 1.564 1.743 1.780
(mb, a) = (4.85544, 2.49430) 1.096 1.138 1.344 1.359 1.474 1.449
(mb, a) = (4.80151, 1.65665) 1.142 1.186 1.408 1.424 1.560 1.558
(mb, a) = (4.78365, 2.25499) 1.163 1.211 1.441 1.458 1.598 1.611
(mb, a) = (4.76026, 1.45243) 1.178 1.224 1.458 1.475 1.627 1.640
(mb, a) = (4.74458, 1.90944) 1.200 1.248 1.490 1.509 1.666 1.694
(mb, a) = (4.82514, 1.80233) 1.122 1.165 1.380 1.395 1.522 1.510
(mb, a) = (4.81757, 2.47456) 1.132 1.178 1.396 1.411 1.539 1.533
Error [%] 6.2 6.3 7.0 7.1 8.5 10.4
π(−30%) 1.167 1.213 1.442 1.457 1.596 1.593
π(+30%) 1.141 1.186 1.410 1.428 1.566 1.576
ρ(−30%) 1.167 1.213 1.441 1.459 1.598 1.605
ρ(+30%) 1.141 1.186 1.411 1.426 1.563 1.565
ω(−40%) 1.149 1.194 1.418 1.435 1.572 1.576
ω(+40%) 1.166 1.213 1.441 1.457 1.597 1.600
η, η′(−100%) 1.142 1.187 1.411 1.430 1.566 1.582
η, η′(+100%) 1.161 1.206 1.434 1.447 1.585 1.574
Error [%] 1.9 1.9 1.9 1.8 1.7 1.5
Non-Resonant 1.181 1.223 1.446 1.459 1.593 1.570
Error [%] 2.3 2.0 1.4 1.2 0.8 0.9
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8.1.18 ss Popping

Our signal MC contains ss popping events (i.e. decays of the heavy Xu states into KK pairs)
both in the resonant and the non-resonant contributions. In the hybrid model the fractions of ss

popping events for B+ (B0) are 10.7% (0.1%) for the resonant component and 12.0% (11.3%) for
the non-resonant one. The resonant contribution is almost entirely due to the f

′
1 and h

′
1 decays

that produce only KK pairs. The non-resonant contribution is modeled using Jetset 7.4 . The
ss popping parameter in jetset74 is also known as γs and it is set to γs = 0.30 in our MC. This
parameter has been measured by two experiments at center of mass energies between 12 and 36GeV

as γs = 0.35 ± 0.05[77], γs = 0.27 ± 0.06[78]. Reference [78] shows how the scaling to lower
energies (to 3GeV, equivalent to the energies involved in the Xu decays for mX < mD) works fine
compared to reference [79].

In order to calculate the systematic uncertainty we varied the fraction of ss popping events by
±100% for the resonant contribution and by ±30% for the non-resonant one (taking as 1 σ interval
the sum of the intervals from the two experiment).

8.1.19 Monte Carlo Statistics

The finite available MC statistics affects the measurement in that it introduces an uncertainty in
the shape of the background model. In order to separate this uncertainty from the purely statistical
one, the measurement is repeated setting this term to zero. The statistical error obtained in this
way is considered as statistical error (although the quoted central value is the one obtained with the
default fit) and the difference in quadrature between the errors obtained with this fit and the default
one is assigned to the systematic error as “MC statistics”.

8.1.20 Stability Checks

The stability of the extracted partial hadronic B → Xu`ν̄ rate, δΓ(c), has been tested by varying
various event selection criteria. Clearly, one cannot expect the partial rate to stay stable as the
hadronic mass cut is varied because more of the total rate will be captured. Thus, to examine
the stability, we observe the total ratio of branching fractions, Ru, instead of the partial rate. The
following selection criteria are examined:

• mX cut: The B0 scan shows a slope as a function of the mX cut as seen in Fig. 8.4. The
B+ scan is very stable which is also seen in Fig. 8.4.



150

• m2
miss cut: the results are stable, as seen in Fig. 8.5, over a large range in the cut (0.9 >

m2
miss > 0.1 (GeV/c2)2). This implies that the background shape is well estimated in this

interval since the signal over background ratio varies widely. Plots show some disagreement
when the cut becomes very tight (m2

miss < 0.1 (GeV/c2)2). In this region the result is dom-
inated by the uncertainties in the m2

miss resolution and the systematic effects are very large.
Also, there is some disagreement when the cut becomes large. In this region, there is an
overwhelming amount of background because m2

miss is a very powerful one for discrimi-
nating signal and background. Hence, the fit result has very large systematic uncertainties
associated.

• lepton momentum cut: the result is very stable below 1.5GeV/c. For p∗ > 1.5GeV/c

the result tends to shift to small values (Fig. 8.6). This effect is due to a lower fraction of
signal events close to the b → c`ν̄ endpoint. It cannot be explained as an underestimation
of the background contribution, since the subtracted shape does not match the background
one. Since the cut on p∗ is quite loose for this analysis, the result is not affected by this
discrepancy (the dependency is quite flat around the cut region).
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Figure 8.4: Measurement of Ru/sl as a function of the mX cut applied. The left column displays the
results with correlated errors. The right column shows the difference to the default analysis working
point with uncorrelated errors shown. The errors are statistical only.
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Figure 8.5: Measurement of Ru/sl as a function of the m2
miss cut applied. The left column displays

the results with correlated errors. The right column shows the difference to the default analysis
working point with uncorrelated errors shown. The errors are statistical only.
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Figure 8.6: Measurement of Ru/sl as a function the cut on the lepton momentum applied. The left
column displays the results with correlated errors. The right column shows the difference to the
default analysis working point with uncorrelated errors shown. The errors are statistical only.
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Table 8.6: Summary of errors on the partial b → u`ν̄ rate δΓ(c). The errors are listed in units of % of δΓ(c).
Source 1.55 GeV/c2 1.59 GeV/c2 1.67 GeV/c2 1.75 GeV/c2 1.83 GeV/c2 2.50 GeV/c2

Data Statistics 15.1 15.4 14.6 16.7 18.5 33.5
MC Statistics 4.5 5.2 5.2 6.2 7.2 14.2

Total Statistics 15.8 16.2 15.5 17.8 19.9 36.4
Electron ID 1.0 1.0 1.0 1.0 1.0 1.0
Muon ID 1.0 1.0 1.0 1.0 1.0 1.0
K± ID 1.5 1.5 1.5 1.5 1.5 1.5
Tracking Efficiency 1.1 1.1 1.4 1.5 3.7 1.0
Neutral Efficiency 1.1 1.1 1.1 1.1 2.1 3.1
Neutral Resolution 1.1 1.1 1.1 1.1 1.1 2.1
KL interactions 1.0 1.5 1.8 2.1 1.9 0.8
mES fits 2.5 2.5 4.4 3.8 4.1 4.7
Other Bkgd Component 2.0 2.7 1.6 1.5 0.8 0.7
mX binning 1.0 1.0 1.4 2.6 1.0 2.4
εsl

t /εu
t 3.0 3.0 3.0 3.0 3.0 3.0

Total Experimental 5.4 5.8 6.7 6.8 7.4 7.6

B → D(∗,∗∗)lν̄X branching fractions 0.9 0.9 1.4 2.4 2.1 7.5
B → D∗lν̄ form factors 0.4 0.5 0.6 0.7 0.8 0.6
D branching fractions 0.4 0.4 0.4 0.5 0.6 0.6

Total background modeling 1.0 1.0 1.5 2.5 2.2 7.5

Excl. b → u`ν̄ branching fractions 1.9 1.9 1.9 1.8 1.7 1.5
Incl. b → u`ν̄ branching fraction 1.0 1.0 1.0 1.0 1.0 1.0
Hadronization error 2.3 2.0 1.4 1.2 0.8 0.9
ss popping 2.6 2.6 2.6 2.5 2.5 2.5
Fermi motion 6.2 6.3 7.0 7.1 8.5 10.4
Total signal modeling 7.4 7.4 7.9 7.9 9.1 10.9
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8.2 Statistical and Systematic Uncertainties from the b →
sγ Photon Energy Spectrum

We consider three different uncertainties from the b → sγ spectrum affecting the determination
of |Vub|: (1) statistical errors not correlated among different Eγ bins, (2) systematic errors not
correlated among different Eγ bins, and (3) correlated systematic errors. The uncorrelated errors
are dominated by statistical uncertainties and the estimation of the missing fraction. In the region
of interest, i.e., for c < 0.21 the photon spectrum is restricted to Eγ > 2.2GeV, the statistical error
is (substantially) larger than the systematic error. The correlated errors arise from (for example)
uncertainties in B counting, etc.

We determine the uncorrelated error on |Vub| from the b → sγ spectrum by generating 100
toy spectra, where the central value in each bin has been varied according to a Gaussian distribution
with a width given by the statistical and systematic error, respectively, of the bin (see Table 7.7). The
results are illustrated in Fig. 8.7 and amount to an error of ∆(|Vub|)/|Vub| = 4.1% for the analysis
with mX < 1.67GeV. This error depends on c, the upper cut on the mX spectrum: The higher the
mX cut, the lower the photon energy spectrum is sampled, where its statistical error is huge. This
is the reason why this error component increases with increasing mX -cut (see Table 7.8).

The effect of the correlated systematic error of 3.1%, arising from B counting and the initial
photon selection [69], correlated among all bins of the b → sγ photon spectrum results in a total
error of ∆(|Vub|)/|Vub| = 1.6%.

8.3 Theoretical Uncertainties on the Extraction of |Vub|
We consider as theoretical uncertainties the scale uncertainty of α, higher-order terms of the

perturbative expansion, and non-perturbative effects (e.g. from power corrections). The estimation
of the non-perturbative error is based on the prescription by Leibovich, Low, and Rothstein in refer-
ence [39]. We study the uncertainties of neglecting higher-order terms by varying the relevant scales
within reasonable and common ranges. For this study, we use an equation obtained from Leibovich
and Rothstein [80] that explicitly spells out the different scales and allows the proper variation, in
particular of the renormalization scale µ:
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Figure 8.7: Relative error estimation for |Vub| due to the combined statistical and systematic error
in the b → sγ photon energy spectrum.

|Vub|
|Vts|

=

{

6α(µQED) × [1 + Hγ
mix(µb)] × [C7(µb)

2 − f(µ,mb, C
0
i (mW ))] δΓ(c)

π[I0(c, αS(µ)) + I+(c, αS(µ))]

}
1
2

,(8.3)

f(µ,mb, C
0
i (mW )) = αS(µb)β0 log

( µ

mb

)

[

8

23π
C0

7(mW ) − 8

69π
C0

8(mW ) + 0.053C0
2 (mW )

]

.(8.4)

8.3.1 Scale Uncertainty of α

In the calculation of the Wilson coefficients, entering in the calculation of H γ
mix and C7(mb)

2,
QED corrections have not been included. It is therefore not clear whether the electromagnetic
coupling constant α should be renormalized at µ ∼ mb or at µ ∼ mW . We follow the prescription
in reference [47]. We allow α to vary between α(mb) and α(mW ) , i.e. α−1 = 130.3 ± 2.3. The
resulting uncertainty on |Vub| is small (< 1%) and independent of the cut c.
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8.3.2 Perturbative Error

The calculation of Leibovich, Low, and Rothstein is at order αS and does not include higher
order terms (BLM terms, as an estimate of α2

S corrections, are also not included). The dominant
perturbative error therefore comes from neglecting terms of order α2

S . An estimate of the size of the
subleading corrections is obtained by varying the renormalization scale µ from µ = mb/2 to µ =

2mb. In the master formula the default is at µ = mb. The choice to vary the renormalization scale
in this range is conventional, but a conservative approach. Equation 8.3 explicitly spells out which
scale is relevant in the computation of the Wilson coefficients and the strong coupling constant
αS = αS(µ). It is via the strong coupling constant that the weighted integrals are subject to the
variation. The asymmetric variation of the renormalization scale leads to an asymmetric error, which
we quote in a symmetrized (linearly) form in Table 7.8.

8.3.3 Non-perturbative Error

The non-perturbative error covers (the absence of) higher-order terms in the 1/mB expansion,
power corrections (or their absence), etc. We estimate this uncertainty with the formula

∆(|Vub|2)/|Vub|2 ∼ Λ2/cm2
b , (8.5)

where Λ ∼ 500MeV, as provided in reference [39]. The resulting error on |Vub| is half of this
uncertainty and given in Table 7.8. There is a strong dependence on the cut c, the prime reason why
the mX spectrum has to be measured to higher values in this analysis than before [81].

The error due to the uncertainty of the b quark mass mb = 4.79 ± 0.2GeV is found to be
negligible.



Chapter 9

Conclusions

Two new methods to determine |Vub| are presented in this dissertation with substantially smaller
theoretical errors than previously achieved. The results are summarized in Table 7.8. In the first
method, based on the calculations of Leibovich, Low, and Rothstein, the cut-integrated hadronic
mass spectrum (partial rate) and the weighted photon energy spectrum from b → sγ decays are
used to avoid any explicit dependence on structure functions. At the default working point, |Vub|
is determined from the cut-integrated hadronic mass spectrum for mX < 1.67GeV/c2. This point
was chosen to optimize the total error on |Vub|. The result is

|Vub| = (4.43 ± 0.34stat
δΓ(c) ± 0.15syst

δΓ(c) ± 0.04b2c ± 0.17b2u

±0.16stat
bsg ± 0.10syst

bsg ± 0.04exp
|Vcb |

± 0.29theo) × 10−3 (9.1)

= (4.43 ± 0.38stat ± 0.25syst ± 0.29theo) × 10−3 (9.2)

where the first line of 9.1 are the errors associated with the measurement of the cut-integrated rate
δΓ(c) from the hadronic mass spectrum and the second line are the errors from the b → sγ photon
energy spectrum, the experimental errors from |Vcb|, and the theoretical errors. The theoretical error
is the sum in quadrature of the theoretical errors from the LLR determination and the theoretical er-
ror from |Vcb|, as shown in the bottom portion of Table 7.8. The subscript “b2u” indicates systematic
error from the modeling of b → u`ν̄ decays and Fermi motion, while the subscript “b2c” indicates
systematic error associated with the modeling of b → c`ν̄ background as taken from Table 8.6 and
summarized further in Table 7.8.

The statistical error in 9.2 is taken as the sum in quadrature of the b → u`ν̄, b → sγ, and |Vcb|
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statistical errors. The theoretical error remains unchanged, and the systematic uncertainty in 9.2
is comprised of the remaining errors added in quadrature (δΓ(c) systematic, b → sγ systematic,
background modeling, signal modeling, |Vcb| systematic).

In the second method it is demonstrated that, contrary to previous experience, it is possible
to measure more than 95% of the full b → u`ν̄ rate by extending the signal range up to mX <

2.50GeV/c2. In this approach the standard OPE formula to translate the branching fraction to |Vub|
is used, which was described in section 7.3. The result is:

|Vub| = (3.84 ± 0.70stat ± 0.15syst ± 0.14b2c ± 0.22b2u ± 0.19theo) × 10−3 (9.3)

= (3.84 ± 0.70stat ± 0.30syst ± 0.19theo) × 10−3 (9.4)

Good agreement is observed between the two methods, which is illustrated in Fig. 7.10. Also,
these extracted values are consistent with other determinations of |Vub| and current world averages,
as shown in Fig. 9.1. The inclusive |Vub| determinations in Fig. 9.1 are based on shape function
parameters taken from a fit to the Belle b → sγ photon spectrum [82] and are sensitive to the values
of these parameters. As mentioned in 6.2.2, the measurements presented in this dissertation, while
not as sensitive to these parameters, are based on shape function parameters obtained from a fit to
the BABAR photon spectrum [69], so a rigorous comparison is not able to be made.

The results from the method of Leibovich, Low, and Rothstein are stable for mX cutoffs above
∼ 1.4GeV/c2 and below ∼ 2.0GeV/c2. The LLR results are also consistent with the result based on
the full rate. At low mX cutoffs, the breakdown of the OPE calculation can be observed, consistent
with the very large increase of the non-perturbative error in this regime. At high mX cutoffs in the
LLR method, the weighted integral starts lower in the measured photon energy spectrum, which is
the experimentally challenging region of the photon spectrum to measure. As a result, the errors
from the photon spectrum are large at high mX cutoffs.

It is important to emphasize that the calculations used in the analyses in this dissertation (both
LLR and the connection between the full rate and |Vub|) are independent of the other calculations
normally employed in the context of |Vub| determinations and therefore provide an essential and
independent approach and cross-check. The |Vub| determination based on the LLR method has a
total error competitive with other measurements but the amount of error due to the dependence
on theoretical models is much reduced. However, the experimental errors are increased from the
propagation of the errors from the b → sγ photon spectrum.
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With the promise of a 1 ab−1 data sample available at BABAR in the near future, this analysis
could see several improvements. With a reduction of the uncertainties due to theoretical models,
the experimental errors represent a large fraction of the total error. The measurement of the partial
rate δΓ(c) and the b → sγ photon spectrum could be made more precise which would improve the
precision on the determination of |Vub|.
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Figure 9.1: Results for |Vub| extractions from other experiments. The world average is calculated
by HFAG [83]. The inclusive results are obtained with shape function parameters obtained from fits
to the Belle b → sγ photon spectrum [82].



Appendix A

Fits to the mES Distribution

The signal extraction technique is explained in section 7.1.1. To extract the signal contriub-
tion, the mES distributions in each bin of mX of the hadronic mass spectrum must be fitted. The
following plots (A.1-A.12) are examples of the fits with mX < 1.67GeV/c2 for data, b → c`ν̄

background from generic MC, other background from generic MC, and signal MC. The fits are
applied separately for B±, mixed B0, and unmixed B0 because the neutral B sample must have a
mixing correction applied to it, as explained in section 7.1.1.
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Figure A.1: DATA: The total mES distribution (top left) and the individual mES distributions in
each bin of mX for B±s.
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Figure A.2: DATA: The total mES distribution (top left) and the individual mES distributions in
each bin of mX for right sign B0s.
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Figure A.3: DATA: The total mES distribution (top left) and the individual mES distributions in
each bin of mX for wrong sign B0s.
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Figure A.4: GENERIC MC, b → c`ν̄: The total mES distribution (top left) and the individual mES

distributions in each bin of mX for B±s.
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Figure A.5: GENERIC MC, b → c`ν̄: The total mES distribution (top left) and the individual mES

distributions in each bin of mX for right sign B0s.
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Figure A.6: GENERIC MC, b → c`ν̄: The total mES distribution (top left) and the individual mES

distributions in each bin of mX for wrong sign B0s.
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Figure A.7: GENERIC MC, other: The total mES distribution (top left) and the individual mES

distributions in each bin of mX for B±s.
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Figure A.8: GENERIC MC, other: The total mES distribution (top left) and the individual mES

distributions in each bin of mX for right sign B0s.
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Figure A.9: GENERIC MC, other: The total mES distribution (top left) and the individual mES

distributions in each bin of mX for wrong sign B0s.
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Figure A.10: SIGNAL MC: The total mES distribution (top left) and the individual mES distribu-
tions in each bin of mX for B±s.
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Figure A.11: SIGNAL MC: The total mES distribution (top left) and the individual mES distribu-
tions in each bin of mX for right sign B0s.
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Figure A.12: SIGNAL MC: The total mES distribution (top left) and the individual mES distribu-
tions in each bin of mX for wrong sign B0s.



Appendix B

Fit Results on Various Subsamples

In section 7.1.6, fit results for various subsamples were presented in Tables 7.4-7.6. The fit
results to the hadronic mass spectrum for these various subsamples are shown here in Figs. B.1-
B.12.
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Figure B.1: Fit results for mX < 1.55GeV/c2: The left plot is neutral B and the right plot is
charged B.
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Figure B.2: Fit results for mX < 1.59GeV/c2: The left plot is neutral B and the right plot is
charged B.
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Figure B.3: Fit results for mX < 1.67GeV/c2: The left plot is neutral B and the right plot is
charged B.
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Figure B.4: Fit results for mX < 1.75GeV/c2: The left plot is neutral B and the right plot is
charged B.
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Figure B.5: Fit results for mX < 1.83GeV/c2: The left plot is neutral B and the right plot is
charged B.
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Figure B.6: Fit results for mX < 2.50GeV/c2: The left plot is neutral B and the right plot is
charged B.
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Figure B.7: Fit results for mX < 1.55GeV/c2: The left plot is electrons and the right plot is muons.
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Figure B.8: Fit results for mX < 1.59GeV/c2: The left plot is electrons and the right plot is muons.
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Figure B.9: Fit results for mX < 1.67GeV/c2: The left plot is electrons and the right plot is muons.
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Figure B.10: Fit results for mX < 1.75GeV/c2: The left plot is electrons and the right plot is
muons.
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Figure B.11: Fit results for mX < 1.83GeV/c2: The left plot is electrons and the right plot is
muons.
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Figure B.12: Fit results for mX < 2.50GeV/c2: The left plot is electrons and the right plot is
muons.
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