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Abstract

The BABAR experiment at SLAC provides an opportunity for measurement of the Standard Model
parameters describing C'P violation. A method of measuring the CKM matrix element V5| using
Inclusive Semileptonic B decays in events tagged by a fully reconstructed decay of one of the B
mesons is presented here. This mode is considered to be one of the most powerful approaches due to
its large branching fraction, simplicity of the theoretical description and very clean experimental
signatures. Using fully reconstructed B mesons to flag BB event we were able to produce the
spectrum and branching fraction for electron momenta P s s. > 0.5 GeV/c. Extrapolation to the
lower momenta has been carried out with Heavy Quark Effective Theory. The branching fractions
are measured separately for charged and neutral B mesons. For 82 fb~! of data collected at
BABAR we obtain: BR(B* — Xev) = 10.63+0.2440.29 %, BR(B° — Xev) = 10.68+0.3440.31
%, averaged BR(B — Xev) = 10.65+0.1940.27 %, ratio of Branching fractions BR(B*)/BR(B°)
= 0.996 +0.039 + 0.015 (errors are statistical and systematic, respectively). We also obtain Vg, =
0.0409 £ 0.00074 £ 0.0010 £ 0.000858 (errors are: statistical, systematic and theoretical).
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Chapter 1

Introduction

1.1 Overview of C'P Violation

In 1964 [1], physicists from Princeton University - V. L. Fitch, J. H. Christenson, J. W. Cronin, and
R. Turlay observed one of the most interesting phenomena in particle physics, namely the violation
of CP symmetry in decays of neutral Kaons. Until very recently, Kaons were still the only system
in which CP violation had been seen for the last 30 years. Neutral B mesons provide another
ideal system where large CP asymmetries can be measured [2]. This task is being successfully
carried out on the currently operating B-physics experiments in Japan and USA. The first results
confirming CP violation in the B-meson system were obtained in 2001 by BABAR .

The abbreviation CP stands for simultaneous charge conjugation C and parity reversal P oper-
ations. Charge conjugation interchanges particles with antiparticles. Parity, P, reverses space coor-
dinates (t,Z) — (¢, —T). The operation of time reversal, T, reverses the sign of time (¢,T) — (—t,T).
The combination of these three operations, CPT, is an exact symmetry in any Lorentz invariant
Lagrangian field theory. However, separately Parity, Time and Charge symmetry violations are
possible and have been observed in numerous experiments.

Within the frame of the Standard Model CP violation can be explained by the theory of weak
interactions. In this model B meson decays are predicted to exhibit very clean CP asymmetries
enabling us to make stringent tests of the Standard Model. In order to get an opportunity to
confirm or(much more exciting) break the Standard Model description of CP violation, several
HEP collaborations emerged all over the world. These tests have foremost importance for a number

of reasons:

e 1. Cosmology. It was first noted by A. D. Sakharov that the observed dominance of matter
over antimatter requires CP symmetry to be violated in fundamental processes in the early
universe[3]. And as it’s speculated recently, in order to see current levels of the baryon
asymmetry the extent of the CP violation in the early universe should even have been larger
than predicted by the Standard Model.



e 2. New Physics beyond the Standard Model. A great variety of models, fields and exotic
particles are proposed in modern theoretical particle physics. Many of them predict, or
depend on the values of CP violating effects, so the theorists can get very valuable insights

from these experiments.

Many major laboratories and institutions are or have been engaged in B physics projects and
especially are searching for CP violation. Among them are such as CERN, DESY, FNAL, KEK,
SLAC etc. Princeton University takes part in BABAR (SLAC) and Belle(KEK). Most of the
above experiments have already been commissioned and have started producing valuable data
for very many interesting physics analyses. Further in this paper we will discuss in more detail the

BABAR experiment with regard to semileptonic B decays.

1.2 CKM Matrix and CP Violation

In the Standard Model the electroweak Hamiltonian, more precisely the part of it which describes

W boson coupling to quarks, has a form:

g 77 g + )
Hy = — WwH VUDUL’Y Dy 4+ 2= W*# Vi DL’}/ Uy, (1)
D=d,s,b ’

Here Viyp are the coefficients of 3 x3 matrix called Cabibbo-Kobayashi-Maskawa (CKM) matrix:

Vud Vus Vub
Verm = Vea Ves Ve
Viae Vis Vi

The off-diagonal elements of this matrix relate to the transitions between quarks of one family
into another and that is why Ve as is sometimes called the quark mixing matrix.

Under CP transformation Hy becomes':

(CP)Hw (CP)™' = (Hw)cp =

9 ot — g =
== W E VupDrv, UL + —= W* E VipUrLy, DL (2)
\/5 s 1% \/5 = UD 1%

We see that if Viyp = Vi forany U, D then (Hw)cp = Hw and CP symmetry is not violated
(at least not in this model), but the CKM matrix elements most generally are complex. So most
generally this matrix contains 18 real parameters. However the unitarity of Vg imposes the

following conditions:

Vaal? + [Veal* + [Via* = 1

|Vu8|2 + |VCS|2 + |V;58|2 =1

Lfor more details see [4]



Vi + [Va|* + [V |* = 1
VudVis + VeaVes + ViaVis = 0
VudVip + VeaVey + ViaVi, = 0
Vs Vi + Ves Vo, + Vs Vi = 0,

which reduce the number of independent real parameters to 9. Also, since the absolute phases
of the quarks are not important, the phases of 5 elements of Voxas (one row and one column)
could be canceled. Thus, we are left with only four independent coefficients. There are several
parametrizations of the CKM matrix that utilize this fact. The most popular parametrization
currently is the so-called Wolfenstein’s parameterization. It introduces four parameters: A\, A, p,
and 7 (last 3 being of order unity) and takes advantage of the knowledge of the relative sizes of

the angles of the unitarity triangle:

1—)\%/2 A NA(p —in)
A 1-A2/2 A4
MNA(L—p—in) —X\2A 1

One of the unitarity conditions for the CKM matrix, which contains the two smallest coupling

constants, V,, and V4 reads:

VaudViy + VeaVy + ViaViy = 0,
or
Vi Via
AVep| — [AVep]

The last relation is expressed as a triangle in a (p,n) plane(see Figures 1.1 and 1.2), referred

to as the Unitarity Triangle, which plays a very important role in Standard Model.
Thus, since the CKM matrix elements can in general have phases between them, CP symmetry

may be violated in certain weak processes.

1.3 CP Violation in the B Meson System

Let’s consider B mesons. As we can infer from the form of (1) the mass eigenstates |By,) and |Bg)

are mixtures of the flavor eigenstates |B°) and |§0) :
=0
|Br) = p|B") +q|B")
—0
|Bu) =p|B%) — q|B")

and vice versa,
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Figure 1.1: Unitarity Triangle. The filled area shows the constraints in effect in 2000, before the
major results from BABAR were available. If CP had not been violated then the tip of the triangle

(point A) would have been on horizontal axis.

IBY) = %(|BH> + |ByL)

B) = 5 (1B2) ~ 1B)
There are two classes of the CP violation:
e 1. direct
The difference in decay amplitudes
Ap # A Ap = (f|H|B%), A7 = (|H|B")
is called direct CP violation.

e 2. indirect

There are two types of indirect CP violation:

— * |p| # |q| would result in difference between the probability of BY to oscillate into B’
and the probability of B to oscillate into BC. This is called CP violation in mizing and

this was what first has been discovered in K system.
— * There is also another type of CP violation to be observed in neutral B system: CP

violation in the interference between decays with and without mizing, sometimes ab-

breviated as “interference between decay and mixing”. This happens when |q¢/p| =
1, |Z?CP/AfCP| =1, but Im(qz?cp/pAfcp) # 0.
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Figure 1.2: Unitarity Triangle in (7, p) plane with the current constraints on the position of the

tip of the triangle.
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Figure 1.3: Example of extraction of one angle of the unitarity triangle. v can be extracted using

relations among B* — DK®* decay amplitudes.

For example, indirect CP violation implies different rates for By — feop and B — fop,
where fcp is some CP even or odd final state. Direct CP violation states that the ratio of the
rates By — fop and By — fop is different for different fop [4], [5]. Direct CP violation is the
only type which can occur in charged decays, and the final state doesn’t have to be a CP eigenstate.
It is very interesting to measure direct CP in the B system and BABAR provides us with unique
opportunity to do that.

To test Standard Model predictions for the CP violation mechanism, one needs to make enough
measurements to overconstrain the Unitarity Triangle. Consequently, one of the major physical
tasks of the BABAR experiment is to measure as many parameters of the Unitarity Triangle as

possible. This task can be broken down into two parts:

e 1. Measurement of all three angles of the unitarity triangle (fig.1.1) (with stress on «,
measurement) to find out whether they form a triangle in terms of the Standard Model.

Several methods have been proposed to perform this challenging task ([6]):

— (1) « - any mode with a contribution from b — du@ is a possible source of measurement

of a. Examples: B — nw, B — mp.
- s
x (a) Color-suppressed modes b — ccs, for example one of the BABAR benchmarks -
B — J/yKY.
« (b) Cabibbo-suppressed modes b — ced (B? — DD etc.)
* (c) Penguin-dominated modes b — s3s or b — dds - B — 7°K° etc.

— (3) ~: this is the least known angle in the unitarity triangle to date. Several methods
have been suggested for its extraction, though it will be rather hard to employ these
methods in BABAR (extremely low branching fractions):

x (a) Triangle relations among B-decay amplitudes.
% (b) BT — DK™ and related decays - see Figure 1.3.

% (c) Amplitude relations among B, q — 7K decays.



e 2 Measurement of all three sides of the unitarity triangle to further constrain the triangle
parameters and to provide a critical cross-checks on the other parameters. The following

methods have been proposed to measure the sides of the triangle:

— (1) determination of |V | and V4| by analizing the leptonic and semileptonic decays of
B mesons. The ratio of these CKM matrix elements determines the length of the side
of the triangle between angles e and ~y (refer to fig.1.1). |Vep| CKM matrix element also

enters the calculation of another side of the triangle between angles § and ~.

This thesis describes the study of semileptonic B decays and application of its results to help

constrain two of the sides of the Unitarity Triangle.

1.4 Semileptonic Decays

One of the most powerful approaches for V., and V,;, extraction is to study the leptonic and
semileptonic decays of B mesons. The experimental data used in this paper were collected within
the BABAR detector in an experiment dedicated mainly to studying CP symmetry violation phe-
nomena in B physics. The resulting measurements of the sides of unitarity triangle are very

important in understanding of the Standard Model in general and CP violation in particular.

1.4.1 |V,| and |V,;| extraction

In the phenomenology of weak interactions, leptonic and semileptonic decays of bottom hadrons
have a special standing. In both types of decays, the final state particles include a single charged
lepton, which provides a very clear experimental signature. In addition these decays are relatively
simple from the theoretical point of view, which makes them a good source to measure fundamental
standard-model parameters and to perform detailed studies of decay dynamics. For a good overview
of the leptonic and semileptonic decays of charm and bottom hadrons see [8]. Our discussion will
deal only with semileptonic decays as they are much more accessible experimentally due to their
larger branching fractions.

Particles containing heavy quarks can decay semileptonically in a manner similar to that of
nuclear [ decay. Figure 1.4 shows the underlying quark-level transitions for the semileptonic
decays of the B mesons.

A key feature of semileptonic decays is their relative simplicity, a consequence of the fact that
the effect of the strong interactions can be isolated. The decay amplitude can be written as a
product of a well-understood leptonic current for the [~ 7 system and a more complicated hadronic
current for the quark transition. For example, semileptonic b decay b — c¢lv is mediated by a

four-fermion operator,
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Figure 1.4: Diagrams for semileptonic decays of By meson: a) Bl — X "7, b) Bl — X, T.

The quark matrix element is easy to calculate at the quark level,

_ GrVey_ _
Vauark = (€lP10ch|b) = =T (pe)y*(1 - 7™ Yus (o) ()Y (1 = 7°)ou (p1).
However, Vyyark is relevant at very short distances, otherwise QCD confinement implies that free b
and ¢ quarks are not asymptotic states. Instead, nonperturbative QCD effects dress the quark-level

transition b — clv to a hadronic transition, such as
B — DIv, B — D*Ilp, . ..

The hadronic matrix element depends on nonperturbative QCD and is difficult to calculate from
first principles.

Nevertheless, because strong interactions affect only one of the two currents, semileptonic decays
are much easier to describe theoretically than hadronic decays, in which the decay products of the
W~ are also hadrons. To describe an hadronic part of the decay, several new theoretical approaches
have emerged in the last few years. The one which is the most appropriate in our case is a Heavy
Quark Effective Theory (HQET) [9], [10], a new theoretical approach for analizing decays of the
mesons containing one heavy and one light quark. We now present some of the basic ideas of
HQET.

1.4.2 HQET

Let us first consider the heavy quark limit, m¢g — oco. Consider a meson Mg composed of a heavy
quark @ and “light degrees of freedom”, consisting of light quark/antiquark and gluons. The
Compton wavelength of the heavy quark scales as the inverse of its mass, A9 ~ 1/mq. The light
degrees of freedom, by contrast, are characterized by momenta of order Agcp, corresponding to
wavelengths \; ~ 1/Agcp. Since \; > A, the light degrees of freedom cannot resolve features

of the heavy quark other than its conserved gauge quantum numbers. In particular, they cannot



probe the actual value of Mg, hence the value of mg. Let’s move to momentum space. The
asymptotic freedom of QCD implies that when quarks and gluons exchange momenta much larger
then Agep, the process is perturbative in the strong coupling constant s (p). On the other hand,
the typical momenta exchanged by the light degrees and the heavy quark are of order Agcp, for
which a perturbative expansion is of no use. For these exchanges, however, p < mg, and the
heavy quark @ doesn’t recoil (jvg| = Agep/mg — 0 when mg — o0), remaining at rest in the
rest frame of the meson. In this limit, @) acts as a static source of the chromoelectric gauge field,
which holds Mg together and is independent of m. The result is that the properties of the light
degrees of freedom depend only on the presence of the static gauge field, independent of flavor and
mass of the heavy quark. Furthermore, the heavy quark’s spin, which interacts with the system
through a color magnetic moment proportional to 1/mgq, also decouples from the dynamics in this
limit. Clearly, these factors enormously simplify the decay kinematics. This result is, of course,
an approximation, since the mass of the bottom quark is not infinite. The appropriate corrections
can be organized in a systematic expansion in powers of as(mg) and 1/mg, using the HQET
formalism.

Another advantage of having a heavy b-quark in the initial state is that we can use the hy-
pothesis of quark-hadron duality, an important concept in QCD. The assumption of duality is that
cross-sections and decay rates, defined in the physical region, are calculable in QCD after “smear-
ing” or “averaging” procedure has been applied. For semileptonic processes it is the integration
over the lepton and neutrino phase space that provides a smearing over the invariant hadronic
mass in the final state (so-called global duality).

These two principles combined give us an expression for the rates of decays B — X v and
B — X,lv [6]:

—5 Gy g A1+ 32 5Lq0A2
I'(BY — X, 7) = 19f2 e 1+ T o) — g S+ (1.1)
b b

where

SLq 2
§Lq |[qu£ 1—8x—|—8x — a2t —122%logz + O(ay))

z = (mgq/my)?

A2 ~ 0.12GeV?

0.1GeV? < —)\ < 0.6GeV?
The main uncertainty here arises from the short-distance correction term cgqu, known exactly to
the order of as. In addition, there are uncertainties related to the explicit appearance of the heavy-
quark mass, my in a large power. The latter uncertainty is not so large as it may appear from the
form of (1.1). For charm decay, for example, it can be shown, that the actual mass dependence

of the total semileptonic rate can be written as I'gy, o mﬁ'g’(mb —me)%7.

This splits the mass
uncertainty into two uncorrelated parts, thereby reducing the resulting error in the decay rate.

Adding all these errors in quadrature gives

10



B(B — XeeD) 155
V| = (0.0419)\/ (B — Xce?)  155ps (1.2)

105% B
2 2
s —0.5GeV/c
1-0012—/—7——— 1.
x(1-00 0.1GeV/c? ) (13)
X (1 0.015persurt & 0.010,, % 0.0124 1,5 ) (1.4)

where

T8 = (Tt + 7pv)/2 = 1.61 £ 0.012ps, 7+ = 1.674 + 0.018ps, 7o = 1.546 &+ 0.016ps - mean
lifetimes of corresponding B-mesons , [46],

p2 = 0.5 GeV/c? is related to the average kinetic energy of the b quark moving inside the
B-meson .

Experimentally, the branching fraction B is determined by integrating d B/dp over a momentum
range as wide as possible and by then extrapolating to all momenta in B decays. This process
brings in another uncertainty, which depends on what model is using for extrapolation. Current
state of theoretical knowledge of semileptonic decays of B mesons transfers into an error on V. of
the order of 3%.

11



Chapter 2

The PEP-II Asymmetric Collider
and The B.B: Detector

One of the major experiments currently active in B physics studies, BABAR , is located at the
Stanford Linear Accelerator Center (SLAC), in California. Using asymmetric beams of the accel-
erator to produce ~ 108 bb pairs a year and a state-of-the-art detector, this experiment allows us
to perform extensive tests of the Standard Model and to study CP violation phenomena in detail.
In Table 2.1 we compare BABAR to the previous major B-physics experiment of this kind, CLEO
[]. The major advantages of BABAR over CLEO are asymmetric design, much higher luminosity
and better particle ID. The impact of these improvements on our subject, semileptonic B decays,

will be discussed later in this section.

| BaBar | CLEO, as of 2001 [7] |

Accelerator Type ete” ete
asymmetric collider | symmetric collider

Luminosity, 1033 em=2sec™! 3 0.6

Beams, GeV 3.1et 4.7-5.6 ¢eT and e~

9.0 e”

0,5, nb 1.05 1.05

bb production ~ 1 ~ 0.2

rates, Hz

Mean B meson 250 25

path, um

Spatial hit Ozy = 50 Oy = 50

resolution, pm o, =50 o, =50

Table 2.1: Comparison of the BABAR and CLEO Experiments.

12



2.1 The PEP-1I Asymmetric Collider

PEP-II is a storage ring system for asymmetric ete™ beams, produced by and injected from the
existing linear accelerator at SLAC. It is designed to operate at a center of mass (c.m.) energy of
10.58 GeV, corresponding to the mass of the T(4S) resonance. The parameters of these storage
rings are presented in Table 2.2. PEP-II was designed to produce about 30 million bb pairs per year
at a design luminosity of 3 x 1033 em =2 sec™!'. PEP-II has surpassed its design goals, both in terms
of instantaneous and integrated daily luminosity as well as bb production rates, with significantly

fewer bunches than anticipated. Figure 2.1 represents a schematic view of the PEP-II storage ring

system.
PEPII
Hing (LE
]
[3.? Ee‘h‘]
North Damping
Fiin;]El
[1.15 GeV]

Positran Return Line Positren Source
| |

&-gun
-

T
Linac

200 May PEP Il High Energy Bypass (HEE)
Injector Seclor-10 PER I
%loum Damping “E?'E'niectm PEPII -
ng i
[1.15 GaV] PEP Il Low Energy Bypass {LEE) l'glg“hgeiﬂ%ﬁ{
Sactor-4 PEP | [9GeV]
et injector

- Jkm -

Figure 2.1: PEP-II storage ring system

The machine operates at the Y(4S) resonance, which allows placing several kinematic con-
straints using knowledge of the exact 4-momentum of the bb pair and also knowledge of the
momentum magnitudes of the two B mesons individually in the center-of-mass frame. These
constraints help considerably in suppressing background. While T(4.S) is the main mode of the
machine, significant amount of data (approx. 1/8th) is being taken in continuum mode (60 MeV
below Y (4S5) mass) for background studies.

During the operation, the mean energies of the beams are constantly monitored so that the
combined c.m. energy is always close to the peak of the T(4S5) resonance. Typical precision
of the control methods varies from 1.1 MeV per fb~! for statistical measurement to 2 MeV for
instantaneous measurement. The beam energies are necessary input for the calculation of the two
kinematic variables, AE and Mpgg, that are commonly used to separate signal from background
in the analysis of exclusive B-meson decays and any other analyses depending on exclusive or
semi-exclusive B-meson decay reconstruction (such as the analysis described in this document).
These kinematic variables, which make optimum use of the measured quantities and are largely

uncorrelated, are Lorentz-invariants which can be evaluated both in the laboratory and c.m. frames.
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Parameters Design | Achieved (typical)
Energy HER/LER (GeV) 9.0/3.1 9.0/3.1
Cuwrrent HER/LER (A) 0.75/2.15 0.8/1.6
number of bunches 1658 953-829
bunch spacing (ns) 4.2 6.3-10.5

or, (um) 110 120

or, (um) 3.3 5.6

or. (mm) 9 9
Luminosity (1033em=2s71) 3 3.5
Luminosity (pb~!/day) 135 250

Table 2.2: PEP-II beam parameters. HER stands for “high-energy ring”, LER - for “low energy
ring”. or,, oz, and o, refer to the horizontal, vertical and longitudinal RMS size of the luminous

region.

The first variable, AE, can be expressed in Lorentz-invariant form as

AE = (2q5q0 — 5)/2V/5,

where /s = 2E;

S am 18 the total energy of the ete™ system in the c.m. frame, and ¢p and

qo = (Fo,po) are the Lorentz vectors representing the momentum of the B candidate and of the

ete™ system, o = qo+ + ¢o—. In the c.m. frame, AFE takes the following form:
AE = EE - Eljeam’

where E} is the reconstructed energy of the B meson. The AFE distribution receives a sizeable
contribution from the beam energy spread, but is generally dominated by the detector resolution.
The second variable is the energy-substituted mass, Mgg , defined as m? 5= q%. In the laboratory
frame, Mgg can be determined from the measured three-momentum ppg of the B candidate without

explicit knowledge of the masses of the decay products:

Mps = \/(5/2 +p5 X po)?/E§ — pk

| 1% 2 * 2
MES = Ebeam — DB

where p7% is the c.m. momentum of the B meson, derived from the momenta of its decay products,

and in the c.m. frame

and the B-meson energy is substituted by Ej.,,,- The resolution in Mgg is dominated by the
spread in E; and og;,, =26 MeV.

beam
2.2 The BaBar Detector
In order to meet its physics goals, BABAR detector needs to have([6]):
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e The maximum possible acceptance in the center-of-mass frame. The beam asymmetry causes
a forward boost of the decay products in the laboratory frame (8y ~ 0.56), which leads to

choosing an asymmetric detector design.

e Excellent vertex resolution. The detector has to be able to distinguish the decay vertices
of the two opposite B mesons in the BB event. The typical separation of these vertices
is 250pum, which means that vertexing resolution of ~ 60 — 80um is required for reliable

separation.
e Good tracking performance over the range ~ 60 MeV < p; < 4 GeV.

e Discrimination between e, u, m, K and p over a wide kinematic range. This discrimination
is required for reliable tagging of the flavor of B-meson decays - important for many analyses.
Analyses of decays such as B — nr and B — K depend on 7/K separation for background

subtraction etc.
e To detect photons and 7°s over the wide energy range ~ 20 MeV < E < 5GeV.
e To have neutral hadron detection capability.

A summary of design performance parameters can be found in Table 2.3.

Parameter BaBar value
Coverage 0.92
op. /Dt (%) (1 GeV pions at 90°) 0.36
04 (um) (1 GeV pions at 90°) 52
og/E (%) (1 GeV ~ at all angles) 1.8
~ efficiency within acceptance (at 100 MeV) 0.92

Table 2.3: Designed BABAR performance parameters.

The BABAR detector was designed to meet all these requirements. A design of the detector is
shown in Figures 2.2, 2.3. A schematic view of the detector is shown in Figures 2.4. It contains 6
major subsystems (three-letter acronyms (TLA) are listed after the name of each subsystem - we

will be using them later in the text to refer to particular subsystem):

e 1. A Silicon Vertex Tracker (SVT) to provide precise position information on charged tracks

and to track very low-energy charged particles.

e 2. A Drift Chamber (DCH) filled with a helium-based gas in order to minimize multiple
coulomb scattering. This provides the main momentum measurement for charged particles

and helps in particle ID through dE/dx measurement.

e 3. A Detector of Internally Reflected Cherenkov light (DRC or, more commonly, DIRC) for
charged hadron particle ID.
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e 4. A Caesium Iodide Calorimeter (EMC) for electron ID and neutral hadron ID.
e 5. A superconducting magnet to provide a 1.5 T magnetic field.

e 6. An Instrumented Flux Return (IFR) for muon ID down to about 0.6 GeV and neutral
hadron ID.

The BABAR detector was commissioned in 1999 and recorded its first event on the 26th of May
1999.

2.2.1 The Silicon Vertex Tracker (SVT)

The Silicon Vertex Tracker is designed to provide precise position information on charged tracks
and to track very low-energy charged particles. The physics principle behind silicon detectors is
simple: a charged particle ionizes material of the detector and the electric field between the sides
of the detector pulls electrons and holes apart creating current. The primary design considerations
for the SVT arose from the two sources: the physics goals of the experiment and the physical

constraints imposed by the PEP-II interaction region design.

Physics Requirements

The CP-violating asymmetry is a function of the proper time difference (dt) between the two
B decays, and vanishes in the integral over §t. The function of the vertex detector in the
BABAR experiment is to determine the separation between the two B decay vertices, thus de-
termining the time between decays 6t = dz/fyc. To avoid significant impact of the resolution on
the CP asymmetry measurement, the mean vertex resolution along the z-axis for a fully recon-
structed B decay must be better than 80 um [11]. The required resolution in the x-y plane arises
from the need to reconstruct final states in B decays as well as in 7 and charm decays. To meet
the corresponding requirements, the SVT needs to provide resolution of order ~ 100um in the
plane perpendicular to the beam line. To maintain the position resolution necessary to carry out
physics analysis, relative positions of individual silicon sensors have to be stable over long time
periods and a wide range of operating conditions. As a part of the BABAR tracking system, SVT
also has to provide reliable tracking for the charged particles with transverse momentum less than

120 MeV/c, the minimum that can reliably be measured by the Drift Chamber alone.

PEP-II-imposed Constraints

The SVT is located inside the ~ 4.5m-long support tube that extends all the way through the
center of the detector. To maximize the angular coverage in the asymmetric beam environment,
the SVT must extend down to 20° in polar angle from the beam line in the forward direction
(in the backward direction, it is sufficient to extend the sensitive area only down to 30°). As
the detector subsystem closest to the interaction point, the SVT must be able to withstand over

2Mrad of ionizing radiation. A radiation monitoring system capable of aborting beams in case of
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abnormally high backgrounds is required. Reliability and robustness of this detector subsystem
are more critical than for any other subsystem - since it is located inside the support tube of the
detector, the SVT is inaccessible during normal detector operations. The time needed for any

replacement is 4-5 months. Hence, redundancies have to be built in the SVT whenever possible.

Design

A detailed description of the BABAR SVT can be found elsewhere [12]. The BABAR SVT is com-
posed of 300 um-thick double-sided silicon micro-strip detectors. The detectors are built on high-
resistivity (6-15 kOhm - cm) n-type substrates with p* and n™ strips implanted on both sides. The
isolation of the strips on the n-side is achieved with individual p™ implants (p-stops) surrounding
each nt strip. The strips on the opposite sides of each sensor are oriented orthogonally to each
other: the ¢-measuring strips run parallel to the beam line and the z-measuring strips are oriented
transversely to the beam axis. In order to achieve reasonable stand-alone tracking performance,
40 silicon strip modules are arranged into 5 layers of detecting plates: 6 modules in each of the
first 3 layers, 16 modules in the fourth and 18 modules in the fifth layer. The motivation for
the 5-layer configuration is as follows: 3 layers are necessary to calculate a track trajectory, 4 are
needed to overconstrain the calculation and fifth layer provides reasonable redundancy level. The
modules of the 3 inner layers are straight, while the modules for the 2 outer layers are arch-shaped
to accommodate the angular acceptance requirements with minimal amount of material. The SVT

design is schematically shown in Figure 2.5.
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Figure 2.5: Design of the SVT detector

Electronics and Read-out System

The SVT design requires approximately 150,000 channels for data read-out. The actual number of
micro-strips is higher because in outer layers 4 and 5, spatially separated z-strips are electrically
connected in groups of two, reducing the number of channels. While decreasing the complexity
of the SVT read-out system, this introduces an ambiguity in z coordinate detection which has to

be resolved later using pattern-recognition software algorithms. In order to minimize the material
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in the acceptance region, the readout electronics is mounted entirely outside the active detector
volume. Under normal operating conditions, the average SVT occupancy in a time window of 1us

is about 3% for the inner layers and less than 1% for the outer layers.

Performance

The BABAR Silicon Vertex Tracker has been performing close to its design expectations. Figure
2.6 shows SVT hit reconstruction efficiency as measured on pp events, while Figure 2.7 shows hit
resolutions in z and ¢ coordinates. The summary of achieved performance and design goals is

presented in Table 2.4.
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Figure 2.6: hit reconstruction efficiency of the SVT detector.

Parameters Design | Achieved (typical)
¢ resolution, um 80 <40
z resolution, um 80 < 50

Table 2.4: Comparison of the design and achieved performance for the BABAR SVT detector

2.2.2 The Drift Chamber (DCH)

The principal purpose of the drift chamber is the efficient detection of charged particles and the
measurement of their momenta and angles with high precision. The DCH complements the tracking
and position information from Silicon Vertex Tracker for optimal tracking and position resolution

performance.
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Figure 2.7: Resolution of the SVT detector; (a) - z resolution, (b) - ¢.

Physics Requirements

High precision measurements of particle momenta and positions are required for most of the physics
tasks of BABAR experiment. They enable the effective reconstruction of exclusive B- and D-meson
decays with minimal background as well as reconstruction of decays and interaction vertices outside
of the SVT. For low momentum particles, the DCH is also required to provide particle identification
by measurement of ionization loss (dE/dx). A resolution of about 7% will allow 7/ K separation up
to 700 MeV /c and, in the extreme forward and backward directions, the DCH is the only detector
subsystem that can provide discrimination of particles of different mass. Angular acceptance
of the Drift Chamber has to be close to that of the SVT, which is determined by the overall
detector acceptance goals. Due to the relatively low energy of the tracks from B- and D-meson
decays, multiple scattering in the material of the DCH is largely responsible for the limitations on
momentum and position resolutions. Therefore, the amount of material in front of the first DCH
layer as well as throughout the DCH volume has to be minimized. These physics requirements

result in the stringent set of design parameters which are presented in the Table 2.5, column 2.

Gas System

In order to minimize the amount of material inside the DCH, a lightweight Helium-Isobutane
(80:20) gas mixture has been selected. As a result, the combined radiation length for wires and
5.2 m? of gas inside the Chamber is as low as 0.2%X.
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Mechanical Design

The BABAR Drift Chamber is a 280 cm long cylinder with an inner radius of 23.6 cm and the
outer radius of 80.9 cm. The inner cylinder was built to minimize the amount of material in
front of the first active DCH element. lmm-thick berillium was chosen as the material for the
inner cylinder while outer cylinder was made up of two carbon fiber layers on a Normex core.
Corresponding radiation lengths (X() are 0.28% for the inner cylinder and 1.5% for the outer
cylinder. The DCH endplates are made of aluminum. The backward endplate is 24mm thick while
the forward endplate is 12mm in the region covered by the Electromagnetic Calorimeter (24mm
in other regions), reflecting the requirement of low amount of material between DCH forward
endplate and forward endcap of the Electromagnetic Calorimeter. Due to the asymmetry in the
beam energies, the device is asymmetrically located with respect to the Interaction Point. The
forward length of 1749mm is chosen to enable charged particles emitted at angles as low as 17.2°
to traverse at least half of the DCH layers. In the backward direction, the corresponding angle is
chosen to be 152° (28° from the beam). The DCH design is schematically shown on the Figure
2.8, (a).

The Chamber itself is composed of 40 layers of 7104 hexagonal drift cells with a typical dimen-
sion of 1.2x1.9 em?, organized into 10 Axial (A) and Stereo (U, V) superlayers with 4 layers in
each superlayer. These 10 superlayers are then set up in the A-U-V-A-U-V-A-U-V-A configuration
(figure 2.8, (b)). For the stereo superlayers, the stereo angle varies from 40mr in the innermost
layer to 70mr in the outermost layer. The individual drift cell is constructed of 6 (5 for the outer
cells of each superlayer) 120pm gold-plated aluminum field wires and a 20um gold-plated tungsten-
rhenium wire. The outer cells of each superlayer also have 2 80um gold-plated aluminum guard
wires on the outer side. Also, at the innermost boundary of layer 1 and the outermost boundary of
layer 40, two 120um gold-plated aluminum clearing wires were added per cell to collect charges cre-
ated through photon conversions in the material of the support cylinders. During the operations,
a potential of 1900-1960V is applied to each sense wire which, together with grounded field wires,
creates the electric field in each cell (Figure 2.8, (¢)). Guard wires are subject to the potential of

340 volts while 825 volts is applied to clearing wires.

Electronics and Read-out System

The DCH electronic system is designed to provide a measurement of the drift time and integrated
charge, as well as a single bit to the trigger system for every wire with a signal. The small cell size,
difficult access through the DIRC support tube and the requirement that no additional material has
to be introduced between the DCH forward endplate and forward Calorimeter endcap result in very
high density of electronic components. A compact and highly modular design has been chosen -
the DCH amplifier and digitizer electronics are installed in so-called Front-End Assemblies (FEAs)
that are mounted directly onto the rear endplate. The FEAs are organized into 16 sectors (wedges)
with three FEA modules in each sector. The assemblies connect to the sense wires through service
boards, which route the signals and High Voltage (HV) distribution. The data from the FEAs is,
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Figure 2.8: Design of the Drift Chamber detector; (a) - design side view, (b) - layer arrangement

(one wedge is shown), (c) - cell configuration and maps of the electric field inside the cells.
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in turn, routed to high-speed optical fibers for transfer to the readout modules that are located
outside of the detector building. The BABAR readout system consists of four Read-Out Modules
(ROMs). These ROMs deploy drift chamber-specific feature extraction algorithms to convert raw
information from FEAs into drift times, total charge and a status word. These values are then
corrected for time offsets, pedestal bias and gain constants on a channel-by-channel basis. The
involved processing takes about 1us per channel and reduces the amount of data by a factor of
four. The front-end electronics is calibrated daily to determine the channel-by-channel correction

constants and thresholds.

Performance

The BABAR Drift Chamber has been performing close to its design expectations. Figure 2.9 shows
the DCH track reconstruction efficiency, while Figure 2.10 shows dE/dz as a function of track
momentum. As shown, clear K — 7 —p separation is possible for tracks below 700 MeV /c using only
Drift Chamber information. The summary of achieved performance and design goals is presented
in the Table 2.5.
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Figure 2.9: DCH track reconstruction Figure 2.10: dFE/dx measurement as
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DCH detector.

2.2.3 The Tracking System

The Silicon Vertex Tracker along with the Drift Chamber compose the BABAR tracking system.
Using the information mainly from these two devices, BABAR tracking reconstruction software

extracts information about physical parameters of the charged particles traversing the detector.
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Parameters Design | Achieved (typical)
x-y resolution, mm 0.14 0.1-0.4

z resolution, mm 1 1

dE /dx resolution, % 7 7.5

Table 2.5: Comparison of design and achieved performances for the BABAR DCH detector

Overall performance of the entire BABAR tracking system with comparison to the design parame-
ters is found in Table 2.6.

Parameters Design | Achieved (typical)
r (in x-y plane) resolution, um 80 25

z resolution, pum 80 40

tan(0) resolution, 103 0.8 0.6

Op, /Pt, constant term, % 0.36 0.45

Op, /Pe, linear term, %/[GeV/c] 0.3 0.13

(for p; > 1.0GeV/c)

Table 2.6: Comparison of design and achieved performances for BABAR tracking system. Achieved

resolutions are given for the tracks with p, = 3GeV/c.

2.2.4 The DIRC

The principal purpose of the DIRC is to provide pion-kaon separation in the high-momentum

region (above 700MeV /c, where Drift Chamber dE/dx separation power disappears).

Physics Requirements

Excellent particle identification is of utmost importance for a systematic study of CP violation
and B physics. In particular, Kaon/Pion separation is essential for many physics analyses in
BABAR including study of the rare B-meson decay modes such as B® — 7#t7~ and B — K*7¥.
This is accomplished by the Detector of Internally Reflected Cherenkov Radiation (DIRC), which
uses the Cherenkov radiation emitted by charged particles traversing the material of the detector.
The primary purpose of the detector is to provide pion-kaon separation for momenta of up to 4.0
GeV/c. Separation below 700 MeV/c relies mostly on dE/dx measurements from the DCH.

Design

A detailed description of the BABAR DIRC can be found elsewhere [12]. The DIRC is based on

the principle that the magnitude of light incidence angles is maintained upon reflection from a
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flat surface. The radiator material of the DIRC is synthetic, fused silica in the form of long, thin
bars with rectangular cross-section. These bars serve both as radiators and as light pipes for the
portion of the light trapped in the radiator by total internal reflection. To avoid placing photon
detectors on both ends of the bar, a mirror is placed on the forward end, perpendicular to the axis.
Once the photons arrive at the backward end, they enter a special water-filled expansion region,
called the standoff box. The schematic view of the Cherenkov photon path is shown in Figure
2.11. The photons are detected by an array of densely packed photomultiplier tubes (PMTs), each
surrounded by reflecting catch cones to capture light which would otherwise be lost in between the
active region of PMTs. Overall, the DIRC is made up of 144 synthetic fused silica quartz bars
which are 1.7cm thick, 3.5cm wide and 4.9m long. The quartz bars have an index of refraction
of n = 1.474. The standoff box contains 6m? of purified water. The amount of material present
in DIRC amounts to approximately 14% of radiation length for a particle of normal incidence.
Radially, it occupies only 8cm of space. Angular coverage of the DIRC is ~ 87% of the solid polar
angle in Y(4S) rest frame. The 144 bars are arranged into 12 modules. Due to the gaps between
the sides of the resulting polygon, the azimuthal coverage is limited to 93%. The Cherenkov light
is detected by an array of 10752 PMTs each with a diameter of 2.9cm. The PMTs operate at a
voltage of 1.1kV with a maximum current per PMT of about 150uA. The DIRC design is shown
in Figure 2.12.
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Figure 2.11: Photon pach in the BABAR DIRC detector

Electronics and Read-out System

The DIRC is essentially a three-dimensional imaging device capturing 2D light incidence position

together with its time of arrival that is required to extract the necessary information. The DIRC
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Figure 2.12: Design of the DIRC detector

front-end electronics (FEE) is designed to measure the arrival time to an accuracy limited by the
intrinsic 1.5ns time spread of the PMTs. The FEE is mounted on the outside of the standoff
box and is highly integrated in order to minimize cable lengths and to retain the required single
photoelectron sensitivity. Each of the 168 DIRC Front-End Boards processes signals from 64 PMTs.
The data is further transmitted to 12 DIRC Crate controllers which send the information to six
Read-Out Modules (ROMs) via 1.2 Gbit/s optical fibers. The ROMs translate raw data into the
physical parameters of the detected particle, thereby reducing the data volume by 50%.

Performance

The BABAR Detector of Internally Reflected Cherenkov light has met its performance requirements.
Figure 2.14 shows kaon identification efficiency and pion mis-ID, while Figure 2.13 shows the
expected m — K separation and the Cherenkov angle and time resolution of the DIRC system. The

summary of achieved performance and design goals is presented in the Table 2.7.

2.2.5 The Electromagnetic Calorimeter (EMC)

The principal purpose of the EMC is reliable detection of electrons and photons from 7° and 7

decays as well as from electromagnetic and radiative processes.
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Figure 2.13: Expected m — K separation and Cherenkov angle and time resolution

detector.
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Figure 2.14: Kaon identification efficiency and pion mis-ID of the DIRC detector.

Parameters Design Achieved (typical)

7w/ K separation, 1.7-4.2 GeV /c do 420 (at 3 GeV/c)
do > 100 (at 1.7 GeV/c)
4o 2.80 (at 4.2 GeV/c)

track angular resolution, mrad 2.2 2.5

mean kaon selection efficiency, % 95 96.2

mean pion misidentification as kaon, % 3 2.1

Table 2.7:

Comparison of the design and achieved performance for the BABAR DIRC detector
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Physics Requirements

As a large number of B-meson decay products contain a 7% which in 99.9% of the cases decays into
two photons, a calorimeter with very good energy resolution is required. The BABAR calorimeter
was designed to have resolution given by the sum of two empirical contributions added in quadra-

ture:
OFE g1

= & o9, %0
E \/E‘l

where o1 = 1% and oy =~ 1.2% for photons incident at a polar angle of 90°. The energy dependent
term arises mostly from fluctuations in the photon statistics and is also impacted by electronic
noise. This term is dominant at low energies. The constant term is due to the front and rear
leakage from the crystals, inter-calibration errors and non-uniformity of light collection. This term
is dominant at high energies. The angular resolution for photons incident at the polar angle of 90°

is given by:
3mr

The minimum detectable energy for photons is in the range of 10-20 MeV.

+ 1mr

Design

A detailed description of the BABAR EMC can be found elsewhere [12]. The EMC consists of
6580 thallium-doped Csl crystals organized into a cylindrical barrel and a conical forward endcap.
The angular coverage is from 15.8° to 141.8° in polar angle and full in azimuth, representing 90%
coverage in the Y(4S5) center of mass frame. The inner radius of the barrel is 90 cm and the
outer radius is 136 cm. Individual crystals have length from 29.6 cm to 32.4 ¢cm with a front face
dimension of about 5 cm. The sensitivity of the individual crystals has a mean of 7300 and RMS of
890 photoelectrons per MeV. The total amount of the EMC material varies from 16X to 17.5X
depending on the polar angle of incidence. The amount of material in front of the active elements
has been reduced to a minimum of 0.25X at normal incidence in the barrel region and 0.20X for

the endcap. The EMC design is schematically shown in Figure 2.15.

Electronics and Read-out System

The EMC electronics system is required to have a negligible impact on the energy resolution. This
requirement limits the maximum allowed equivalent noise energy per crystal to 250 keV. This is
achieved by deploying a highly efficient photon detector and a low-noise electronic readout. The
PIN silicon photodiodes used have an efficiency of 85% for the Csl scintillation output. Two sets of
photodiodes and low-noise pre-amplifiers are used for each crystal to provide necessary redundancy
for inaccessible components. The dual signals are combined in postamplification-digitization boards

installed in the accessible location.
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Figure 2.15: Design of the EMC detector

Performance

The BABAR Electromagnetic Calorimeter has met its performance requirements. Figure 2.2.5
shows electron identification efficiency and pion mis-ID achieved with the EMC inputs, while
Figure 2.16 shows EMC energy resolution derived from multiple processes. A summary of achieved
performance and design goals is presented in the Table 2.8.

The EMC is responsible for the most of the input to the BABAR electron identification algo-
rithms. Electrons are separated from charged hadrons using the information on the shower energy,
lateral momentum of the shower and track momentum. In addition, the dF/dx energy loss in the
DCH and Cherenkov angle in the DIRC are required to be consistent with the hypothesis of an
electron. The most important variable in the electron identification is the ratio E/p of the energy
deposited by the track in the calorimeter to the momentum of the track. Figure 2.2.5 shows the

achieved electron ID efficiency.

Parameters Design | Achieved (typical)
og/E, constant term, % 1-2 1.85+£0.12
or/E, energy-dependant term, % 1-2 2.3+£0.3

04, constant term, mrad 1 0.00 +0.04
04, energy-dependant term, mrad 3 3.87+0.07
lower energy threshold, MeV 20 10-20

Table 2.8: Comparison of the design and achieved performance for the BABAR EMC detector
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Figure 2.17: Electron ID efficiency and
pion mis-identification rates achieved
with the BABAR EMC. Efficiency and
mis-ID rates are measured using radia-
tive Bhabhas and eTe™ — eTe ete™
events. Pion mis-identification proba-
bilities are measured using charged pi-
ons from Kg decays and three-prong
7 decays. Typical value for the effi-
ciency is 95% for the “tight” selector
(90% for the “very tight”), while pion
mis-ID rate is 0.3% (0.1%). (a) - depen-
dency of the efficiency on Prap, (b) -

on polar angle 6.



2.2.6 The Instrumented Flux Return (IFR)

The principal purpose of the IFR is muon identification and detection of neutral hadrons (primarily

KY and neutrons) over a wide range of momenta and angles.

Physics Requirements

Muon identification is rather important for the physics goals of the BABAR detector. It is crucial
in the study of semileptonic B-meson decays as well as in the studies of vector mesons like J/¢
and studies of rare decays involving leptons from B and D mesons and 7 leptons. Neutral hadron
detection, especially K? allows the study of exclusive B decays in CP eigenstates. Overall, the
primary physics requirements for the IFR are large angular coverage, good efficiency and reliable

muon identification down to momenta of less than 1 GeV/c.

Design

A detailed description of the BABAR IFR can be found elsewhere [12]. To provide a good p — 7
separation, the IFR has to contain a large amount of material to absorb all highly interacting
hadron particles while affecting the muon propagation to a much less degree. The material (steel)
of the ITFR absorber is also used as a flux return for the BABAR magnet. Single gap resistive plate
chambers (RPCs) with two-coordinate readouts have been chosen as active detectors for the IFR.
The RPCs are operated at a voltage of ~ 8kV in a limited streamer mode and the signals are read
via capacitive readout strips. The readout strip pitch is varying from 38 to 38.5 mm for z- and
¢ strips. A non-flammable gas mixture of 56.7% Ar, 38.8% freon 134a and 4.5% isobutane fills
the chambers at an absolute pressure of 1500-1600 Torr. A schematic view of the individual RPC
is shown on the figure 2.19. The RPCs are installed in the gaps of finely segmented steel of the
barrel and the end doors of the flux return. The steel is segmented into 18 layers with thickness
varying from 2cm for the 9 innermost layers to 10cm for the rest of the system. The gap between
the steel plates varies from 3.2cm to 3.5cm. 17 layers of RPCs are placed into the gaps and two
layers are placed on the boundaries of the steel system. A total of 806 RPC modules compose the
active area of ~ 2000m?2. The IFR design is schematically shown in Figure 2.18.

Electronics and Read-out System

52,800 IFR readout channels are connected to the Front-End Cards (FECs), each serving 16 chan-
nels. The FECs shape and discriminate the input signals and set a bit for each strip with a
signal above a certain theshold. Signals from the FECs are further transmitted to eight custom
IFR front-end crates that extract hit timing information from the raw data, synchronize it with

external clock and transmit the resulting packages to the IFR readout modules (ROMSs).
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Performance

The BABAR Instrumented Flux Return initally met its performance requirements. Figure 2.20
shows muon identification efficiency and pion mis-identification rates based on the IFR inputs.
However, during the first year of operation, inadequate cooling of the RPCs has resulted in the
severe performance degradation in parts of the detector. This effect has since been linked to the
instability of the linseed oil coating on the bakelite surface of the RPC plates. A special IFR
Improvement task force has been established in order to suggest the solution to this problem.

Several design types are currently under investigation.
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Figure 2.20: Muon efficiency and pion mis-ID rates of the IFR detector. (a) - dependency of the

efficiency on Prap, (b) - on polar angle 6.
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2.2.7 The Trigger

The principal purpose of the BABAR trigger is the selection of the events of interest in terms of
BABAR physics goals. It has to have high, stable and well-understood efficiency for such events
while rejecting a large portion of the background to keep the event rate below 120 Hz, to be
compatible with the throughput capacity of the BABAR Data Acquisition System.

Physics Requirements

The total trigger efficiency is required to exceed 99% for all BB events and to be at least 95%
for continuum events. Requirements on the efficiency for the other event types such as 777~ vary
from 90% to 95% depending on the specific channel. The system must be able to operate under

extreme background conditions while contributing no more than 1% to the total BABAR deadtime.

Design

The BABAR Trigger system is implemented as a two-level hierarchy, the Level 1 (L1) hardware
trigger and the Level 3 (L3) software trigger. It is designed to accommodate up to 10 times the
projected PEP-II background levels and to slowly and predictably deteriorate above that. Both
trigger levels rely on the information from various detector subsystems described above. The
L1 trigger uses information from 3 subsystems - DCH, EMC and IFR. The L1 system is therefore
composed of three modules, each running subsystem-specific trigger processors: the Drift Chamber
Trigger (DCT), the IFR trigger (IFT) and the electromagnetic calorimeter trigger (EMT). Each of
the trigger processors generates trigger primitives - summary data on the position and energy of
the particles. The DCT accepts tracks based on short or long track length and high p; primitives,
the EMT requires at least two clusters in the EMC with an energy deposit greater than 120 MeV.
The IFT is used for triggering ™ u~ and cosmic rays, mostly for diagnostic purposes. All three
trigger processors send their data to the Global Trigger (GLT). The GLT processes all trigger
inputs to form specific triggers, sending them to the Fast Control and Timing System (FCTS).
The FCTS can be programmed to mask or prescale any of these specific triggers. If the valid trigger
remains, the L1 Accept signal is issued to initiate L3 trigger processing. L3 operates by refining
and augmenting the selection methods used in L1. The entire event information along with L1
trigger decisions are available to L3 processors. The L3 trigger is a software trigger designed to
accomodate any event selection mechanism. The resulting processing algorithm has three phases.
In the first phase, L3 input lines are formed by performing logical OR on any number of input bits
from FCTS. In the second phase, the active (in logical 1 state) L3 input lines initiate execution of
the independent trigger scripts which can use any information from the detector and L1 trigger to
make a decision. In the phase three, the outputs of these scripts are combined to produce an overall
L3 Accept signal which initiates an event readout. A detailed description of the BABAR Trigger

can be found elsewhere [12].
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Performance

The BABAR Trigger System has met its performance requirements. The triggering efficiency for
BB events is above 99.9% while the efficiency for the other event types of interest is above 92%. At
a luminosity of 2.6 x 1033em =257, the desired physics event acceptance runs at 16Hz representing
13% of all events accepted by L3 trigger. Another 40% is composed of diagnostic and calibration
samples. Backgrounds represent the remaining 47% of the L3 accepts. A summary of achieved
performance and design goals is presented in the Table 2.9. The configuration of a typical event

accepted by the trigger system, along with some underlying trigger information, is shown in Figure

2.21.

Parameters Design | Achieved (typical)
trigger efficiency, BB event , % 99 99.9
trigger efficiency, continuum event, % 95 >95.8
trigger efficiency, other event types, % 90 >92

Table 2.9: Comparison of the design and achieved performance for BABAR Trigger subsystem
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Figure 2.21: An L3 event display. The small circles and small crosses in the DCH volume are DCH
hits and Track Segment Finder (TSF) hit wires, respectively. The filled EMC crystals represent
energy deposits in the calorimeter (fully filled crystal = 2 GeV). Small black triangles just in front

of the calorimeter crystals show the location of the cluster centroids.

39



Chapter 3

B.B:: Computing

The PEP-II/BABAR B-factory produces over 10 gigabytes of event data each day. Each of the
~100,000 daily events have to undergo complicated tracking reconstruction processing. All these
data are written to disks and then used in physics analysis by 10’s of analysis groups. To control
this very complicated data taking system as well as to provide the collaboration with analy-
sis support tools, a sophisticated computing system has been designed and implemented. The

BABAR Computing system includes the following elements:

e Online - currently encompasses detector control and monitoring, the upper levels of the data

path, and various kinds of run control and partitioning

e Offline - organized into four areas: Reconstruction, Simulation, Databases and Code Re-

leases

e Software Environment in which the computing work is done (including code develop-

ment/management, user concerns, distributed computing issues etc.)

3.1 BaBar Online Databases

Online databases are used to store all the information needed for effective operation of the BABAR detector.
The BABAR online databases make use of Objectivity/DB [13], a commercial Object Oriented
database engine with C++ language interface, as the underlying storage technology. Three types

of online databases exist in BABAR :

e Ambient Database. It stores the readback values from the detector controls. Measure-

ments are time-stamped and are used in online monitoring and offline analysis.

e Conditions Database. A special database used to track detector alignments, calibration
constants, and other time-dependent records of the conditions under which the physics events

are taken.
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e Configuration Database. It is a BABAR unique feature to store all detector configuration
data in a special database based on the commercial object-oriented product. This data is
organized into configuration trees, each corresponding to the particular run type. Such a

design has numerous benefits over plain-text configuration files:
— Intuitive representation of the detector
— Easy update tracking and backups
— Improved security and data management
There are configuration databases for each of the online subsystems. The configuration data

are encapsulated in the configuration objects. Every stored configuration object has an

identity - a quadruplet of the following entities:

database name (susbsystem name, lower-case TLA, e.g. dch, svt etc.)

class name of the object (e.g. “BdbConfigField”)

— secondary key, which is an arbitrary string used to distiguish different configuration

objects of the same class (can be empty)

— configuration key, which is a 32-bit integer number

Objects with the same class name and secondary key are stored in one “container”. Every
time a new object is created in the container, it is assigned a configuration key. Configuration
keys of the objects in the same container are different. Configuration objects are never deleted
or modified, thus guaranteeing that it will be possible to reconstruct the entire data-taking
system configuration for any given point of time in the past. Configuration maps are used
to organize the configuration objects into tree-like structures. Each subsystem has a set of
maps which are stored in the subsystem’s configuration database. Maps are also configuration
objects - they are assigned configuration keys and are stored in the “Map Containers”. The
maps have named links to other objects. Following these links, one can navigate from the top-
level map down to the basic objects. There is a special database with the name “top” which
contains top-level maps referring to the subsystem maps. The top-level subsystem maps are
roots of the configuration trees. They have the links named after each subsystem pointing
to the subsystem’s configuration maps. The top-level maps are instances of the special
“BdbConfigTopMap” class and have no secondary key. Since the top-level configuration
maps are used to root the particular configurations of the data-taking system, it is necessary
to provide a convenient humanly readable naming infrastructure. The special objects - Alias
Maps - have been designed for this. An alias map defines the type of the run and is stored in
the corresponding subsystem database. The subsystem’s alias maps can have links to the top
alias maps. Top alias maps define the type of run for the entire detector and have meaningful
names such as “PHYSICS” for physics data taking, “COSMIC” for taking cosmic ray data

to calibrate the detector, etc.
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3.1.1 Configuration Browser

The structure and data handling policies of the configuration database described above result in a
very large and constantly growing number of configuration objects. In order to effectively navigate
and manage these configuration data, I developed a special software package, “BdbConfigBrowser”.
It provides an easy-to-use graphical interface to the underlying database structures enabling fast
and efficient configuration updates. The software was developed in C++ within BABAR software
release system. It uses the API from several core database packages to connect to the configuration
database and to facilitate various transactions. A user-friendly interface has been developed using
the Xmotif system of graphics libraries designed for Unix workstations.

A set of design requirements was created based on the input from the potential users of software:

e Application should be easy to use for any BABAR detector subsystem expert. Simple and

efficient navigation is crucial

e Application should be fail-safe - no external event, such as power loss on the workstation

application runs on, may result in the inconsistent data in the configuration database

e A subsystem expert should be able to create and edit the entire configuration map tree with

the application without having to use any other database tools
e All the changes made to the database have to be trackable by the appropriate expert
e Application should work on any workstation inside or outside of the SLAC network

The configuration browser has been designed to meet the above specifications, and the following

set of functionality has been implemented:

e A graphical X-windows based interface representing all applicable configuration objects -

configuration maps, top maps, aliases and leaf nodes

e An ergonomic user input interface to minimize the amount of interaction needed to perform

most frequent functions
e A full set of editing functions

— Create new element of configuration tree

Link an existing element to the tree

Replace an existing element with a new one
— Remove an existing element

— Create new alias map

Connect the current top configuration map to the alias map

— Edit the content of the current element
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e Efficient navigation throughout the entire set of configuration trees (over 1000) created in
BABAR configuration database - random access and sequential; by configuration key or alias

name

e Efficient navigation within the specific tree using two display modes - structural map mode

and intuitive fold-down mode similar to the MS Windows File Explorer

e Database interface functions letting user control the commit transactions and rollback the

changes if needed
e A set of administrative functions - help and application control

e An automatic expert notification sent to the subsystem and database experts every time the

corresponding content is changed in the database

Some of this functionality is illustrated in Figures 3.1 and 3.2. The application was in active
use by the entire collaboration for three years until July 2002 when it was replaced by the next

generation configuration management tools.
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Figure 3.1: BABAR Configuration Browser. Rectangular boxes denote Configuration Map objects
while ovals denote terminal nodes which actually contain configuration information. The top
configuration map of the Drift Chamber detector subsystem is examined. In the Object COnfigu-
ration window, one can see that the DCH map contains two second-level objects - “hardware” and
“maps”. The user can navigate through the overall BABAR detector configuration tree by clicking
on the tree nodes in the main window. Alternatively, the Explorer-like interface is provided on the

right side for quick access to an arbitrary tree node.
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Figure 3.2: BABAR Configuration Browser. The Drift Chamber configuration map is now loaded
in its expanded form and a new subnode of the “hardware” map element is being created. On the
right side, one can see the entire content of the DCH configuration tree in a flat form. All versions
of any object can be examined through the right-side interface while only linked objects can be
accessed by the main graphical interface. For instance, one of the terminal nodes under “Maps”
configuration map, “dch_dtag”, is present in two versions. The version with con figuration key = 2
is linked to the tree while key = 1 is available only through the right-side interface. This availability

is important for tracking changes in configurations of particular elements of the subsystem.
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Chapter 4

Analysis of the Inclusive

Semileptonic B-decays in B.B.

The very large amount of data available for analysis in the BABAR experiment allows use of analysis
methods which were previously statistically limited. Often, they have better systematic errors due
to cleaner analysis algorithms. Also, some of them are of special interest because they allow
measurements of decay asymmetries between different flavors of B mesons. The total amount of
data available by the end of 2002 is over 100 fb~!, more than a factor of 10 larger than for the

previous experiment, CLEO.

4.1 Overview of the current Experimental Approaches

The experimental approaches used to extract the semileptonic branching fractions can be divided

into two categories - Direct and Tagged Measurements.

e Direct Measurement.

In this method, the branching fraction is measured directly from the inclusive spectrum of
electrons detected in the event sample. As a result, very high statistics can be obtained.
However, systematic errors are high in this approach since very large background corections
are needed to be estimated from simulated data. This method has been employed in early

studies of semileptonic B decays [15], [14].

e Tagged Measurements.

In these measurements, various methods are used to determine that a BB event has occured.
This process is referred to as tagging a B meson decay. Various levels of B-meson tagging
are possible. At a minimum we need sufficient information to say a BBbar event occurred.

Furthermore, it would be helpful to separate the tracks coming from decays of each of the
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two B-mesons in the event. The higher the achieved level of separation, the less background
one has to take care of in the analysis. The following tagging methods are currently used to

provide different levels of tagging:

— Lepton tags with charge correlation [and event topology].

In this method, high-momentum leptons are used to tag B meson decay. The remaining
leptons are then studied and branching fractions are determined from their spectra and
tag count. Charge correlations between tag and “measured” leptons are exploited to
suppress certain types of background. This method was first pioneered by ARGUS [16]
and continued in CLEO [17], Belle [18] and BABAR [19]. With the typical cut on lepton
momentum in the Y (45) center-of-mass frame, 1.4 GeV/c, 96-97% of the tags correctly
indicate a B meson decay. A small remainder is corrected for using simulated data. The
advantages include relative model independence (most significant subtractions are pos-
sible to carry out in data using charge correlations) and high statistics. Disadvantages:

separate measurements for neutral and charged B mesons are not possible.

— Fully reconstructed B decays as tags.

In this method, B decay is detected by fully reconstructing one of the B mesons. Leptons
originating from the decay chain of the other B meson are then studied and the branching
fraction is extracted from their spectra and tag count. This method was first used
in BABAR [20] (preliminary result was obtained in 2001). Advantages: much cleaner
spectra result in smaller backgrounds which, in turn, result in reduction in systematic
errors. By fully reconstructing one of the B mesons, one knows the exact type and flavor
of the other B meson in the event - this allows measurement of branching fractions
separately for charged and neutral B mesons. Disadvantages: low statistics (full B
meson reconstruction efficiency is less than 0.1%); new sources of systematic errors.
Measurements of the branching fraction of semileptonic B decays using this
method have become feasible only now when large amounts of data have been
accumulated at the two currently operating B-factories - Belle in Japan and
BABAR in US

— Partially reconstructed B decays as tags.

Similar to the previous method except only a partial reconstruction of the B-meson is
attempted. As a result, higher statistics can be obtained due to the higher efficiency
of partial reconstruction w.r.t. full reconstruction. However, in events with partially
reconstructed tags, a fraction of the tracks from the tag B-meson is mixed with the
tracks from a “candidate” B-meson resulting in less clean events and higher systematic
errors. Nevertheless, this tagging method finds use in experiments with lower available
statistics and provides an important cross-check on the results obtained using other
methods.
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For the first time in history of the semileptonic B decay studies, the large data
samples from B-factories made it possible to obtain competitive results using fully
reconstructed B mesons as tags.
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4.2 Introduction to Inclusive Semileptonic Analysis in BaBar

4.2.1 Motivation

The main purpose of this analysis is the measurement of the primary lepton spectra and semilep-
tonic branching fractions separately for BY and B* mesons. From this measurement, the ratio of
branching fractions will be determined. Total (averaged over B* and B ) branching fraction will
also be obtained and used in determination of the CKM matrix element |Vzy|.

A set of phenomena related to the potential differences in B* and B° decay dynamics has been
studied relatively poorly in the past. However, there are some compelling reasons to pursue such

studies:

e It is often argued that the individual semileptonic branching fractions of B* and B° should
be equal. This is based on the assumption that a heavy quark should decay weakly without
regard to the light spectator quark. (In the case of charm quarks, the difference in the
hadronic decay widths is known to be large due to non-spectator diagrams.) For B-mesons,

the deviation from unity of the lifetime ratio 74 /79 is predicted to be of order 10% [23].

e There has also been some speculation that there are differences in the semileptonic decay
spectra [24]. Namely, it is suggested that one of the spectator-level effects of the order 1/ m%,
“Weak Annihilation”, might result in a difference in total semileptonic branching fraction for
B* vs. BY .

As a result, separate measurements of B / B decays represent special interest.

Measurements of the inclusive semileptonic branching fractions of B-mesons have been per-
formed at many experiments including ARGUS, CLEO (I & II), Belle and BABAR . The summary
of the measurements so far is given in Table 4.1 [25], and corresponding world average plots are
given in Figure 4.1. Measurements of the branching fractions for B and B* separately are at
the level of 040t ~ 6 — 8%, achieved in preliminary BABAR analysis [20]. Earlier results from
CLEO analysis are at the level of 054t ~ 6% [17] and are based on partial reconstruction of both
charged and neutral B-mesons. No statistically significant deviation from 1.0 for the ratio of the

semileptonic branching fractions for B® and B* has been observed yet.
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Experiment Date | method used BR
BR(B — Xlv)
BELLE 2002 | lepton tag, 5.1 fb~* 10.90 + 0.12 & 0.49
BABAR 2002 | lepton tag, 4.1 fb~* 10.84 + 0.21 & 0.34
ADLO (LEP) 2002 10.65 £ 0.23
DELPHI 2001 lifetime and b-tagging 10.70 £ 0.08 £ 0.21(40.30 — 0.44)
ALEPH 2001 charge correlation with other hemisphere 10.70 £ 0.1 £0.23 £ 0.26
OPAL 1999 | neural network, models fitted 10.83 4 0.1 £ 0.20(40.20 — 0.13)
L3 1999 double tag 10.16 £ 0.13 + 0.30
CLEO 1996 electrons, lepton tagged 10.49 +£0.17 £ 0.43
BR(B* — Xv)
BABAR 2001 | Tag with fully reconstructed B (prelim) 10.3£0.6 £0.5
CLEO 1997 | tag with partial reco 10.25 £ 0.57 £ 0.5
CLEO 1994 10.1+1.84+1.5
BR(B" — Xlv)
BABAR 2001 Tag with fully reconstructed B (prelim) 10.4+ 0.8+ 0.5
CLEO 1997 | tag with partial reco 10.78 £ 0.6 £+ 0.69
CLEO 1994 1094+ 0.7+ 1.1
BR(B* — XIv)/BR(B° — Xlv)
BABAR 2001 Tag with fully reconstructed B (prelim) 0.99 £ 0.1 £0.03
CLEO 1997 | tag with partial reco 0.95 + 0.08 4+ 0.091
CLEO 1994 0.93+£0.18 +0.12

Table 4.1: Results on semileptonic branching fractions obtained to date.
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Figure 4.1: World averages for semileptonic B decay branching fractions before this measure-
ment. Yellow bands show the prior world averages. (a) - BR(B — Xev ), (b) - BR(B* — Xev
)/BR(B? — Xev ), (c) - BR(B* — Xev ), (d) - BR(B” — Xev ). World average values are

calculated as an average of the individual measurements weighted with the corresponding errors.
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4.2.2 Analysis Overview

We study the spectrum of primary electrons from B-meson decays generated in the PEP-I1/BABAR B-
factory through the process e"et — T(45) — BB.

e Primary spectrum definition: b — ce~7 (b — @etv). X, includes: D° (DY), D+ (D~), D
(D7)

e The Branching Fraction determination.

N(B — Xlv)/esy, o €tag

SL>
Ntag 6150,_(]

BR =

where

N(B — Xlv) is the integral over the detected semileptonic spectrum (after all background

corrections)

sz, is the event selection efficiency for semileptonic events (in events with one B-meson fully

reconstructed)
Niag - number of tagged BB events

€tag is the efficiency to tag the BB event

SL

€rag 18 the efficiency to tag the BB event with the one B-meson decaying semileptonically

The concept for the present analysis is very straightforward. Events containing B-meson can-
didates are tagged with fully reconstructed hadronic B-decays (Byeco tags), where the standard
software tools from BaBar analysis support system are employed. The electron (positron) spectrum

from semileptonic decays of the other B-meson (Brrcorr) is measured.

This method offers many advantages.

e It assures a very clean environment to study the properties of the recoil B-meson , as one of
the two B mesons from the decay of the Y (4S5) is reconstructed in a fully hadronic mode .

Thus we know that all the remaining particles of the event originate from the other B.

e The momentum of the recoiling B is also known and therefore the lepton can be boosted

accurately into the B rest frame.
e The charge of the B is known, so the B%s and the BTs can be studied separately.

e The flavor of the B is known, so the correlation between the charge of the lepton and the

flavor of the B can be used to reject B — D — lepton events (the so-called cascade events).

The only drawback is that the efficiency of this method is very low and is dominated by the semi-
exclusive reconstruction efficiency of ~ 0.4%. In this analysis all the efficiencies will be calculated

with respect to a sample with at least one fully reconstructed B.
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The electron spectrum of the recoil B is measured for both B° and B* . The correlation
between the charge of the electron and the flavor of the reconstructed B-meson allows for the
efficient separation of the primary and secondary contributions. The event sample is divided into
4 distinct classes, differentiated by the type of the B meson charged or neutral, and the charge of
the electron (Table 4.2).

Event Class | Type of B Charge of the electron w.r.t

expected prompt electron charge

A charged right-sign - Qp x @Q; <0
B charged wrong-sign - Qp X Q; >0
C neutral right-sign
D neutral wrong-sign

Table 4.2: Event class definition

The right (wrong) sign refers to the charge of the electron expected from the flavor of the B-
meson for a prompt b-decay (cascade c-decay). We distinguish between charmed mesons from the
hadronization of the c-quark produced in the decay of the b-quark (wrong-sign cascade charm) or
from hadronization of the ¢-quark from the decay of the W (right-sign cascade charm). While the
former contributes to wrong-sign leptons, the latter produces leptons of the same charge as prompt
b-decay.

After the separation into the above event classes, the electron (positron) spectra in each class

are corrected for the following background processes (in the order stated below):
e Pair Backgrounds

— conversion pairs (y — ete™)

— 7% Dalitz decays (7 — veTe™, n° — yete™)

— charmonium decays (J/1 — ete™)

e Hadron misidentification (m, K, p(p), misidentified as electrons)

e Electrons from decays other than semileptonic B decays
—7—e(B—>1"—>e",B—>Df -1t —eh)
— electrons from D, D, A. (B — DD,D — et B— DD} D — et B — At —e™)

The pair and hadron misidentification backgrounds are derived from data with little input from
Monte Carlo simulations. However, the contributions from electrons from decays other than
semileptonic B decays are derived from Monte Carlo based on the latest measured branching

fractions for the corresponding decays.
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At every step of the analysis, the electron (positron) spectra and corresponding background
contributions are corrected for combinatorics in B-meson reconstruction through Mpgg sideband
subtraction, described in Section 4.3.4.

After the above corrections, the spectra have to be corrected for:
e Detector effects

e B «—— B0 mixing

e systematic effects of full B-meson reconstruction

After the tag count has also been corrected for the systematic effects of full B-meson recon-
struction, we use the number of B or B tags to normalize the spectra in the primary event classes
(A and C). The resulting distribution is referred to as the visible/differential branching fraction
for semileptonic decays of B* or B? . Since in this analysis the electron spectrum is measured
only for electrons with p* > 0.5 GeV/c, we have to extrapolate the measured spectra to p* = 0 by
a fit to the sum of spectra predicted by Monte-Carlo for different semileptonic B decay channels.

The resulting full distribution is then integrated and the total semileptonic branching fraction
of the B meson is obtained. This value is then used along with the latest theoretical input to

determine the CKM matrix element |Vep|.
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4.3 Event Samples

4.3.1 Full Reconstruction of B-mesons

The primary event selection for this analysis relies on the semi-exclusive reconstruction of a B
meson described in detail in [26]. The strategy of this reconstruction is designed to accumulate
very large samples of decays of the type B — DY. Here D refers to a charm meson, and Y
represents a collection of hadrons of charge +1. The charm meson serves as a “seed” for the
selection of decays, and we use four different seeds: D* and D** for B and D° and D*° for B*.
For each mode we define the “purity” of the mode as the ratio S%B where S and B are the signal
and combinatorial background respectively, as estimated from fits to the data, described in Section
4.3.4.

We define more than 800 decay chains (B, modes) which are characterized by different signal
purities, depending on the multiplicity and on the composition of the hadrons making up the Y
system. In events with more than one reconstructed B decay, the decay mode with the highest
purity is selected. The data sample for this analysis consists only of events where the above semi-
exclusive reconstruction succeeded and the resulting B;.., mode purity and event counts satisfy
certain criteria described below in Section 4.3.4.

The combinatorial background is represented by both continuum and BB events. After the
requirement on the presence of a lepton in the event the background is dominated by the BB
background. In addition, there is also background which has an Mpgg distribution similar to that
of the signal, when the true mode differs from the reconstructed one by a single soft particle
(e.g. a B — D* nt (D*~ — DY) confused with a BT — DOt event). If the soft particle
which makes the difference is neutral the only effect is a marginal worsening of the resolution
on kinematic quantities, while the situation is worse when a charged particle is lost because the
neutral and charged B samples get mixed up. This last case is called cross-feed and is studied in
detail in Systematics section.

A detailed description of the data samples, the reconstruction of hadronic decays of B-mesons ,
the event selection, track requirements, and the electron identification used in the analysis follows in
the next section. Some of these topics are covered in much more detail in separate BABAR analysis
documents, [27], [28], and [29].

4.3.2 Monte-Carlo Sample

As with every data analysis, a detailed Monte-Carlo study provides important inputs to the overall

analysis strategies. Similarly in this analysis a detail Monte-Carlo study has been performed to:

e Estimate the contribution to the electron spectrum from decays other than semileptonic B

decays

e Determine By.e., cross-feed effects
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e Obtain By, efficiency bias estimates (eqq/ etsaLg - ratio of the efficiency of semi-exclusive B-
meson reconstruction for all BB events to that for events with one of the B-mesons decaying

semileptonically)

In these studies, the information about the generated decay sequences has been used to separate
different types of decays. Each reconstructed track was matched to a generated particle candidate
using standard BABAR Monte Carlo Truth Matching algorithm, described in more detail elsewhere
[38].

In order to provide correct input on the above, a good description of the relevant variables by
the Monte-Carlo simulation is important for this inclusive analysis.

A summary of the Monte-Carlo samples used in this analysis is provided in Table 4.3. These

samples differ in terms of the decay modes of the tag B-meson .

e Cocktail samples contain specific hadronic decay modes for one of the B-mesons (the B,..., candidate),
corresponding to a subset of the modes used in the semi-exclusive reconstruction of the
hadronic tag. The second B meson in the event decays generically (into all possible final

states). Cocktail samples have been used only for cross-check purposes.

e generic samples, on the other hand, contain both of the B mesons decaying without restric-
tions. Generic BB MC represent the full simulation of all possible decays of the B meson

and it should represent the data as an unbiased event sample.

In all Monte-Carlo simulations, the semileptonic B decay to charm mesons is generated using
a mix of the specific decay models. For example, the decay mode B — D*{v is generated using
the parameterization of HQET form factors[30], the non-resonant decay B — D) 7/v is generated
using the Goity and Roberts model [31], whereas the ISGW2 model [32] is used for all other
semileptonic decays. The total Cabibbo-favored semileptonic branching fraction is set to B(b —
clv) = 10.54%, which is somewhat lower than the most recent measurement performed by BABAR
[19].

The semileptonic branching fractions and decay dynamics for semileptonic decays of the B
mesons are assumed to be identical for B¥ and B° , as shown in Figure 4.2. The momentum-
averaged ratio of primary electron spectra for charged and neutral B mesons obtained at the
generator level in Monte-Carlo is R4 /o = 1.003£0.011 (using a limited sample of 5 Million generic
BB events).

The generic Monte-Carlo simulated sample is used for various optimization studies, studies
on the composition of the background tagged by B-meson candidate, and studies of the event
reconstruction efficiency. The total MC sample corresponds to an integrated luminosity of £ =~
240fb~! both for BO/FO and for B* /B~ (Table 4.3). Separate samples of uds (u@ + dd + s5 )
and c¢ events have also been added in the right proportions to arrive at a realistic sample that is

identical in event composition to the data.
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Figure 4.2: (a) Generator level electron spectra for charged and neutral B-mesons. (b) Ratio of

the two spectra.

Table 4.3: Monte-Carlo event samples used in this analysis.

Data set Lumi [fb~!] | Number of BB events, millions
BY cocktail > 100 > 53
B* cocktail > 300 > 158
B? generic ~ 240 ~ 126
B* generic ~ 240 ~ 126
cC generic ~ 35 -
ul + dd + s5 generic ~ 29 -
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Table 4.4: Data event samples used in this analysis.

Data set | Lumi [fb~!] | Number of fully reconstructed B mesons

(after mode selection, one per event)

2000 13 51,000
2001 42 197,000
2002 27 113,000
Total 82 361, 000

4.3.3 Data Sample

The present analysis is based on a total integrated luminosity of 82 0.7 fb=! (Table 4.4).

4.3.4 Event Reconstruction and Selection

All events used in this analysis are reconstructed in the semi-exclusive B meson reconstruction
framework which is set up by the Byc., Analysis Working Group [33]. This framework is now used
in a multitude of physics analyses including measurement of CP violation, B — B® mixing and

many branching fractions.

Kinematic Selection of hadronic B Decays used to tag BB events

A possible choice of two largely independent variables to describe the decays of B-mesons on
the Y(4S) resonance are the energy-substituted mass Mggs , and the difference AE between the
reconstructed and expected energy of the B-meson candidate. Both quantities can be evaluated
either in the Y(45) rest frame or the laboratory frame. In this analysis, the lab-frame is chosen.

The invariant energy difference of the B-meson candidate is calculated with

:pB'pi—S/Q

i

where /s is the CMS energy, and where pg and p; denote the four-momenta (E, p) of the B-meson

AFE

candidate and the initial state. The energy-substituted mass Mpgg is calculated as

mps =\/(s/2+ pp - pi)2/E? — p%.

In this analysis, only events with AE < 0.1GeV are used. Furthermore, B-meson candidates
are selected by the requirement that the energy-substituted mass Mpgg lies within a “signal box”

chosen to be

5.27 GeV/c? < mps < 5.29 GeV/c?,
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Background studies and subtraction are done with B-meson candidates in a Mpg “sideband”,
defined as

5.21 GeV/c* < mps < 5.26 GeV/c?.

The above parameters are justified by the Mgg plots generated using clean samples of BB ,
uTi+dd+ 55 and ¢¢ Monte-Carlo events (see Figure 4.3). On these plots, as well as in all other Mpg
plots in this document, the following label conventions are used: S - number of signal entries in
the “signal box” of Mgg - equal to the integral of the fitted Crystal Ball function (defined below)
over the “signal box” Mpgg interval; B - number of background events in the “signal box” - equal
to the integral of the fitted Argus function (defined below) over the “signal box” Mpgg interval; m
- B-meson mass from fitted function (the mean of the gaussian contribution in the fitted Crystal
Ball function); s - o of that gaussian contribution; P - purity of the Mgg distribution (S/(S+B));
R - “sideband subtraction” ratio (in %) - ratio of the number of background events in the “signal
box” to that in Mgg “sideband”.

3 350000 S = 105563.3 + 446.4 8 80001 S = 1586.8 £ 205850000, (b)
in 30000- B = 9784.5 + 232.6 o (000 B —43453.4 + 373.7
N 250000 m = 5279.40 + 0.01 o ggggc m=5280.22 + 0.61
[%] E =
8200005 s = 2.77 + 0.01 8 ol S =241 %205
{5 15000=P =915 + 0.2 0 3000 P =352 04

10000-R =51.9 + 0.9 2000 R =295+ 0.2

5000 1000
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Figure 4.3: Motivation of the Mpgg cuts used in signal box and sideband definitions. (a) - BB
sample, (b) - ut@ + dd + s5 + c¢ sample from Monte-Carlo, (c) - correctly mixed MC sample
(appropriate amounts of uds and ¢ events were added to BB sample), (d) - continuum DATA

sample.

The background contributions to the events or electron spectra in the signal box are determined
by extrapolating corresponding contributions from the sideband. A fit to the energy-substituted
mass Mg distribution is performed to separate signal (BB) events from background (combina-

torics, continuum). Mpg is fitted to a sum of the empirical functions expected for signal and
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background Mpgg distributions.
The signal component is fitted using a “Crystal Ball” function:

for Mps >m —o-a:

dN 1 1 (Mgs —m)?
_ e (L WMes —m)” 41
dMps N exl’( 2 o2 (4.1)

for Mgs <m —o-a:

dN (n/a)" 1 1
_ , L 42
dMps N P ( 5 ¢ ((m—MES ) n_ a)” (42)

where m is the peak position, o is the width of the gaussian distribution, a determines the crossover
point from the gaussian distribution to the power law tail distribution, and n is a parameter
describing the tail; smaller values generate a longer tail.

The tail of this function accounts for energy losses in the showers of reconstructed 7% . Thus
the tail of the distribution depends on the reconstructed B decay mode and in particular in the
number of 70 present in it.

The background shape in the Mpgg distribution is described by the Argus function, first used
by the ARGUS experiment as an empirical characterization of the mass spectrum of the continuum

and other background events:

dN
dMFgs

=N Mgs -V1—22 exp (=€ (1 —2?)) (4.3)

where © = Mpg /Mmax and the shape parameter ¢ is determined from a fit. The endpoint of
the Argus curve, mmax, is fixed in the fit, since it depends only on the beam energy. The Argus
function provides a good parametrization of both the continuum (c¢ and u@ + dd + s5 ) and the
combinatoric background from BB events.

The maximum total number of floating parameters in the Mgg fits is seven. Two of them are
for the Argus function, while the remaining five parameters are for the Crystal Ball function. The

actual fitting is performed in two steps:

e 1. The ARGUS function is fitted to the sideband region of the Mpgg distribution and two
parameters of the ARGUS function are extracted.

e 2. The seven-parameter Crystal Ball + ARGUS function is fitted to the full Mgg distribution.
Both ARGUS parameters are fixed to the values obtained in step 1.

For more details on the fitting method refer to Section 6.1.4.

Bycco mode selection for analysis

We apply special selection criteria to the modes used in the analysis based on their individual

purity and relative fraction in the total number of tagged events.
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Several parts of this analysis (such as the B, efficiency bias used to correct for different
Bieco efficiencies for different types of events) depend on the correct description of the data by
Monte-Carlo simulation. In order to simplify analysis and Data/Monte-Carlo comparison, we

apply the following mode selection algorithm for both Data and Monte-Carlo event samples:
e First restrict ourselves to modes with the purity > 50%

e and then reject all modes that contribute < 0.2% to the total number of BB events with one

fully reconstructed B-meson .

Table 4.5 shows the effect of the above cuts on the event counts.

Table 4.5: Result of the mode selection algorithm. The column labeled as Efficiency describes the

fraction of the total number of events which survived the cutls].

Cut Data Monte-Carlo
Event Count Efficiency, % Event Count Efficiency, %

Total 500078 + 2703 100.0 693187 + 2403 100.0
purity > 50% 105037 £ 475 21 179998 + 624 25.96
relative contribution to total > 0.2% 98266 + 456 19.65 159470 + 585 23

After this selection, 32 modes are retained : 14 for B* and 18 for B . The mode statistics
and relative contributions to total event counts for Data and Monte-Carlo samples are shown in
Figure 4.4 and in Table 4.6. In the same table, the B;..., modes are also listed with relevant indices
as used in BABAR software. Good agreement between Data and Monte-Carlo is observed for our
Bieco mode set. Another measure of the agreement between data and Monte-Carlo samples is the
distribution of the number of tracks in the recoil (track multiplicity), found in Figure 4.5. Very
good agreement is observed. The effect of the remaining deviation in relative contributions has
been extensively studied and no systematic bias of the measured quantities has been observed (see
Section 6.1). Several other cross-checks have been performed to test the Monte-Carlo description
of the fully reconstructed BB events. More details on these studies are available in Section 6.1.
Note that values in Tables and Figures in this section are based on the slightly lower statistics
than that used in the analysis. Therefore, the total number of tags quoted is different for the two

data samples (analysis counts are given in Figure 4.6).
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Table 4.6: Mode statistics and relative contributions to total B,.., event counts in our sample

Index | BABAR Index | Mode Data MC

Signal Fraction, % Purity Signal Fraction, % Purity
1 11001 BT — DOKnr, « 7380 + 118.3 7.51+0.12 | 81.94+0.8 | 11569 + 149.2 | 7.25+0.09 | 80.440.7
2 11101 Bt - DOKrn0 13039 + 170.9 | 13.26 4+ 0.18 | 67.1 £ 0.6 | 21236 4+ 219.7 | 13.31 +0.14 | 67.8 + 0.5
3 11201 BEY - DK3n,x 10490 + 153.4 | 10.67 £ 0.16 | 65.2 0.7 | 18947 4+ 202.1 | 11.88 £0.13 | 72.3+0.5
4 12001 B - D K.m, = 1233 + 53.4 1.25 4+ 0.05 64.8 & 2 1752 + 60.9 1.09 £0.03 | 63.941.6
5 12101 B - D Krm,w 8610 + 130 8.76 £ 0.13 | 77.7+£0.7 | 14585 +168.2 | 9.14 +0.11 80.4 £ 0.5
6 13001 B - D - D% — Knm, 7w 2074 + 58.7 2.11+£0.06 | 97.24+0.6 3132 + 75.4 1.96 £0.04 | 95.740.7
7 13003 B - D*~ — D% — Kn,nn” 3479 + 82.9 3.5440.08 | 80.1+1.1 5945 + 111.4 3.72 £0.07 | 78.8+0.9
8 13009 B - D*~ - D% — Kn,nrm 2213 + 65.7 2.25 +0.06 | 78.84+ 1.4 3010 + 78.3 1.8840.04 | 73.2+1.2
9 13036 B -~ D*~ - D% — Kn 535 + 34.4 0.54 + 0.03 61+ 2.9 1080 + 49.8 0.67 £0.03 | 60.7 + 2.1
10 13101 B - D*~ - D% — Knn¥ x 3128 + 73.9 3.18 4 0.07 92 + 0.9 5235 + 97.7 3.28 £0.06 | 92.5+0.7
11 13102 B - D*~ - D% — Knx¥ K 297 + 24 0.3 £ 0.02 86.3 + 3.2 378 + 26.7 0.23 + 0.01 84.6 + 2.8
12 13103 B - D*” — D% — Kan®, an® 5886 4+ 114 5.99 +0.11 69.7 £ 0.9 9629 + 149.4 6.03 £ 0.09 67.1 4+ 0.7
13 13109 B - D*~ = D% — Knr®, nrrm 3460 =+ 87.7 3.524+0.09 | 65.5+1.1 4866 + 108 3.05 4+ 0.06 | 61.9+0.9
14 13111 B - D*” - D% — Knn', KK= 245 + 21.3 0.24 4+ 0.02 87.2 + 3.4 465 + 29.7 0.29 +0.01 85.5 + 3
15 13138 B - D*” - D% — Knn® 342 +27.8 0.34 +0.02 64.8 + 3.6 751 4+ 42 0.47 £ 0.02 67.7+2.5
16 13201 B - D*~ — D% — K3m, w 2290 + 62.7 2.33+0.06 | 93.540.9 4133 + 83.3 2.59 £0.05 | 93.1+0.8
17 13203 B - D*~ — D% — K3r,nn? 3820 =+ 89.8 3.884+0.09 | 69.5+1.1 7443 + 129.8 4.66 +0.08 | 69.2+0.8
18 13209 B - D*~ — D% — K3r,nnm 2175 + 69.5 2.21+0.07 | 69.74+1.5 3638 + 90 2.28 £0.05 | 68.7+ 1.1
19 13301 B - D*= = D% - Kentn™,m 676 + 35.1 0.68 + 0.03 89 + 2.2 1102 + 43.9 0.69 £0.02 | 89.4+ 1.8
20 13303 B - D*= - D% — Kentn™, wn” 1150 =+ 53.9 1.17 4 0.05 52.8 + 1.9 2218 4 78.7 1.39 4 0.04 61.8+ 1.4
21 13309 B - D - D% — Kentn™ , 7mem 702 4 42.7 0.71 £ 0.04 53.5 + 2.4 1039 + 49.5 0.65 + 0.03 52.7+ 1.9
22 14001 BEY - D*0 5 D920 L Kr x 2280 + 62.7 2.32 4+ 0.06 95.3 £ 0.9 3066 + 74.5 1.92 4+ 0.04 94.9 4+ 0.8
23 14002 BEY - D*0 . D920 L Kr K 222 + 20.3 0.22 4+ 0.02 87.4 + 3.9 41140 0.25 + 0 87.4 4 3.2
24 14003 BEY - D*0 . D970  Kr, 7rO 3169 + 82.7 3.22 +0.08 71.5 £ 1.3 6526 4 116.2 4.09 £ 0.07 80.5+ 0.8
25 14009 B - D*0 . PO%0 . Kn, wnn 1968 + 64.1 2+ 0.06 74.2 £ 1.5 2514 + 74.4 1.57+0.04 | 69.8+1.4
26 14036 BT - D*0 . pOx0 . K 573 + 38.1 0.58 +0.03 | 53.2+2.6 1036 + 49.7 0.64 4 0.03 58 + 2
27 14101 BT - D*0 . D920 — KrnO 4108 + 89.6 4.18 £ 0.09 79.9 £ 1.1 5393 4+ 106.6 3.38 + 0.06 75.9 + 1
28 14201 BT - D*0 . pOx0 . K3r, 2979 + 76.8 3.034+0.07 | 78.3+1.2 4675 + 98 2.93+0.06 | 81.8+0.9
29 15001 BT - D*0 - D% — Kr, 7 2133 + 63.8 2.17+0.06 | 86.74+ 1.4 2878 + 75.9 1.8 + 0.04 87.1+ 1.2
30 15002 B* - D*0 . D% - Kn, K 233 + 24.3 0.234+0.02 | 69.2+4.7 413 4+ 28.8 0.25 4 0.01 77443
31 15003 B* - D*0 — D% — Kx, 7nn® 3690 =+ 98.1 3.75 £ 0.1 554 1.1 5212 + 118.9 3.26 4 0.07 54 4 0.9
32 15101 B - D*0 — D% — Knr¥ x 3673 + 100 3.73+ 0.1 50.2 + 1.1 5175 4 120.6 3.24 +0.07 50.6 + 0.9
- - All modes (sum of above) 98266.7 + 456 99.99 - 159470 + 585 99.99 -
- - All modes (from combined fit) 98377 £ 459 - 71.4+0.2 159663 £ 589 - 72.4+0.1
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Figure 4.4: MC comparison for B,..., quantities. The mode index corresponds to the row num-
ber in Table 4.6. In the Figure: (a) relative contributions of various mode to total event counts,
(b) Breco purity, per mode, (c¢) absolute MC-Data difference in relative mode contribution (“frac-
tion deviation”), (d) absolute MC-Data difference in purity (“purity deviation”), (e) pull of the
MC-Data fraction deviation (dexiation)) (f) pyll of the MC-Data difference in purities, (g) Mgs

Odeviation

distribution for all selected modes, data; (h) same for MC.
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Figure 4.5: Track Multiplicity in the recoil, MC-Data comparison, sideband-subtracted, all events.
(a) - distributions for data and Monte-Carlo samples, (b) - relative deviation, (MC-Data)/Data.

64



Table 4.7: Normalization of Monte-Carlo sample relative to Data, based on the tag-level Mgg
distributions, per B type.

B type MC tags Data tags | scaling factor (as applied to MC)
B* 194406 £ 656 | 56766 + 354 0.2920 4+ 0.0021
B° 146617 4+ 558 | 42951 + 298 0.2929 4+ 0.0023
all 341127 + 861 | 99738 £ 462 0.2924 4+ 0.0015

Yields correction and Data - Monte-Carlo normalization

Fig. 4.6 shows the total yields from Data and Monte-Carlo samples after mode selection criteria are
applied. The Mgg distributions are fitted to the sum of a Crystal-Ball function (for the signal) and
an ARGUS function (for the background). Any peaking background from continuum is extracted
by fitting same distribution in the MC sample, once for the sample with mixed continuum events
and once only for BB events. The relative difference in the under-the-peak counts is then applied
to the under-the-peak count in Data.

These yields are also used in scaling Monte-Carlo corrections before they are applied to data.

The scaling factors are given in the Table 4.7 separately for charged and neutral BB events.

Sideband Subtraction Method

The integral of the Argus function from the Mpgg fit provides the total number of background
events (NJ2,). A fraction of this background lies in the signal box and needs to be subtracted from
the total number of signal events. This is done as follows :

Integrating the Argus function obtained from the Mpgg fit, we obtain the number of background
events that lie in the signal box (N£) and the sideband region (NZ5). We use these two numbers

to estimate the ratio,

which is referred to as the sideband scaling factor. We use this scaling factor to subtract the
sideband contribution to any electron spectrum obtained for the events falling into the Mg signal

box:

N® = N°® — f x N°s&

where N¢9 is the number of electrons detected in the signal box and N€SB - in the Mgg
sideband.

Sideband scaling factors are determined separately for each event class from corresponding
MEgg distributions (Figures 4.7 and 4.8) and are given in the Table 4.8.

The systematic effects of the sideband subtraction have been studied in detail and are described

in the ’Systematic Studies’ section later in this document.
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Figure 4.6: Tag Yields. From top to bottom: charged B decay modes, neutral B decay modes, sum

of neutral and charged decay modes. From left to right: MC(BB, uds, and ¢¢ combined); Data;

Difference between Mpg distribution and a resulting fit function, MC and Data.
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Figure 4.7: Event yields, for events with electrons of momentum pe,,,s > 0.5 GeV in recoil. From top
to bottom: event class A; B. From left to right: MC (BB only); MC(BB, uds, and ¢¢ combined);
Data; Difference between Mpgg distribution and a resulting fit function, MC and Data.

Table 4.8: Normalization of sideband background to the signal region, based on the signal-level

Mpg distributions, per event class.

Event Class | Sideband | Background in signal box | scaling factor
Data
A 1326 £ 135 459 + 47 0.346 £ 0.026
B 818 £ 106 303 £ 39 0.371 £ 0.036
C 838 £ 107 330 £ 42 0.394 £ 0.037
D 731 £ 101 215 4+ 30 0.295 £ 0.030
Monte-Carlo
A 3927 4232 1379 £ 81 0.351 £ 0.015
B 2478 £ 185 797 £ 60 0.322 £ 0.018
C 3150 + 207 1209 £ 79 0.384 +0.019
D 2860 + 198 1000 £ 69 0.350 £0.018
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Cross-Feed in B, ..,

During the full reconstruction procedure, it is possible for a B meson to be reconstructed in a mode
which is different from the actual mode (final state) to which the B originally decayed. We call
this effect Bjeco cross-feed. While some cross-feed effects do not change the apparent flavor of the

B meson and thus do not affect this analysis, several others do:
e B¥ «—— B
e Bt «— B~
e B" «— BO
All of the above misidentification result in the change of the B flavor and therefore bias the charge-

flavor correlation between the electron and B-meson . Cross-feed effects of these three types have

been extensively studied. The details of these studies are given below.

4.3.5 B, cross-feed - from event type mismatch

The simplest way to quantitatively extract the cross-feed levels is to compare the type (Boﬁ or
BT B7) of the generated event to that defined by the resulting B, mode in simulated data. The
cross-feed in this case is described by the following parameter (cross-feed coefficient):

1 1 correct B type
S](QEA(;UGW S __ SMES

all events
SMES

CF =

where

S]((/l[lEg”e"tS is a signal count obtained from fitting an Mgg distribution for all tagged events

S]c\;rrect B type
ES

a generated B type matches that of the Bi..., B type

is a signal count obtained from fitting an Mpgg distribution only for events where

This method gives the estimation on the B¥ «— B cross-feed, and a list of related quantities
derived through this algorithm is provided in Table 4.9. The same quantities for events which have a
primary electron in the recoil are given in Table 4.10. Note that, by construction, these coefficients
also absorb signal count biases resulting from any peaking non-BB Mpgg components.

A similar study for different momentum ranges of the primary electron is shown in the ap-
pendix, Section 6.1.1. These studies confirm that the cross-feed coefficients do not have significant
dependence on the primary electron momentum and therefore can be applied as overall corrections
to the normalizations.

The cross-feed coefficients obtained from generic MC and averaged over all B,.e., modes (sepa-
rately for B and B modes) are given in Table 4.11. These numbers are used later in the analysis
to correct the normalization (tag counts) before extracting branching fractions from the electron
spectra. Note that the cross-feed effect described above produces a peaking background, i.e. the

Mpg distribution for background events has a non-zero area under the signal peak.
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Table 4.9: B¥ «— B cross-feed related quantities, from generic Monte-Carlo.

BRECO Mode | Total Wrong B flavor, Mg fit | cross-feed
B - DK« 25430 4 222 99 + 90 0.0039 £ 0.0035
B — DYKnn0 n 45897 + 324 3148 + 165 0.0686 =+ 0.0036
B - DYK3n,x 41542 + 299 2753 4 142 0.0663 £ 0.0035
B — D™ Ksm,m 3749 + 89 300 447 0.080 £ 0.013
B - D~ Knrm,w 30109 = 242 1854 £+ 113 0.0616 =+ 0.0038
BY - D* - D% — Kn, 7 6524 + 107 0+ 33 04 0.0051
BY - D* — D% — Kn,nn® 12305 + 160 927 + 62 0.0753 + 0.0051
BY - D*~ — D% — Kn,nnmw 6284 + 112 343 + 40 0.0546 + 0.0065
B’ - D*~ — D7 — Kr 2270 + 72 0£19 0+ 0.0085
B - D*~ — D% — Knn0 =« 10735 £ 131 75433 0.0070 £ 0.0031
BY — D*~ - D% — K70 K 841 4 39 754 14 0.089 £ 0.017
BY - D*~ = D% — Knn0, nn0 20479 + 218 1318 £ 98 0.0643 =+ 0.0048
BY — D*~ — D% — Knn® nnm 10072 + 298 403 + 264 0.040 £ 0.026
BY - D*~ — D% — Knn®, KK« 954 + 43 0+7.9 04 0.0083
BY - D*~ — DY — Knn0 1531 + 61 35+ 27 0.023 £ 0.018
BY - D*~ — DV — K3n,w 8437 + 121 0+4.6 0 4 0.00055
BY - D*~ — D% — K3, wr” 15627 + 188 890 + 79 0.0569 + 0.0051
BY - D*~ — D% — K3n,nnn 7426 + 130 67+ 54 0.0091 + 0.0073
B — D*~ = D% — Kentm—,m 2275 + 63 0+6.6 0 £ 0.0029
BY - D*~ — D% — Kyntn— nnd 4671 £ 111 471 £+ 61 0.101 £ 0.013
B® = D*~ — D% — Kentrn— wnm 2155 £ 71 206 + 37 0.095 £ 0.017
B - D*0 - DOR0 Ko, 6819 £ 111 184 420 0.0270 = 0.0030
Bf - D*0 . D0 Ko K 901.7 £ 2.5 0+41 0+ 0.045
B — D*0 — DOx0 — K, wr© 14224 £+ 171 376 + 55 0.0264 + 0.0039
B — D*0 - D70 K o 5202 + 109 0482 04 0.016
B - D*0 - DO70 — Kn 2228 + 73 143 + 33 0.064 4 0.015
B - D*0 & D0  KanO 7 11683 + 156 105 + 49 0.0090 + 0.0042
B - D*0 — DOx0 — K37, 7 10340 4 144 244 4 45 0.0236 £ 0.0044
B - D*0 = D% — Kn, 7 6282 £ 112 322 4+ 37 0.0513 £ 0.0060
B = D*0 - D% — Kn, K 889 + 42 954+ 19 0.107 4 0.022
B — D*0 - DO% — Kn, 7n® 11640 £ 179 582 4+ 90 0.0500 =+ 0.0078
B - D*0 . DOy — K7n0, 1 11201 £+ 178 255 + 95 0.0228 + 0.0085
all B+ 194405 + 656 7640 4 288 0.0393 £ 0.0015
all BO 146616 + 558 6376 + 222 0.0435 £ 0.0015
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Table 4.10: Same as Table 4.9, events with primary electron.

BRECO Mode | Total Wrong B flavor, Mgg fit cross-feed
B - DK, & 5404 + 94 12.1+8.8 0.0022 + 0.0016
B - DY'Knn0 9541 + 130 40+ 14 0.0042 4+ 0.0015
B - DYK3n,x 8371+ 119 71418 0.0085 + 0.0021
BY - D~ Ky, w 806 + 37 20.3+4.9 0.0252 + 0.0062
B - D~ Krm,w 6101 + 103 124 £ 29 0.0203 + 0.0047
BY - D*~ - D% — Km,« 1415 + 48 0+0.96 0 =+ 0.00068
BY — D*~ — D% — K, wn® 2571 £ 72 72415 0.0280 + 0.0058
B® — D*~ — D% — Kn, 7w 1200 + 38 0+£85 0 £ 0.0071
BY - D*~ - D% — Kn 564 + 33 15+ 33 0.027 £ 0.059
BY - D* — D% — K, « 2285 + 62 0485 04 0.0037
BY - D*~ — D% — KnnY, K 174 +£ 17 5.342.9 0.030 4 0.017
BY —» D*~ — DY — K0, 7m0 4644 + 97 149 + 21 0.0322 4+ 0.0046
BY - D*~ — D% — Knrl, nnrw 2190 + 66 48+ 12 0.0221 + 0.0056
BY - D*~ - DY — Knn, KK~ 205 + 16 4.04+2.3 0.019 4+ 0.011
BY - D*~ — D% — Kzn® 318 424 8.6+ 5.3 0.027 £ 0.017
B® — D*~ — D% — K3m, 7 1889 + 55 6.9+ 3.5 0.0037 £ 0.0019
BY - D*~ — D% — K3m, mr® 3462 + 83 79417 0.0228 + 0.0049
BY - D*~ — D% — K3r, mrw 1732 £ 58 0.7+7.5 0.0004 + 0.0043
BY - D* = D% — Kentmn—, 7w 506 + 30 10+ 19 0.020 4 0.038
BY - D*~ = DV — Kentn—,7m® 961 + 44 42+ 11 0.044 4+ 0.012
BY - D*~ - D% — Kyntn—, nnm 455 + 29 9.5+6.3 0.021 £ 0.014
B* - D*0 - D0 K 1473 + 49 0.7+2.7 0.0004 + 0.0018
B - D*0 5 D0 Ko K 187 £ 19 2.14+4.2 0.011 4 0.022
B* - D*0 = DO70 — K7, 7m0 3030 & 77 39413 0.0130 + 0.0042
BT - D*0 . D20 L K o 1169 + 48 11412 0.009 + 0.011
B — D*0 - DOR0  Kn 491 + 32 0+5.5 0+0.011
B - D*0 . D70 — KanO & 2553 + 68 28.1+8.0 0.0110 £ 0.0031
B - D*0 D00  K3x 7 2144 + 62 28.0 £+ 10.0 0.0131 4 0.0047
B - D*0 - DOy — K7, 7 1322 + 49 42.24+ 8.4 0.0319 4 0.0065
B* - D*0 - D% — K7, K 164 + 17 0+1.1 0 =+ 0.0069
B - D*0 - D% — Kn,7n0 2462 + 73 92+ 16 0.0373 4 0.0067
B — D*0 - DOy — KnnO x 2394 + 69 494+ 13 0.0203 + 0.0055
all BT 40735 4 274 366 + 42 0.0090 + 0.0010
all BO 31754 + 244 598 + 45 0.0188 + 0.0014
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Table 4.11: B* «— B cross-feed related quantities, from generic Monte-Carlo.

All events

BRECO Mode Total Wrong B flavor, Mgg fit | cross-feed |
all B 194405 + 656 7640 + 288 0.0393 £+ 0.0015
all BY 146616 + 558 6376 + 222 0.0435 £+ 0.0015

Events with primary electron

BRECO Mode Total Wrong B flavor, Mgg fit | cross-feed

all B 40735 £ 274 366 4 42 0.0090 =+ 0.0010

all BO 31754 £ 244 598 + 45 0.0188 £ 0.0014
events with primary electron of p* < 1.0 GeV/c

BRECO Mode Total Wrong B flavor, Mgg fit | cross-feed

all B 9465 + 131 100 £+ 19 0.0105 =+ 0.0020

all BO 7390 + 116 129 + 20 0.0175 £ 0.0028

events with primary electron of 1.0 < p* < 2.0 GeV/c

BRECO Mode Total Wrong B flavor, Mgg fit | cross-feed

all B 20786 + 192 210 £ 29 0.0101 £ 0.0014

all B0 16186 + 174 265 + 31 0.0164 £ 0.0019
events with primary electron of 2.0 < p* GeV/c

BRECO Mode Total Wrong B flavor, Mgg fit | cross-feed

all B 10486 + 141 55+ 35 0.0052 =+ 0.0033

all BO 8170 + 126 209 + 21 0.0255 £ 0.0026
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No significant dependency on the momentum of the electron in the recoil is observed for events
where one B-meson decays semileptonically. Therefore all cross-feed corrections may be applied
on a momentum-independent basis. Half of the observed weighted variation is 0.4%, which we
take as an absolute systematic error on the cross-feed coefficients. Based on this absolute error, we
assign a 10% relative systematic error to the total tag-level cross-feed and 30% - to the signal-level

cross-feed.
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Table 4.12: Template table for cross-feed matrices below. All numbers and coefficients are calcu-
lated for a certain Bj.., mode or mode set. The top number in the B~ /Bt (B°/B°) columns
represents the total number of B events (from Mgg fit) reconstructed with a certain flavor of the
Byeco B-meson . In the Ny, column, the total numbers of B events (from the Mgg fit) where a
B-meson was generated in a certain flavor AND reconstructed into a certain flavor, not necessarily
identical to the generated flavor. In the inner cells of the table we show the ratio of the event

counts generated in a certain flavor to the event counts reconstructed in a certain flavor.

Byeco mode: all B*
True Ngen Reconstructed as
B~ | B*
Nreconstructed Nreconstructed

as B~ as Bt
B~ Ngenerated CFB— CFB—
as B~ ted B:_ B‘:_
B+ | Noeerate CF5’ CFB;
¥ 0 0
BY | Noencpated CFE CFEB/
o generated B0 BO
BY | NOer CFE CFE

4.3.6 B,.., cross-feed - from studying events with b — clv and b — ¢ —

Xlv decays in recoil

To determine the effect By, cross-feed has on the electron spectra we detect in this analysis, the
following method has been used: the origin of all reconstructed electrons has been identified using
MC truth information. If the origin of an electron is a semileptonic B decay or the cascade decay
of D meson, the information on the flavor of B-meson is obtained from the charge of the electron.
Since the reconstructed electron belongs to the recoil B-meson decay chain, this directly provides
the information on the true flavor of the other B meson which was reconstructed hadronically
by the Byeco process. A direct comparison of this true flavor with the flavor obtained from the
B, cco output allows the derivation of the appropriate cross-feed quantities. The benefit of this
method is that the cross-feed ratios can be directly applied to electron spectra in all event classes
after background subtractions allowing reliable cross-feed corrections.

Table 4.13 shows the cross-feed quantities derived from the events with semileptonic B decay
(b — ¢). The same quantities derived from events with cascade B decay (b — ¢ — e) are provided
in Table 4.14. The explanation of the values in the above tables is given in Table 4.12. BY « B0
mixing effects are properly taken into account in all cross-feed coefficient calculations.

These coefficients, CF' gf?f:m;;dfiﬂf Yo" are then applied to the final spectra in each of the 4
classes (Table 4.2) to derive corrections by subtracting fractions of spectra in other event classes
to account for events moved from those classes.

Generally, flavor-changing cross-feed effects (such as B — B~ or BT — B~) will move events

from wrong-sign to right-sign events and vice versa, while flavor-conserving cross-feed (such as
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B° — B*) will keep the correlation. Formulas similar to the above are applied to all event
classes. To correct right-sign event classes (A, C), the cross-feed ratios derived from the events
with semileptonic B decays are applied. To correct wrong-sign event classes (B, D), the cross-feed
ratios derived from the events with cascade B decays are applied.

We define the following cross-feed correction matrix:

— CCFE +C CFET SLCFES 45t CRED CCFET 4+C CFE;
SLOFB, +5L OFp” — SLCFE, +50 CFE COFE +C CFE
SLCF% +SLCFB CCFB) 4© CF};_B - CCFE) +° CFE
SLOFE! +5L CFE CCFE +C CFE  SLOFE +5L CRE —

Mcrp =

Using this matrix, the resulting cross-feed correction to the spectrum can be expressed as

A A
B o Mcr % B
c 2 c
D D

BG reco

The above expression assumes equal number of B and B events in the sample, which is
a valid assumption for the Monte-Carlo and Data samples used in this analysis. Contamination
of the electron spectrum is then subtracted from each of the four event classes according to the
above matrix. Coefficients marked as STCFJ" are used in correcting for contributions from
events detected in classes A and C, while coefficients marked as “CFJ¢" are used in correcting for
contributions from events detected in classes B and D.

The other effect of the cross-feed is that some fraction of events of true class A are reconstructed
as events of another class thereby decreasing the efficiency to detect class A events. When this de-
crease in the efficiency is different from the corresponding decrease in B* tag count, the correction
has to be applied. This correction is absorbed in the Efficiency Bias Correction described later in

Section 4.5.1.
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Table 4.13: Cross-feed coefficients from generic Monte-Carlo, for all B* and BY B,..., modes, from

studying By, side in Semileptonic decays of the recoil B.

BRECO mode: all B*
True Ngen Reconstructed as
B~ Bt
7765 + 118.7 7907 & 118.0
B~ | 7741 +£118.0 0.99715-9953 0 = 0.0021
BT | 7788 £117.9 04 0.00016 0.98715-043
B° 106 +16.7 | 0.00060 4 0.00039 | 0.01302 + 0.00073
BO 344+ 14.2 0.0044 4 0.0018 | 0.00002 + 0.00024
BRECO mode: all B°
True Ngen Reconstructed as
B° BO
6117 4+ 105.3 6109 + 105.1
B~ 1224 19.0 | 0.00205 + 0.00065 | 0.0180 4 0.0026
B* 924+ 17.8 0.0150 +0.0029 | 0.00043 + 0.00018
BY | 6005 +104.7 0.98110059 0.00143 4 0.00047
BO | 6003+ 103.9 | 0.00197 «+ 0.00079 0.98010 059

Table 4.14: Cross-feed related quantities from generic Monte-Carlo, for all B® and B* B,.., modes,

from studying Bjeco side in b — ¢ — Xlv decays of the recoil B.

BRECO mode: all B*
True Ngen Reconstructed as
B~ B*
868 + 38.8 904 + 40.1
B~ | 869 +39.8 1.00019 165 0= 0.0017
Bt | 878 £38.9 | 0.0056 + 0.0021 0.97270 629
B° 27479 | 0.0034 +0.0031 | 0.0258 + 0.0095
BO 2+2.6 0+ 0.0048 0.0083 + 0.0043
BRECO mode: all B°
True Ngen Reconstructed as
B° B°
938 +41.7 959 4 41.8
B~ 8+7.6 0+ 0.0018 0.0124 + 0.0075
B* 24479 | 0.0161 +0.0089 | 0.0061 + 0.0013
B® | 930442.0 | 0.99415:0955 0+0.0014
BY | 941+422 0 + 0.0020 0.98410-000
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4.3.7 Track Selection

Charged particle tracks are taken from one of the standard BABAR track lists referred to as the
GoodTracksLoose list. But in this analysis, the track selection criteria are then tightened for elec-
trons to suppress background and to ensure a reliable measurement of the identification efficiency.

Hence the following additional cuts are applied to the tracks found in the GoodTracksLoose list :

e iy > 0.5 GeV/ e, where piqp refers to the laboratory momentum of the track,

e p* > 0.5GeV/c, where p* refers to the momentum of the track in the rest frame of the recoil

B-meson , and
e the polar angle acceptance is restricted to 0.36 < 04, < 2.37.

Table 4.15 shows the generator level efficiency of applying these cuts. The single cuts on
p* and piep have an inefficiency of roughly 4%. The loss of efficiency due to the angular cuts is
approximately 14%. The latter is used later in the analysis to correct for the geometric acceptance.
All other efficiencies in Table 4.15 are given for reference purposes as an estimate of the effect our
track selection cuts have on the electron spectrum. The geometric acceptance efficiency has also
been calculated analytically assuming a uniform angular distribution for tracks of primary electrons

in the rest frame of the recoil B-meson . The two estimates agree within errors.

Table 4.15: Efficiency of kinematic cuts imposed on electron candidates on the generator level.
The cuts in the first three rows indicate the efficiency applying one cut only. The last three rows

show the cumulative efficiency.

Sample

B[%]

B> [%]

B°[%]

Diab > 0.5GeV /¢
p*>0.5GeV/c
20.6° < 6 < 135.9°

0.9568 £ 0.0013
0.9597 £ 0.0013
0.8626 + 0.0023

0.9549 + 0.0020
0.9582 £ 0.0019
0.8622 £+ 0.0033

0.9586 + 0.0018
0.9612 + 0.0018
0.8629 £ 0.0032

Dlab, D*
p*,0
Dlab, D™ 0

0.9445 £ 0.0015
0.8272 £ 0.0025
0.8177 £ 0.0026

0.9423 + 0.0022
0.8262 + 0.0036
0.8168 £ 0.0037

0.9466 + 0.0021
0.8282 + 0.0035
0.8186 £+ 0.0035

4.3.8 Electron Identification

Electrons are identified using a likelihood-based selector [34], which uses a number of discriminating

variables:

e E.ui/Diab, the ratio of E.,, the energy deposited in the EMC, and pjqp the momentum in
the laboratory frame measured using the tracking system; LAT, the lateral shape of the

calorimeter deposit; A®, the azimuthal distance between the centroid of the EMC cluster
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and the impact point of the track on the EMc; and N, the number of crystals in the EMC

cluster;
e dFE/dx, the specific energy loss in the DCH;
e the Cherenkov angle fc and N¢, the number of photons measured in the DRC.

First, muons are eliminated based on the dE/dx and shower energy relative to their momentum.
For the remaining tracks, separate 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

PEmc(E/p7 LAT, A(I)|§) PDch(dE/de) PDTC(90|€)

for the hypotheses € in{e, m, K, p}, the fraction

F, = _felle) (4.4)

Zg I EL(Q 7
is defined, where, for the relative particle fractions, fe : fr: fx : fp =1:5:1:0.1 is assumed. A
track is identified as an electron if F, > 0.95.

The electron identification efficiency has been measured using radiative Bhabha events, as
a function of laboratory momentum p;,; and polar angle #,,,. The misidentification rates for
pions, kaons, and protons are extracted from selected data samples. Pure pions are obtained from
kinematically selected K% — 7+ 7~ decays and three prong 7+ decays. Two-body A and D° decays
provide pure samples of protons and charged kaons.

The performance of the likelihood-based electron identification algorithm is summarized in
Figure 4.9, 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
particles, taking into account relative abundances from Monte Carlo simulation of BB events. The
resulting average fake rate per hadron track of pia, > 0.5 GeV/c is of the order of 0.05% for pions
and 0.4% for kaons.

The raw spectra of the detected electrons after all event and track selections are given in the

Figure 4.10. The corresponding electron yields are given in the Table 4.16.
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Figure 4.9: Electron identification and hadron misidentification probability for the likelihood-based

electron selector as a function of momentum (left) and polar angle (right). Scales for identification

and misidentification are the left and right ordinates, respectively.

Table 4.16: Electron Spectrum: Sideband subtraction before any corrections.

corresponds to the statistical error.

N, tracks

The error given

Sample A B C D

Signal box 5362+ 73 | 1738 £42 | 3686 £61 | 2032 £45
Unscaled Sideband 1363 + 37 843 £ 29 850 £ 29 746 + 27
Sideband-subtracted | 4891 4+ 74 | 1425443 | 3351 +62 | 1812+ 46
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Figure 4.10: Raw electron spectra before any background corrections, as detected. (a) - signal box,

(b) -

unscaled contribution from Mpgg sideband region.
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4.4

Electron Background Subtraction

The raw measured electron spectra obtained from Data for the signal box and sideband are shown

in Figure 4.10. These raw spectra contain electrons from prompt and cascade B-meson decays plus

various background sources that need to be subtracted. The spectra also have to be corrected for

the efficiency of detecting an electron track in a tagged event. The corrections are performed in

the following order:

Correction for electrons from converted photons, Dalitz and J/4 decays

Estimated by counting the number of pair vertices that satisfy specific sets of kinematic cuts.

Correction for hadrons mis-identified as electrons

Estimated for each of the three hadron types (w, K, p) using mis-ID rates determined from
hadron control samples, relative abundance of hadrons of each type determined from the
Monte-Carlo sample and the detected non-electron spectrum.

Correction for tracking and electron identification efficiencies

Determined from the efficiency tables provided by the BABAR tracking and PID groups,
respectively.

Correction for B® «» BY mixing effects

Due to the mixing, electron spectra from B° decay chain in classes C and D are linear com-
binations of the prompt and cascade electron spectra. The corresponding mixing equations
are solved for the prompt spectrum. Latest PDG 2002 value for the mixing parameter, xq4 is

used.

Correction for electrons from decays other than semileptonic B decays (decays of, e.g., D-
mesons, 7, A, etc.)

Determined from Monte-Carlo. Predicted spectra for all decay modes are adjusted for dif-
ferences between Monte-Carlo branching fractions and the latest experimental results by
applying corresponding rescaling factors.

Correction for cross-feed effects

Cross-feed coefficients and methodology are defined in Section 4.3.6.

Correction for electrons lost due to bremsstrahlung

Monte-Carlo simulation is used to populate a three-dimentional matrix translating recon-
structed p*, 6 into the generated ones. The matrix is applied to the fully corrected spectra
from Data to arrive at the true b — e spectrum.

Correction for Pr4p cut efficiency and Geometric Acceptance

Monte-Carlo simulation is used to derive corresponding correction coefficients.

The rest of this section will deal with each correction in detail.
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4.4.1 Pair Background
ISL pair-finder

Electrons from photon conversions and Dalitz decays are identified with the ISL pair-finder [37],
which is a significant improvement with respect to the standard conversion finder of BABAR . The
improvements include an introduction of an additional parameter, the radial coordinate of the pair
vertex, as well as better parameter settings. As a result, much cleaner separation of the conversion
electrons and electrons from Dalitz decays becomes possible.

Figure 4.11a shows a schematic explanation of the pair finder algorithm.

The algorithm finds a vertex position and a distance between two tracks of opposite charge. It
uses first the projection of the two helixes in the x-y plane.

From the track parameters R, the radius, dy, the distance of the closest approach to the x-axis
(doca) and ¢, the angle at the point of closest approach, one can calculate the position of the
points A and B which are the two points on the tracks where the tangents are parallel.

Axy is defined as the distance between the points A and B. The center M of [A, B] is defined
as the conversion point or the vertex point. When the two circles intersect, a negative sign is

assigned to Azy. The point M is still the center of [A, B], defined as given in Figure 4.11b.

y

Figure 4.11: (a) Principle of the ISL pair finder algorithm, for (a) positive and (b) negative Axy

definitions.

Az is the z-coordinate difference between the points A and B. To calculate it, the parameters
20, the z coordinate of the point of closest approach, and tan 6, the elevation of the track above z

axis, are necessary inputs.

ZA = 20+ Sa X tan6 (4.5)

where S, is the length on the circle between the point of doca and the point A

81



Table 4.17: ISL Pair Finder cuts used in the detection of pair background. d is the distance of
the closest approach of the momentum vector of an electron pair to the interaction point. r is the
distance of the conversion point from the interaction point in x-y plane. m., is the invariant mass

of the electron pair.

Background | m..[GeV/c?] | [Agyllem] | [A.|[em] | dlcm] | r[cm]
Conversions < 0.01 <0.3 < 1.0 <25 | >16
Dalitz decays < 0.02 < 0.2 < 1.0 <25 | <16

Photon Conversion Background

The standard ISL Pair Finder described above is used to detect pairs of electrons originating from
photon (v) conversions. We apply cuts on the values of Azy, Az and of the mass of the v candidate
(Table 4.17). The efficiency of the finder has been determined in generic BB Monte Carlo events,

Ey—ee = 36.4 £ 2.6%(stat).

This efficiency is relatively low, mainly due to asymmetric conversion pairs where one of the
electrons is lost. The contribution of conversion electrons to the total electron spectrum is quite
large at low momenta. Figure 4.12 shows a comparison of the detected (reconstructed, sideband-
subtracted and corrected for finder efficiency) yield in Mlonte-Carlo with the number of generated
(and reconstructed) electrons from converted photons (as determined from Monte Carlo Truth).
Figure 4.13 shows a comparison of the reconstructed track yield after sideband subtraction and
correction for finder efficiency in Data with the yield predicted by Monte-Carlo. Good agreement
is observed in both cases. The conversion finder has a misidentification rate of less than 8% in the
statistically relevant part of the electron spectrum [39]. This impurity is taken into account in the
efficiency correction.

To examine the systematic uncertainty for this background estimate, we rewrite the finder

efficiency €. in terms of three factors

€e = P elrkvte (4.6)

where

e %" is the probability for the other track to exceed p; > 0.1 GeV/c, which is required to
assure high tracking efficiency. €24 depends on the underlying photon spectrum. To check
how well this spectrum is reproduced in the Monte Carlo simulation, we compare the p,
distributions of found conversions in MC and data. Another check is the comparison of the
energy spectrum of found conversions in data and MC. Checks performed in [19] indicate

good agreement. From this we derive an estimate of (Aef:’““” / e{:’a“”) — 10%.

e "% is the probability for the second track to be reconstructed. €% depends on the tracking

efficiency, which at low momenta is known to 1% for GoodTracksLoose. We accept larger

82



impact parameters for the second track than specified in GoodTracksLoose, and we estimate
(Aelrkfepoiry = 1.5%.

e ¢’ is the probability that once both tracks are reconstructed, they also pass the vertexing

criteria listed in Table 4.17. We determine the uncertainty in this procedure by comparing
the distributions of A, A;, and invariant mass M., for data and MC. While leaving the cuts

on two of these variables fixed, the cut on the third is loosened, and the change in the yield

vtx

is observed. From this study we arrive at a relative systematic uncertainty of (Ae2'* /e" )Sys

= 8%.

In summary, by adding the relative uncertainties in the individual efficiency factors in quadra-

ture we arrive at a total uncertainty. Specifically, for conversion background we obtain

(A€C> — 13%. (4.7)
sYs

€c

Dalitz Decay Background

The electrons from the 7° — ete™v decays are identified with the same pair finder as used for
detecting photon conversions, with an additional cut on the position of the electron production
vertex (Table 4.17). The very small lifetime of the 7" results in most Dalitz electrons being
confined within a very small distance from the beam spot. Photon conversions, on the other hand,
tend to be produced by photon interaction with the material of the detector and therefore are
not abundant near the beam spot. This distinction allows efficient separation of « conversion and

Dalitz electrons. The efficiency for detection of an eTe™ pair from a 7° Dalitz decay is

€0 eex = 22.3 £4.8%(stat)

The main contributions to the inefficiency comes from the requirement on the second track
(mainly Npcp, > 12). This could be remedied by combining electron candidates with tracks from the
ChargedTracks list, but this would result in a significant increase in the systematic error associated
with the track finding efficiency and an increase in combinatoric background for the finder. Figure
4.12 shows a comparison of the detected (reconstructed, sideband-subtracted and corrected for
finder efficiency) yield in Monte-Carlo with the number of generated (and reconstructed) electrons
from Dalitz decays (as determined from Monte Carlo Truth). Figure 4.13 shows a comparison of
the reconstructed track yield after sideband subtraction and correction for finder efficiency in
Data with the yield predicted by Monte-Carlo. Good agreement is observed in both cases. The
Dalitz finder has a misidentification rate of ~ 20% in the statistically relevant part of the electron
spectrum [40]. This impurity is taken into account in the efficiency correction.

The systematic uncertainty for this background is estimated using the same procedure as de-

scribed above for conversions. For Dalitz decays, €} is lower compared to conversions, which

results in a higher relative error, (Ae}'* /ey = 16%. Furthermore, since we require a loose

)sys
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clectron identification for the second track, we have (Ael*/efr*

= 2%.

(Aeﬁ‘m esa”) = 10%, the systematic error on the Dalitz electron efficiency is
sys

A
(ﬁ) — 19%.
€d sYs

) Combined with
sYs

(4.8)

J/v¢ Background

Electrons from J/v¢ decays are identified by combining each signal electron candidate with all
tracks from the GoodTrackLoose list identified with the “tight” electron selector. The mass of the
J/¥ candidate is calculated after constraining the two electron candidates to come from a common
vertex. If multiple combinations occur for a signal electron candidate, the combination with the
highest vertex probability is chosen. Requiring the second track to be identified as an electron
lowers the J/1 reconstruction efficiency by about 10% (absolute), but decreases the combinatoric
background substantially. This allows us to neglect combinatoric background in the mass window
2.95 < me. < 3.14GeV. The efficiency of detecting the electron from .J/1 decay is determined
from Monte-Carlo simulation by comparing the number of reconstructed electrons whose parent is

a J/1 to the number of electrons detected by the above algorithm:

€1/p—ee = 68.3 £ 5.5%(stat).

Within the statistical error, the reconstruction efficiency is the same for all electron subsamples
(positive and negative electrons in all event classes). Figure 4.14c compares the m.. distribu-
tions from reconstructed electrons in the Monte Carlo sample with the generated distributions for
electrons from J/v decays.

The systematic uncertainty for this background is conservatively estimated at 10% based on
the observed differencies in detected yields for Data sample and true yields for Monte-Carlo sample
(Figure 4.13).

N, tracks

500

300
200

100

10

MC true: 1233.2 +- 34.3

O MC found: 1167.3 +- 58.9

0 05

1 15 2

25
p*, GeVic

N, tracks

MC true: 154.0 +- 11.7

O  MC found: 199.4 +- 27.7

0.5

; 25
p*, GeVic

N, tracks

()

MC true: 109.6 +- 5.7

O MC found: 109.6 +- 6.9

1

I
1 15 2

25
p*, GeVic

Figure 4.12: Comparison of the detected (efficiency-corrected but not sideband subtracted) mo-

mentum spectrum of background electrons with the true yield of reconstructed electrons from same

source (all in Monte Carlo sample, used to cross-check the pair finders). (a) - Conversion photons,

(b) - Dalitz decays, (c) - J/1.
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Table 4.18: Comparison of Data and Monte Carlo yields of backgrounds from converted photons, 7°

Dalitz decays, and J/4 decays. The column labeled as “fraction” denotes the contribution relative
to all electrons observed in B-meson decays in Data sample. The “MC Truth” label denotes the

reconstructed electrons matched to true electrons from the appropriate pair background source.

| leptons | Background | DATA MC Truth | Fraction (DATA) [%] |
e, all event classes Conversions 1124 + 58 — 8.76 £+ 0.45
signal box Dalitz 202 + 31 — 1.57 +0.24
J /v 100 £+ 12 — 0.530 + 0.060
eT, all event classes Conversions 1517 £ 67 — 39.9+1.9
sideband Dalitz 331 £ 40 — 8.7+1.1
J /4 8.8+ 3.6 — 0.150 £ 0.060
e, all event classes Conversions 592 4+ 62 616 + 68 5.15+0.54
sideband-subtracted Dalitz 86 + 34 68 4+ 35 0.74 £0.30
J /v 97 £ 12 107.5+6.9 0.570 + 0.070
et class A Conversions 190 + 35 211 4+ 38 3.88 £0.71
sideband-subtracted Dalitz 0+16 8+ 14 040.33
J /4 26.8 £6.4 34.2+3.9 0.370 £ 0.080
et, class B Conversions 140 + 34 180 + 35 9.8 +2.4
sideband-subtracted Dalitz 40 4+ 20 30+ 21 28+1.4
J/p 29.1+6.8 33.0 £ 3.8 1.39 £0.32
et, class C Conversions 141 £+ 28 128 + 33 4.20 £ 0.85
sideband-subtracted Dalitz 31417 —5+14 0.93 £ 0.50
J/p 22.0+5.7 20.4 + 3.0 0.44 +£0.11
et class D Conversions 121 £ 27 99 + 31 6.7+t 1.5
sideband-subtracted Dalitz 16 + 15 36 £19 0.86 +0.82
J /4 18.6 +£5.3 20.0 £ 3.0 0.70 +0.20

The actual corrections for the pair backgrounds are shown on Figure 4.15 (for total electron
spectrum) and Figure 4.16 (events in classes A and C). The corresponding subtraction statistics is
shown in Table 4.19. Comparison of the detected pair backgroud in data with the expected yield

determined from MC is shown for all event classes in Table 4.18.
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Figure 4.16: Pair Background Subtraction from sideband-subtracted raw electron spectra. (a) -

subtraction of the combined pair background, event class A; (b) - background spectra, event class

A; (c) - subtraction of the combined pair background, event class C; (d) - background spectra,

event class C.

Table 4.19: Electron Spectrum: Pair background yields. The error corresponds to the statistical

error.

Sample A B C D
Conversions 190 £ 35 140 4+ 34 141 4+ 28 121 £ 27
Dalitz 0+ 16 40 +20 31417 16 £15
J /v 26.8+6.4 | 29.1+£6.8 | 220£5.7 | 18.6 5.3
Total 217 + 39 209 4+ 40 194 + 34 155 + 31
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4.4.2 Hadron Misidentification

Hadrons can be misidentified as electrons (for overview of electron identification methodology used
in this analysis, see Section 4.3.8). This has been studied in detail and is not well described in
the Monte Carlo simulation. The deficiency of the MC shows up most prominently in a failure
to describe the interactions of hadrons in the Calorimeter (EMC), leading to a significant un-
derestimation of the hadron misidentification when applying electron selectors on MC simulated
events. The remedy is to use specially generated efficiency tables (“Particle Identification Tables”
or “PidTables”) for the misidentification probability. Hadron control samples from Data are used
to generate these efficiency tables for different types of electron identification settings. The tables
are then used in the analysis to determine the misidentification probability on a track-by-track
basis. It is crucial to include all stable hadrons in the background studies for misidentification.
For example, even though the absolute fraction of anti-protons is quite small (a few %), their
misidentification probability is very large at certain momenta (due to annihilation in the Emc).
Kaons have relatively large misidentification probabilities at low momenta, where they dominate
the fake background. The high fake rates of kaons and anti-protons are also due to their dF/dx
bands crossing the electron band. Studies are underway to suppress this contamination with a
kaon veto (this degrades the electron identification efficiency at low momenta) and improved cuts
on both the DRC and Drift Chamber variables.

Due to different interaction cross-sections and processes, the misidentification probability is
significantly different for positive and negative hadrons. This is fully corrected with the PidTables,
which allow us to weight all hadron tracks with a weight

w:n(p707¢7q) = Z ft(p505¢aq)7h(paea¢aq)7

i=m,K,p

where 7; denotes the probability that a particle of type ¢ is misidentified as an electron. f; is the
fraction of particle i relative to the sum of all charged hadrons. The values of f; are taken from
a Monte Carlo sample of generic B-decays. Figure 4.17 shows projections of the hadron fractions
averaged over B flavors along with hadronic fractions separately for B* and B° decays. There
is a significant difference between the same fractions in B® and B*, mainly due to the different
composition of B decay modes including kaons. In this analysis, we use separate fractions for B+
and B° decays. The mean fractions for the angular and momentum range covered by this analysis
are shown in the Table 4.20.

Figure 4.18 shows the misidentification probability for pions, kaons and protons as taken from
the “PidTables”.

The following describes the methodology of the hadron mis-ID correction. All quantities shown
below are estimated separately for each bin in the electron momentum.

The hadron fake contribution to the electron spectrum

Nfake - (fwnw+fK77K+fpnp)XNh
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Figure 4.17: Hadron fractions as functions of momentum in the C.M.S. (a) negative particles,
charged B events; (b) same for positive; (c) negative particles, neutral B events; (d) same for

positive; (e) projected hadron spectra, negative particles, “signal box”; (f) same for positive
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Sample Hadron type | Positive Hadrons Negative Hadrons

ot 0.7134 + 0.0037 0.7209 + 0.0038
B*+B° | K* 0.2441 + 0.0013 0.2421 + 0.0013
P, D 0.04253 £ 0.00024 | 0.03702 + 0.00021
ot 0.6978 + 0.0058 0.7047 + 0.0059
B* K+ 0.2567 4 0.0022 0.2567 + 0.0022
P, P 0.04559 =+ 0.00041 | 0.03851 + 0.00035
ot 0.7304 £ 0.0081 0.7387 + 0.0083
B K* 0.2326 + 0.0026 0.2269 + 0.0026
P, D 0.03697 £ 0.00045 | 0.03435 + 0.00043

Table 4.20: Mean Hadronic fractions as determined from generic Monte-Carlo. Errors are statistical

errors on hadron counts only - statistical error from control samples is included in the systematic

error
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Figure 4.18: Hadron misidentification probability. (a) raw values from mis-ID tables, negative

hadron particles; (b) same for positive.
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= <n> XNh
is determined from the measured hadron and electron samples without using muon identification.
The measured sample of tracks not identified as electrons consists of

Nmeas — Ny 4+ N, + (1 — e.) N, (4.9)

not—e

where Np,, N, N, are the numbers of reconstructed tracks belonging to “true” hadrons, muons and
electrons, respectively. The last term represents electrons missed because of inefficiencies in the
electron selector. The spectrum of true muons can be related to the true electron spectrum, which
can be determined from the measured electron spectrum (approximation in the second equation is

made only for determination of the true hadron spectrum):

Ny = ryuselNe
N = € N.+nNp ~ €N,

where 7,/ is a function describing the ratio of the muon and electron spectra and is determined
from the Monte Carlo simulation using generator-level particle ID information for reconstructed
tracks. The spectra of muons and electrons differ due to different background processes (e.g. photon
conversions and Dalitz decays for electrons, Kaon decay for muons) and due to bremsstrahlung.
This ratio is determined and applied separately for each event class. The results are shown on
Figure 4.19.

Equations 4.9 and 4.10 can be solved for the true hadron spectrum:

Nh — Nmeas _

not—e

(1+7‘y,/e — €e

€e

)N;”m. (4.10)

The second term contains the subtraction of the muon contribution to the hadron spectrum and the
correction of the hadron sample for electrons not identified by the electron selector. The underes-
timation of the lepton corrections to the hadron spectrum due the approximation in Equation 4.10
is of the order of 0.5% and thus much smaller than the statistical or systematic error associated
with the fake hadron subtraction.

Table 4.21 lists all the parameters used in determining the hadron fake contributions to the
electron spectra. The summary of the hadron mis-ID correction for all event classes is given in
Table 4.22.
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Figure 4.20: Hadron Mis-ID subtraction, all event classes. From left to right: subtraction, negative

hadrons per particle type, positive per particle type. From top to bottom: signal box, unscaled

sideband, sideband-subtracted. Corresponding numbers for the signal box subtraction are given
in table 4.21.
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Table 4.21: Hadron fake contributions to the electron spectra in the signal box. Summary for
data presented in Figure 4.20 (all event classes). The “fraction” column indicates the fraction of
particle ¢ relative to the total hadron sample. 7 is the average misidentification probability (not
weighted with the fraction). N, represents the absolute contribution to the electron spectrum.
Errors are the statistical errors associated with the hadron sample (error due to the control samples

statistics is absorbed in the appropriate systematic error).

Event Class | Particle Tracks Hadron Fraction n Ny
T— 82279 + 245 0.7209 + 0.0038 0.000398 32.71+£0.13
K- 27625 + 84 0.2421 + 0.0013 0.00439 121.21 +0.53
All p- 4225 + 15 0.03702 £ 0.00021 0.00572 24.16 £0.13
T+ 82654 + 244 0.7134 £+ 0.0037 0.000658 54.36 + 0.20
K+ 28285 + 86 0.2441 4+ 0.0013 0.00333 94.21 +£0.38
p+ 4927 + 16 0.04253 £+ 0.00024 | 0.00118 5.825 4+ 0.024
T— 31275 4+ 149 0.7047 + 0.0059 0.000402 | 12.557 +0.085
K- 11393 £+ 56 0.2567 + 0.0022 0.00409 46.64 +0.33
class A p- 1709.0 £ 9.6 | 0.03851 £+ 0.00035 | 0.00570 9.745 £+ 0.083
T+ 30669 + 147 0.6978 + 0.0058 0.000655 20.10 £0.13
K+ 11281 £ 55 0.2567 + 0.0022 0.00316 35.69 £+ 0.24
p+ 2004 + 11 0.04559 + 0.00041 | 0.00117 2.341 £ 0.016
T— 18534 £ 118 0.7387 + 0.0083 0.000382 7.085 £+ 0.067
K- 5693 + 37 0.2269 + 0.0026 0.00417 23.75 +£0.23
class C p- 861.8 £ 6.6 | 0.03435 + 0.00043 | 0.00543 4.676 + 0.054
T+ 18679 £ 117 0.7304 + 0.0081 0.000635 11.85+0.10
K+ 5948 + 38 0.2326 + 0.0026 0.00315 18.71 £ 0.17
p+ 945.5 £ 6.8 | 0.03697 £+ 0.00045 | 0.00112 | 1.0564 =+ 0.0099

Table 4.22: Electron Spectrum: Hadron mis-identification background yields. The error given
corresponds to the statistical error. Note that sideband-subtracted yields are shown, corresponding

to plots on Figure 4.21.

Sample A B C D

T 7.908 +0.089 | 4.205 + 0.058 | 4.355 £ 0.070 4.470 4+ 0.058
K- 29.99 + 0.35 17.82 +0.28 14.76 + 0.25 15.99 +0.23
p- 6.150 £+ 0.087 | 3.491 4+ 0.067 | 2.958 4+ 0.058 2.956 + 0.052
Total negative 44.04 +0.37 25.52 +0.29 22.08 4+ 0.26 23.41 +0.25
T+ 12.7340.13 | 7.14940.093 | 7.2140.11 7.624 =+ 0.092
K+ 22.54+0.25 | 13.67+0.20 | 11.4740.18 12.56 +0.16
p+ 1.489 £0.017 | 0.880 4+ 0.013 | 0.644 +0.011 | 0.7039 + 0.0097
Total positive 36.75 + 0.29 21.70 £0.22 19.32 £ 0.21 20.89 £+ 0.19
Total 80.80 + 0.59 47.22 +0.46 41.39 £+ 0.42 44.30 £ 0.39
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The systematic error for the hadron mis-identification correction is composed of the three parts:

e 1. Hadron fraction systematics.

Due to the extremely large statistics available in Monte-Carlo for determination of these
fractions, the corresponding statistical error is negligible. The dominant error for this term
arises from the possible inadequacy of the Monte-Carlo description of the hadron spectra.
This has been checked by comparing the fractions obtained from the BABAR Monte-Carlo
with the experimentally obtained fractions in the ARGUS experiment that also used T (4.5) —
BB — X decays [41]. As shown in Figure 4.22, the agreement is reasonable - we take half of
the difference as a systematic error contribution from this term. The error corresponding to
each hadron type is weighted with the relative contribution of that hadron type to the total
misidentification rate. The weighted errors are then added together in quadrature to arrive
at the error for the total mis-ID correction. The details on the hadronic fractions systematics

are given in Table 4.23, column fj,.

Table 4.23: Contributions to the total systematic error for the hadron mis-identification correction.
Weight denotes the relative contribution to the overall mis-ID correction from the particular hadron

type. Resulting absolute errors (in number of mis-identified electrons) are given for event classes
A and C.

| Sample | Weight | oMy [Nk | ofn/fn | combined | A, absolute | C, absolute

™ 0.255 0.1000 0.1000 0.141 2.92 1.64
K 0.650 0.150 0.150 0.212 11.1 5.56
p 0.0945 0.200 0.200 0.283 2.16 1.02
Total 1.00 0.103 0.103 0.145 11.7 5.89

e 2. Hadron fake rate systematics.
The corresponding error is described in detail elsewhere [19]. The details on the hadronic
fractions systematics are given in Table 4.23, column 7y,.

e 3. Systematic effects in determination of the true hadron spectrum in Data.

This is mostly affected by the uncertainties in tracking efficiencies and detecting lepton
particles. Due to the small magnitude of these errors, this term has negligible contribution

to the total error associated with hadron misidentification correction.
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Figure 4.22: Comparison of the hadronic multiplicities and fractions observed in ARGUS exper-
iment, with the corresponding distributions obtained from BABAR Monte-Carlo sample. On the
left, the track multiplicity (per event) for a given hadron type is shown. Ecjrs in the X axis label

is the center-of-mass energy of the event.
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4.4.3 Tracking and Electron ID Efficiency Correction

The data sample used in this analysis has been accumulated using three different Drift Chamber
High Voltage settings - 1900V, 1930V, and 1960V. Approximately 80% of the data were taken at
1930V, while 1900V and 1960V settings contribute approximately 10% each. Since the tracking
efficiency correction depends on these settings, it has been applied to the respective parts of the data
sample separately. No significant charge dependance of the tracking efficiency has been observed,
therefore we use the same efficiency for negative and positive tracks.

In tracking efficiency corrections, efficiency tables containing absolute Data sample efficiencies
are used. The tables contain tracking efficiency binned in 0, ¢, Prap and event multiplicity. The
appropriate efficiency is applied to each track based on its kinematic properties as well as the total
event multiplicity. Tracking efficiency weighted with the analysis spectra is shown in Figure 4.4.3b.

In order to enable direct comparison of Data and Monte-Carlo spectra, the average of the
absolute Monte-Carlo sample tracking efficiency (~ 97%) is applied to all Monte-Carlo spectra.
The error introduced by this approximation is very small since it only affects certain physics
background corrections (< 7% of total electron yield).

The correction for electron ID efficiency is applied separately for each charge of the electron.
In this correction, two sets of efficiency tables are used. The first set of tables contains the electron
ID efficiency as determined from the electron control samples, mostly radiative bhabha (electron-
electron scattering) events. It has been observed [43], however, that particle identification efficiency
may depend significantly on the event topology. Since this analysis is performed on the multihadron
events, which have notably different topology from bhabha events, an adjustment to the electron
ID efficiency has to be applied. This adjusment has been derived in [19] and is represented by
the second set of efficiency tables. The adjustment results in lowering the effective electron ID
efficiency by 1-4%, with the largest effect being in the lower part of the spectrum. Averaged over
the detected electron spectra, this adjustment amounts to ~ 2.4% for the spectra in event classes
A and C (average efficiency changes from 91.8% to 89.6%. Electron ID efficiency weighted with
the analysis spectra is shown in Figure 4.4.3a.

Unlike the tracking efficiency correction, the Electron ID efficiency correction does not need to
be applied to Monte-Carlo spectra since all electron spectra in Monte-Carlo sample presented in
this analysis are based on the Monte-Carlo truth-matched electrons (effective electron ID efficiency
of 100%). The details on both tracking and electron ID efficiency corrections are given in Table
4.24.

Systematics of these corrections are well-described elsewhere [44], [34]. The systematic error for
tracking efficiency correction is set to 0.7% while the systematic error for the electron ID efficiency
is set to 1.0%. We also add half of the event topology adjustment to the systematic error in the

electron ID correction to arrive at a total electron ID efficiency systematic error of 1.5%.
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Figure 4.23: (a) - Electron ID Efficiency, (b) - Tracking Efficiency. Both efficiencies are shown only

for the range of momenta used in the analysis.

Table 4.24: Electron Spectrum: Electron ID and Tracking efficiency corrections. Errors are statis-

tical only.

Sample A B (@] D

Before 4593 4+ 84 1169 +59 | 31154+ 70 | 1613 +55
After Eff. Corr(ID) 5130 £ 94 1325 £ 67 | 3485+ 79 | 1817 + 63
After Eff. Corr(Trk) | 5309 4+ 98 1378 =70 | 3639 +83 | 1898 + 66
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4.4.4 Efficiency-corrected Electron Spectra after Pair and Mis-ID sub-

tractions

Figure 4.24 shows the efficiency-corrected spectra in all four event classes after Pair and Mis-ID

subtraction. Table 4.45 shows the numbers corresponding to Figure 4.24.
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Figure 4.24: Electron spectrum after pair and hadron mis-ID corrections and all subtracted com-

ponents for all four event classes: (a) - class A, (b) - class B, (c) - class C, (d) - class D.

4.4.5 Unmixing of the electron spectra in B° samples

The extraction of the branching fraction is performed using the measured number of electrons, the

reconstruction efficiency, the mixing parameter y4, and the number of produced B-mesons .
Measurements of the total B «» B9 mixing probability y4 (probability of B meson to decay

as BY) have been published by many experiments, with the world average [45] (including recent

BABAR measurements) currently given by

Xd = 0.181 £ 0.004.
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However, the value of the mixing probability is fixed in BABAR Monte-Carlo at
xqa = 0.175

This value is used instead of the world average value to correct for the mixing of the Monte-
Carlo B? spectra. This difference affects, among other things, the subtraction of backgrounds for
BY spectra and cross-feed corrections.

For charged B-mesons , there is a simple relation between the number of prompt (cascade)

electrons Npi (NF) and the charge of the lepton expected from the charge of the B-meson :

+ _ a7t

Np - Nright—sign
+ _ a7t

Nc - Nwrongfsign

once the contribution from same-sign cascade charm decays, 7-decays, and the remaining back-
ground sources have been subtracted. The contribution from incorrectly reconstructed B-mesons
is taken into account in the spectra cross-feed correction step described below.

However, in case of neutral B-mesons , B® «» B0 mixing complicates this simple picture:

Nr(’)ightfsign = N]())(]‘ - Xd) + Nng

N'L(z)wong—sign = N;I(J)Xd + NB(]- - Xd)

where electrons from the prompt decays of mixed B-mesons contribute to the wrong-flavor sample
and opposite-sign cascade charm decays of mixed B-mesons contribute to the sample of right-sign
electrons. This set of equations can be solved for the prompt spectrum:
0 0
(1 - Xd)Nm'ght—sign - Xderong—sign
1—2xq '

and the result is shown in Figure 4.25. Corresponding electron yields are given in Table 4.25.

0 _
N, =

After this correction, we will refer to the B? event classes as C’ and D’ to reflect that their definition

as right/wrong-sign events is no longer valid.

Table 4.25: Electron Spectrum: Correction for B® «» B9 mixing effects. Error are statistical only.

Sample (@] D

Before 3639 + 83 1898 + 66
C D’

After 4133 + 108 | 1404 + 87

Special care has to be taken of any pair or hadron mis-ID background remaining in event
classes C and D before the unmixing is applied. Below, we estimate a systematic error due to

these residuals.
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Figure 4.25: Correction to the lepton spectra in B° events due to BB’ mixing. The plots are the
following : (a) - class C’ and (b) - class D’.

The above set of mixing equations is modified as

Nv(")ight—sign = Ng(l - Xd) + Nc(,)Xd + Az
Nq?)rongfsign = Ng())Xd + Ng(l - Xd) + Ay

where Az and Ay represent the background residual contribution to the right-sign and wrong-
sign respectively.

This set of equations can be resolved for the prompt spectrum:

(1 - Xd)NSightfsign - Xd[N'L(z))rong—sign - (AJ? + Ay)] SAY

N? = 4.11
» T 2xa (4.11)
Thus, the term corresponding to the residuals can be written as
-1)-A AN
pr=Xazl) Bz xa By (4.12)

I —2xq 1—2xa
Since Ax and Ay are correlated quantities, we add the errors corresponding to these residual

contributions linearly to arrive at the resulting systematic error contribution to the prompt spectra:

Xa—1)-Ar+xa-Dy
I —2xq '
Thus A can be evaluated using the values of x4 and Ax and Ay. This formula is used to

A

(4.13)

determine the systematic errors for all corrections applied before unmixing: all pair backgrounds
and hadron mis-ID.

The following example deals with the conversion pair background. From the earlier section on
the conversion subtraction, we know that the relative systematic error for this background is 13%.
Based on the detected yield for conversion background, we estimate the absolute systematic error

of Az = 25 for the right-sign sample and Ay = 21 for the wrong-sign sample. Substituting these
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values into 4.13 gives A = 26, which has to be normalized to the number of prompt electrons
after unmixing, 4133 + 108 , to obtain contribution to the relative systematic error. The resulting
systematic error due to conversion subtraction is set to 0.6%. Similarly, systematic errors on Dalitz,
J/psi and hadron mis-ID backgrounds are determined. Corresponding values are given in Table

4.46 in systematics section of this document.

104



4.4.6 Physics Background

?7? All background sources discussed so far are determined from data (with some input from Monte
Carlo simulation). This section describes background sources not easily identifiable in data, arising

from e.g. decays of D% -mesons , 7-leptons, kaons, A , etc. .

(@) (b) W—,'é I

\' ’
W3’ LV W3° ¢
// .|/./ //
b —&—(—* b —¢ Cc

Figure 4.26: Feynman diagrams for background electrons from D%* decays. (a) Electron from
opposite-sign cascade charm decays (separated from prompt electrons by event classification),
(b) electron from same-sign cascade charm decays (so-called “Upper Vertex” decays, need to be

corrected for by subtraction).

Branching fraction rescaling in Monte-Carlo simulation

The corrections for contributions from these sources are determined from Monte-Carlo simulation.
However, due to the recent experimental progress made in studying various decay modes, the
updated branching fractions for a number of processes are significantly different from the branching
fractions used for these processes in the BABAR Monte-Carlo simulations. A separate study has
been performed in order to derive the corresponding scaling factors using the latest experimental
results. These scaling factors are then applied to Monte-Carlo prediction for the background
sources mentioned above to arrive at the correct background estimates. Line numbers in the

following discussion refer to line numbers in the master decay file used in Monte-Carlo simulation.

4.4.7 Background from Upper Vertex Df DX and DD process

Upper vertex processes b — ¢(cs) give rise to a secondary lepton from charm decays which have
the same sign charge as primary leptons from b — ¢l decays Here we discuss two upper vertex
processes B — D;FEX and B — DDX which are the source of background.

D} — Xe'v Branching Ratio

We derive the poorly measured inclusive branching fraction B(D} — Xetv) from B(D° — Xev)

and B(DT — Xetv) and the lifetime ratios 7po/7p, and Tp«/7p, separately, assuming equal
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semileptonic decay widths for D and D,. Finally, we take the average of the two values as the

mean value for B(Ds — Xev).

I'D, — Xev) 1,  B(Ds— Xev) (4.14)
[(D%+ — Xev) Tpo+  B(DY%t — Xev) '
which gives rise to
Br(D, — Xev) = Br(D"* — Xev) - —2s (4.15)
TDO,+

The values given in Table 4.26 is used to calculate the above branching fraction and the result is
provided in Table 4.27.

Table 4.26: Lifetimes of Dy, D* and D° mesons.

Lifetimes PDG’00 (ps) PDG’02 (ps)
Tpo 0.413 + 0.0028 | 0.412 £ 0.0027
T+ 1.051 £ 0.013 | 1.051 £ 0.013
e 0.441 £+ 0.0027 | 0.438 £ 0.0026
D, 0.496 + 0.010 0.490 + 0.009
Lifetime Ratio PDG’00 PDG’02
TDS/TgUg 1.124 + 0.024 1.118 4+ 0.022

Table 4.27: Evalution of Eqn.(4.15) using values from table 4.26

Parent of electron | Decay Chain Link | BR, PDG’00 (%) | BR, PDG’02 (%)
Do D — Xev 6.75 + 0.29 6.87 + 0.28
D+ Dt — Xev 17.2 + 1.9 172 £ 1.9
| D9 — Xev | 6.99 £0.29 7.09 & 0.28
| Average | D> Xev | 785+036 | 792+035 |

B — D DX Production via b — ¢(c3)

e Wrong flavor Df (b — ©(¢s)) production (external W-emission) at upper vertex gives a

secondary lepton of right sign (i.e. same sign as the primary leptons from B — D/v decays).
e D, production possible via internal W-emission is negligible.
e Right flavor D (b — €) production (color suppressed) at lower vertex gives wrong sign

lepton. The relative fraction is (0.16 £ 0.085) of the total Dy production [47].
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Figure 4.27: Diagrams for D, and DDK production

Table 4.28: Branching Ratios for B — D} — Xetv. Right sign leptons from D} via b — &(c3),

where the lepton originates from c.

b—c c—e MC (%) | PDG00 (%) | PDG'02 (%)
B — Df[X — 11.89 10.0 £ 2.5 10.5 £ 2.6
— Dy — Xev 5.86 7.85 £ 0.36 7.92 £0.35
B — DSi — Xev 0.697 0.785 £ 0.2 0.832 £ 0.209
F = (upper-vertex/total) | 100.0 84.0 £ 85 [47]
(b—c—ef)=
(B— Df - Xev)x F 0.697 0.660 + 0.181 | 0.699 + 0.189

From Table 4.28, it is evident that the electron production from upper vertex Dy process in
MC is underestimated compared to the PDG’00 and PDG’02 values. According to the latest PDG
values, this leads to a reweighting of the electron spectrum from Dy by 1.003.

According to the latest result (Belle) the error on the measurement of DF — ¢7* has improved
from 25% to 16%. This brings down the error on the upper vertex B — DI — Xev to 0.136 from
0.189 in Table 4.28, which along with the central value of 0.699 (PDG’02), results in the systematic
error of 20%.
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B — DDX production via b — &(c3)

As shown in Fig.4.27, wrong flavor D*) are produced at upper vertex which give right sign leptons.
It is evident from Table 4.29 that the branching fraction B(DT — Xev) is underestimated in MC

Table 4.29: Branching fractions of B — D — Xev and B — DT — Xev. Value of B(D* — Xev)

is underestimated in MC.

b— ¢/t c/c—e MC (%) | PDG’00 (%) | PDG’02 (%)

B — DX — 8.895 8.2+ 1.3 8.2+ 1.3
— DY = Xev 6.61 6.75 + 0.29 | 6.85 + 0.28
— Dt — Xev 13.72 172+ 1.9 172 £ 1.9
— D*t — DX 68.3 67.7 + 0.5 67.7 £ 0.5
B — D™ - Xev 0.755 0.84 +0.21 | 0.841 + 0.21

by a factor 1.25 compared to the latest PDG values.

The above correction to the electron counting was justified by comparing the B(B — DX —
Xev) branching fraction estimation in MC and data. The value of B(B — DX) for MC was
obtained directly from the particle decay table and is given in Table 4.29. For data, the estimation
was done using the value B(B — DX) = (8.2 £ 1.3)% [49] for D production at upper vertex.
Details about the MC and data estimation of the branching fraction of B(B — D) — Xev) is
described in Section 4.4.11.

448 B —-AX—e™X

e No information available about upper vertex production b — &(¢3), thus we assume a negli-

gible contribution.

e Wrong flavor A} production (b — ¢) through “internal W*-emission (¢3)” decays to right

sign lepton.

e Right flavor A production (b — ) through “internal/external W*-emission(ud)” decays to

wrong sign/charge lepton.

e B — A_X is 6.4% in MC, which includes B — A.X, B — X.X and B — Z.X, (Lines
553-561, 1000-1008, 1337-1343, 1751-1757)

o A — e X is 4.5% in MC, (Lines 4488-4494)

As evident from Table 4.30 the MC and latest PDG values for lepton production from upper

vertex A. agree. This leads to no reweighting of the right sign electron counting from A..
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Table 4.30: Right-sign lepton production through wrong flavor A, decay in b — c.

b—7¢ ¢— (= | MC (%) | PDG00 (%) | PDG’02 (%)
B — A.X — 6.4 6.4+ 1.1 6.4+ 1.1
— A, — eX 4.5 4.5+ 1.7 4.5 4+ 1.7
B —A.— Xev 0.288 | 0.288 +0.12 | 0.288 + 0.12
F = (b— c(A}))/total = 19.0 + 13.6 [48]
(b—c—t" )=
(B— A.— Xev)x F | 0.055 | 0.055 =+ 0.046 | 0.055 4 0.046

449 B—T1—etvr (b—70)

There are two principal sources of 7% that can contribute electrons to the right sign lepton sample:

B— Xttvand B— Df X, Df — vty, with 7t — etww.

B—Xtv, T — ety
In MC, we have :
e Br(B — X.7v) = 2.96% (Lines 611-616 for B°, Lines 1436-1441 for B)
e Br(BY — X,7v) = 0.0257% (Lines 648-656)
e Br(BT — X,7v) = 0.0337% (Lines 1493-1510)
e Br(r — evev,) = 18% (Line 2653)
The branching fraction for B — 7 — £ is provided in Table 4.31, where the value of B — X7tv,

for MC is the sum of the above three branching fractions.

Table 4.31: Branching fraction of B — 7 — £.

b— 7T Tt — ¢t | MC (%) | PDG’00 (%) | PDG02 (%)
B — X1ty — 3.0194 2.6 £04 2.48 + 0.26
— T — ety 18.0 17.83 £ 0.06 | 17.84 £ 0.06
B — 7 — ¢ (Right Sign) 0.543 0.464 + 0.07 | 0.442 £+ 0.046

B— DX, Df - 1tu, 77 —etww

The branching fraction for B — Dy — 7 — £ is provided in Table 4.32. Only the upper vertex Dy

that subsequently decays to 7 are taken into account.
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Table 4.32: Branching fraction of B — Dy — 7 — £. Only upper vertex Dy is taken into account.

b—ec c— 0+ MC (%) | PDG00 (%) | PDG02 (%)

B — DiX — 11.89 84+ 227 | 882+ 2.36
— Df — 7y, 7.0 7.0 £4.0 6.4+ 1.5

— T — et 18.0 17.83 4+ 0.06 | 17.84 + 0.06

B — Dy — 7 — £ (Right Sign) 0.15 0.105+0.066 | 0.10140.036

As mentioned before, the error on the B — D X (due to D¥ — ¢7*) measurement is improved
by 9%, which brings down the error from 2.36 to 1.4 (PDG’02)in Table 4.32. Thus the error on
B — Dy — 7 — { reduces to 0.029 from 0.036.

Adding the MC and PDG’02 results for B — 7 — /¢ from Table 4.31 with the results of
B — Dy — 7 — ( from Table 4.32 for MC and the updated value with reduced error (described

above) for data, gives the following :
MC:(B—71"X — (") =0.693%
PDG'02: (B — 77X — 1) = (0.543 4 0.0544)%

which requires in the rescaling of electrons from the 7 cascade extracted from MC by 0.78, and

the resulting systematics error from this correction is 10%.

4.4.10 B — J/v and B — ¥(2S) decays

Electrons from J/v decays are considered as pair backgrounds and are removed at the early stage
of the background subtraction procedure.

The branching fractions of B — J/9X — ete™ and B — ¥(25)X — ete™ are given in Table
4.33 and Table 4.34 respectively.

Table 4.33: Branching fraction of B — J/$X — eTe™.

b — &cs C—0F PDG’00 (%) PDG'02 (%)
B — J/YX — 1.1540.06 1.064-0.042
— J/p — ete” 5.93+0.1 5.93+0.1
B — J/¢YX — ete” (W/R Sign) | (6.8240.38)x 10~* | (6.2940.27)x 10~*
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Table 4.34: Branching fraction of B — ¥(25)X — ete™.

b — &cs [ PDG’00 (%) PDG02 (%)
B — ¥ (29)X — 0.3540.05 0.29740.028
— U(2S) — ete” 0.88+0.13 0.73+0.04
B — ¥(29)X — ete” (W/R Sign) | (0.3140.06)x 10=% | (0.2240.024)x 10~

4.4.11 B — DDX decays
B(B — D*) — Xev) estimation for Data

The inclusive branching fraction B(B — DDX) for D production at the upper vertex is determined
to be (8.2£1.3)% [49] by combining measurements from CLEO [50], ALEPH [51] and DELPHI [52].
Apart from the branching ratios for the semileptonic decays of neutral and charged D mesons, we
need to know the relative occurences of D and DT mesons at these upper vertex processes. We
assume that the total number of charged D and D* mesons equals the total number of neutral D
and D* mesons. This assumption is motivated by the same number of B and anti-B mesons in our
sample, resulting in an equal number of W* and W~ bosons contributing in the upper vertices.
Further, if we assume equal probabilities for D and D* production during the fragmentation of the

W, we can use
e B(D* - D'X) =1

o r:=B(D*F = D°X) = (67.7+0.5)%, B(D** -=DTX)=1—r

to compute

B(B — D™ — Xev) =

(4.16)

BB DY) {B(DO = Xev) <% + g) +B(DY — Xev) (% _ 2)]

Using the latest PDG values mentioned in Table 4.29 as input, we arrive at

) +B(D* — Xev) (1 - f) = (10.24 + 0.66)%

1
B(D® — Xev) (—+f S+

2 4

and
B(B — DY — Xev) = (0.84 +0.14)%

However, there is no experimental measurement confirming that the number of excited D mesons
equals the number of ground state D mesons in the fragmentation of the W bosons. In the case

of no D* production at all, we would have

B(B — D™ — Xev) =0.9856% (W — Donly)
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while in the case where only excited D meson states were produced in W fragmentation, we would

have
B(B — D" — Xev) =0.6931% (W — D*only)

To be conservative, we used the difference between the central value and the values obtained in

the extreme cases as additional systematic error, so that finally we arrive at

B(B — D™ — Xev) = (0.84+0.21)% (4.17)

B(B — D™ — Xev) estimation for MC
For neutral B mesons, our MC models
e 1.5 % direct B® — DX transitions (Lines 895, 897, 900, 905, 916-919);

e 3.3 % direct BY — D*OX transitions (Lines 902, 907, 910, 912, 920-923);
the D*0 decays to 100% into a D°(Lines 2694-2701).

e 1.307 % direct B — D*X transitions (Lines 864, 965, 896, 898, 901, 906);

e 2.88 % direct B — D*T X transitions (Lines 866, 867, 903, 908, 911, 913).
BMC(D+* —, DOX) = 68.3% (Lines 2685 and 2690). BMC(D+* — D*+X) = 31.7% (Lines
2686, 2687, 2691, 2692). This leads to 1.967 % B ’s decaying to D° and 0.91 % B° ’s
decaying to DT via a D*T cascade.

This combines to
BMY(B® — D°X) =6.77%
BMY(B® — DT X) = 2.22%
For charged B mesons, our MC models

e 1.25 % direct BT — DYX transitions (Lines 1670, 1672, 1675, 1680);

1.5 % direct BT — DT X transitions (Lines 1671, 1673, 1674, 1681, 1691, 1692, 1695, 1696);
o 2.75 % direct BT — D*0X transitions (Lines 1677, 1682, 1685, 1687);

3.3% direct BT — D*T X transitions (Lines 1678, 1683, 1686, 1688, 1693, 1694, 1697, 1698);
this leads to to 2.2539 % Bt ’s decaying to D° and 1.0461 % BT ’s decaying to Dt via a

D*t cascade.

This combines to

BMY (Bt — D°X) =6.25%
BMC¢ (Bt — DY X) =255%

For the semileptonic decay of D - mesons, we have
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e BMY(DY — Xev) = 6.61% (Lines 2892 - 2897)
o BMY (Dt — Xev) =13.72% (Lines 2716 - 2725)
Combining all these branching ratios, we have

BMY(B — DY — Xev) = 0.755% (4.18)

Since the value of BMC(D* — Xev) in MC is underestimated, we weight every electron coming
from a charged D meson by 1.25 in the process of electron counting, this correction will lead to a
value of 0.84, identical to Eqn. 4.17.

The errors on the branching fractions calculated above are used in determining systematic

errors for the physics corrections.

Corrections to the spectra

In event classes A and C’ (for description of classes, see Table 4.2 and Section 4.4.5), the following

sources contribute to the right-sign background:

e Same-sign cascade charm mesons D% and D, from tree level and color-suppressed penguin
decays B — DE:))ﬁ(*)

e Semileptonic B-meson decays B — v, X, T — e.

In event classes B and D’ (after unmixing), the following sources contribute to the wrong-sign

background:

e A., predominantly produced as cascade products in the B-decay .

e Electrons from lower vertex decays B — D; — e.

Monte Carlo simulations are used to obtain the shape and normalization of contributions to the
electron spectrum not associated with either prompt b- or cascade c-decays. The corrections are
shown in Figures 4.28-4.29.

Corresponding statistics is given in Table 4.35. Comparison of the prompt spectra in Data with

the expected spectrum from Monte-Carlo simulation is shown in Figure 4.30.
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Figure 4.28: Physics background subtraction, event class A. (a) - 7 and charm subtraction, (b) -

backgrounds per type.
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Figure 4.29: Physics background subtraction, event class C’. (a) - 7 and charm subtraction, (b) -

backgrounds per type.
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Figure 4.30: Comparison of the prompt spectrum determined from Data with the prompt spectrum
as expected from MC. (a) - B* | (b) - B® .
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Table 4.35: Electron Spectrum: Physics background yields. Errors are statistical only.

Sample A B C’ D’
Dy 160.3+7.8 | 7.9+£3.0 | 101.8£7.0 | 5.5+5.2
DO D+ 162 £+ 19 — 117 £ 23 —
Ac 0.20+£0.32 | 26.2+4.3 1.6+£20 | 24.6%5.0
T 161.1+6.2 | 39+1.0 | 1254+6.5 | 4.74+3.5
Total 483 +22 381453 | 346425 34.8 4+ 8.0
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4.4.12 Cross-feed correction to the spectra

Certain types of cross-feed will change the class of the event, affecting the spectra within individual
event classes. Such types include flavor-changing cross-feed effects such as B® «» B9, Bt « B~
B% — B~,, B < B*. To derive the corresponding cross-feed coefficients, we have studied Bj.eco -
generated B flavor correlation in events with one B decaying semileptonically. In such events, one
can exactly determine the flavor of the B meson that has been reconstructed into a Bje., mode
(see Section 4.3.6 for more details on the methodology). The final results of the corrections to the

spectra are shown in Figure 4.32. The corresponding electron yields are given in Table 4.36.
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Figure 4.32: Correction to the lepton spectrum due to By, cross-feed effects. (a) - spectra
before/after correction, class A, (b) - contributions from all event classes to the spectrum in class
A (contributions from classes B, C’, D’ are subtracted ), (c) - spectra before/after correction, class
C’, (b) - contributions from all event classes to the spectrum in class C’ (contributions from classes
A, B, D’ are subtracted ).

Systematic errors for the cross-feed correction to the electron spectra are discussed in Section
4.3.4. They are composed of the uncertainty due to limited statistics of the Monte-Carlo sample
used to derive corresponding cross-feed coefficients (30%) and a systematic error determined from

variation of cross-feed coefficients for different bins in recoil electron momentum (30%).
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Table 4.36: Electron Spectrum: Spectra cross-feed correction. The error given corresponds to the

statistical error.

Sample into class A | into class C’
Before 4826 £ 100 3787 +£ 110
from class A - 79.6 £ 1.6
from class B 3.774+0.20 4.12+0.21
from class C’ | 32.97 +0.96 -

from class D’ 8.00 £ 0.51 0
After 4781 £ 100 3703 +£ 110

4.4.13 Correction for radiative effects

Generally speaking, radiative effects result in the softer electron spectrum being detected. The
correction is dependent on the amount of material a track has to traverse and on the momentum
of the track. Also, the momentum of the track changes which makes it impossible to derive an
efficiency histogram independent of the spectrum to be corrected. Instead, we have analyzed a
significant number of generated Monte Carlo electron tracks to populate the matrix describing
Poys — 0-dependent momentum transformation. We use a 3-dimensional matrix (generated 6
(same as reconstructed), generated Pojsg, reconstructed Popsg) describing the conversion of the
reconstructed momentum and € into generated ones. This matrix is then applied to the detected
prompt electron spectrum to arrive at the generated prompt electron spectrum. The cross-check
on the procedure is shown in Figure 4.33 and the actual application to the spectra from Data is

shown in Figure 4.34.
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Figure 4.33: Bremsstrahlung correction to the lepton spectrum. (a) - check on MC to make sure
we can return to generated spectrum by applying the correction to reconstructed MC spectrum,

(b) - correction function.

In addition to changing a shape of the detected spectrum, bremsstrahlung also results in a
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Figure 4.34: Bremsstrahlung correction to the lepton spectrum. (a) - correction applied to Data

(class A), (b) - class C’.

loss of the electrons. A certain portion of the electrons generated at momenta above 0.5 Gev/c is
reconstructed with momenta below 0.5 Gev/c due to bremsstrahlung effects. This was corrected
for using Monte-Carlo simulations (efficiency of 99.14 + 0.13 is obtained). The corresponding

correction and efficiency plots are shown in Figure 4.35.
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Figure 4.35: Loss of the electrons due to Bremsstrahlung. (a) - correction applied to class A, (b)

- corresponding effective effficiency.

The systematic error for the bremsstrahlung corrections is estimated at 20% based on the

statistics of the Monte-Carlo sample used to determine this correction.

4.4.14 Corrections for P ,p cut efficiency and Acceptance

At this point, we have true prompt spectra of electrons from B* and B° | as generated. All
electrons in these distributions come from desired physical sources. However, the spectra still have

to be corrected for:
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e momentum-dependent efficiency of the plab cut

e geometrical acceptance

First, we correct for plab cut efficiency. The correction is based on Monte-Carlo generator-level

spectra of the primary electrons and is shown in Figure 4.36. Overall efficiency of the plab cut

applied in this analysis is determined to be (98.82 £ 0.15 )% for prompt spectrum.
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Figure 4.36: Correction for momentum-dependent efficiency of the plab cut. (a) - correction for

class A, (b) - corresponding plab cut efficiency.

Finally, the spectra are corrected for geometrical acceptance (efficiency of 86.24 + 0.45 % for

B* and 86.22 4+ 0.51 % for B® ). For more details on correlations of the geometrical acceptance

efficiencies with other track cut efficiencies, refer to Table 4.15. The result of this correction is
shown in Figure 4.37 and Table 4.37.
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Figure 4.37: Correction for geometrical acceptance. (a) - correction applied to spectrum in event

class A, (b) - same for class C.
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Table 4.37: Electron Spectrum: Acceptance, Pr,4p momentum cut and Radiative corrections. The

error given corresponds to the statistical error.

Sample A C’

Before 4781 +£100 | 3703 £ 110
After loss due to bremsstrahlung | 4822 + 103 3738 + 114
After PrLap > 0.5 4879 + 112 3790 4+ 125
After Geometry 5657 + 130 4396 + 145

Systematic of the acceptance correction is determined from statistics of the Monte-Carlo sample

used to derive the efficiency - an error of 0.5% is taken (see Table 4.15). The systematic uncertainty

of the Pr,ap cut efficiency correction is also determined from the statistics of Monte-Carlo sample

used - an error of 0.15% is taken.

The resulting spectrum is compared to the true prompt electron spectrum derived from the

MOnte-Carlo sample in Figure 4.38.

700

600

N, tracks

500

400

300

200

100

—~
5
~

—— MC: 5692.9 +- 41.5
O Data: 5657.2 +- 130.5

N, tracks

low

OO

0.5 1 15

; . 25
p*, GeV/c

600

—~
R
~—

500

400

300

200

100

—— MC: 44249 +-37.2
O Data: 4395.5 +- 145.2

+

OC)

0.5

AL
p*, GeV/c

Figure 4.38: Comparison of the final fully corrected spectrum to the true prompt electron spectrum

in Monte-Carlo. (a) - event class A, (b) - same for class C’.
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4.5 Results

4.5.1 Measurement of the Detected Branching Fractions

The branching fraction is derived from the number of tags and the signal spectrum via

Ne Nea Eea
B(sl) = _ Mg/ g

tot tot
N Ntag/€tag

where

€fqq 18 a fraction of BB events tagged by Byeco in which one of the B decays semileptonically

to an electron, the other hadronically

tot

€taq - @ fraction of BB events tagged by Byeco , only one By.e., per event
eﬁggd - a fraction of BB events tagged by Bjeeo in which both B mesons decay to hadrons

N¢ - the number of detected electrons from semielectronic B-meson decays in all BB events

in our sample, corrected for fakes and non-prompt electrons
N'ot _ the total number of detected BB events

Ne

tag - the number of detected electrons from semielectronic B-meson decays in BB events

tagged by Bjeco , corrected for fakes, combinatorics from sidebands in Mgg , non-prompt

3 3 € — € € € € €
electrons and electron selection efficiency (€., = €57 €l 15101 €geom. Eorems)

Nfg; - the number of detected BB events tagged by By, , corrected for combinatorics from

sidebands in Mgg , one B,q, /event

Efficiency Bias Correction

Since we do not want to rely on the MC to have the correct mix of hadronic and semileptonic

decays we rewrite Nttg; as the sum of events with semileptonic and hadronic decays in the recoil:

SE SM had SE SE
Nttg; = Ntag + Ntag + Nta(?;] = 2Ntag + (Nttg; - 2Ntag)

where

Nt%g is the number of B,..., -tagged events with semielectronic decay of the recoil B-meson

NSM

tug - same for semimuonic B decay in the recoil

N[g;d - same for hadronic B decay in the recoil

121



In the following, we assume that the number of BB events where one B-meson decays semi-
electronically is identical to the number of BB events where one B-meson decays semi-muonically.

Then the total number of detected BB events can be written as

tot __ SE /_ e had / _had
N - 2Ntag /€tag + Ntag /€tag

Thus we obtain

B(sl) = N Niag/ €tag — Niag
Nt 2NEE g + Nigy'/elig  2Ng,, + (N — 2NE, ) St

tag

The efficiencies are determined by MC simulation:

NE(MCO)
€no = g
o9 2NppBYC (1 —2BMC)
had
6had _ Ntéﬁq (MC)
tag 2Npp(1 —2BMC)2

where B;‘l/[ ¢ =10.54% is the default Monte-Carlo semileptonic branching fraction and Npp is the

total number of generated BB events in Monte-Carlo sample.

In order to reliably determine these efficiencies, events with different types of recoil B-meson
decay have to be cleanly separated. Since the generator-level information from MC is used to
determine the type of recoil B-meson decay, we have to correctly match one of the generated B-
mesons to the recoil B-meson . To achieve this, we require the type of the the generated B-meson
to match that of the reconstructed B.., candidate. All surviving events are used in the efficiency

calculations. The resulting efficiency bias estimates are given in Table 4.38.

Table 4.38: Event selection efficiency for events where both B-mesons decay hadronically and

where one decays semileptonically. Errors are statistical only.

. 6"‘
€ Breco + s Breco hadronic e

tag

B* | 0.0009506 + 0.0000067 | 0.0009341 + 0.0000024 | 1.018 +0.010
B° | 0.0007335 4+ 0.0000059 | 0.0006972 + 0.0000021 | 1.052 + 0.012
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Tag Cross-Feed Correction

Before we derive branching fractions, the tag count, Nyq4, has to be corrected for cross-feed effects
as discussed in Section 4.3.5. Namely, cross-feed effects which change the type of B event result in
a bias in the tag counts. The correction could be expressed as:

N, tas = NB' tes (1 — CFEY)

true

NJ tas = NBY teg (1 _ opBY)

true reco

where CF goi is the fraction of the events reconstructed into B° modes while being true B*
events.
For this analysis, corresponding corrections are given in the Table 4.39. Table 4.40 shows the

final tag and signal yields that are used to determine branching fractions.

Table 4.39: Tag count correction due to the By, cross-feed effects. Errors on the correction are

statistical only. For systematic error discussion refer to the Systematics section below.

Detected Correction Correction, % True Count
B* | 56766 + 354 | —2231 +89 | —0.0393 & 0.0016 | 54536 + 365
B° 42951 298 | —1868 =75 | —0.0435 + 0.0017 | 41083 + 307

Final Signal and Tag Yields

Using the expressions above, the spectra are scaled as shown in Figure 4.39 and the resulting

branching fractions for p* > 0.5 GeV/c are:

BR(B¥),e505 Gevje = 0.1023+0.0024
BR(B%)-505 Gevje = 0.1028 % 0.0034

where the error indicates the statistical uncertainty only.

Table 4.40: Electron yields in data

B-meson Tag count Prompt electrons
B* 54536 £ 365 5657 + 130
B 41083 4+ 307 4396 + 145
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Figure 4.39: Electron spectra normalized to the number of B.., tags taking into account the

efficiency ratio for generic recoil side vs. semielectronic one. (a) - charged B, (b) - neutral B.
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4.5.2 Extrapolation to full Semileptonic Branching Fraction

The extension of the measurement from the limited p* range to the full inclusive semileptonic
branching fraction requires a correction for the undetected part (p* < 0.5GeV/c) of the electron
spectrum. This correction is derived from Monte Carlo simulations and amounts to ~ 4% as
determined from fits to a sum of predicted spectra shapes for individual semileptonic decay modes.

Fits are shown on Figure 4.40 and described in detail below.

a 0.12_ a 0412_
° - =] L
D o (a) 5 g of(b) 6

0.08 - ¢ ¢¢¢ 0.08 — 4)(;)({)4) (x)
0.06 — ¢(:) o 0.06 — (:)

£
++<{>‘}’ b

S

P TR A
0.5 1 15

0.04;— ¢(}) o o
0.02:- % o o.oz:-

P SR B R PR R
0 0.5 1 15

; ’ 2.5 2 2.5

p*, GeVic p*, GeV/c
Figure 4.40: Extrapolation of the lepton spectrum to P* = 0. (a),(b) - fit with error band showing
one-sigma variation in fitted bin content when input bin content is varied acoording to its mean

value and error (assuming gaussian distribution): (a) - for B¥; (b) - for B°.

Fitting procedure

We fit the spectrum corrected for bremsstrahlung to the theoretical models. The relative branching

fractions for the B — X .lv modes according to our event generator are:

(B(D*lv): B(B — Dlv) : B(B — D**lv) : B(B — D(x)rnlv)) =
= (ep+ 1 ¢cp i cp== : cpyr) = (0.54:0.20: 0.14: 0.12)

In the data spectra there is also a small contribution of b — u electrons. The default event
generator predicts that such electrons contribute 1.3% to the total semileptonic rate. However,
more recent results [56] on b — u suggest that fraction to be 2.24% so we renormalize our b — u
branching fraction before including it into a fit function. The default relative sizes of b — ¢ and
b — wu can be inferred from the Figure ?7a.

To predict shapes of the involved b — ¢ exclusive modes the models described in Table 4.41 are

used.
The standard BABAR event generator is used (EvtGen package) to produce 5 Million BB events.
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Table 4.41: Models used to predict contributions from the individual decay channels to the total

semileptonic decay spectrum. Current experimental errors on observed branching fractions are

given.
mode B—D*lv | B—Dlv | B— D"lv | B— D(x)(n)rlv
model HQET ISGW2 ISGW2 Goity-Roberts
e 15% 10% 25% -

In the fit, we allow the branching fractions of B — D**lv, B — D*lv and B — DIv to float
while the fraction of B — D(x)wlv is determined from normalization constraints. Finally, the sum
of all modes is allowed to float.

The fit is set up to minimize the x? function, which includes a “penalty” term for deviation of

the branching fractions for exclusive modes from their measured world average values:

N Z(M)Q (4.19)

ox(pi)
(BR(B — Dlv)fitted — BR(B — DIv)™mees , (4.20)
oBR(B — Dly)meas '
+ < same for other exclusive modes > (4.21)

The fit function is constructed in the following way: all resonant decay spectra are scaled by
the individual fit parameters and the non-resonant spectrum is scaled in such a way that a sum
of all fitted B — X I7 branching fractions inside the square brackets is equal to 1.00. Also, the
b — u spectrum is added as a fixed contribution to the expression in the square brackets. Finally,

everything is scaled using one more parameter, ag. The resulting function is

F(p*) = aolarfp-(p*) +a2fp(p*) + asfp-(p)

L= aiep: — axep = asep-- ¢ 0%+ foou(@")]
Dnon—res —u

Cpnon—res

where a,, are fit parameters, f;..(p*) are the spectra for specific channels predicted by the event
generator and cp« are the relative branching fractions defined above in 4.19. The fit parameters
define how large the specific contribution or fraction is compared to the generator default.

Figure 4.41 shows the result of the fit. The Table 4.43 shows the branching fraction of each
channel from default EvtGen decay files and obtained through the fitting procedure. Note that
the fit calls for a significantly lower fraction of the non-resonant B — D(x)(n)wlv decays.

The fit for the charged B spectrum has x2/DOF = 0.638 and predicts the fraction of electrons
with p* < 0.5GeV/c to be 4.08+0.10 % of the total rate. The same fit for the neutral B spectrum
has x2/DOF = 0.711 and predicts the fraction of electrons with p* < 0.5GeV/c to be 4.14 +0.13
% of the total rate.
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Figure 4.41: Results of the fit to the theoretical shapes. (a) - the default decomposition of B* —
X.ev spectrum into 4 exclusive modes and b — u , (b) - the fitted decomposition of B¥ — X .ev
spectrum into 4 exclusive modes and b — wu , (c) - the default decomposition of BY — X_.ev

spectrum into 4 exclusive modes and b — u , (d) - the fitted decomposition of B — X_.ev

spectrum into 4 exclusive modes and b — wu .

To determine the error on these corrections, the following procedure is used. We observe fit
variations when changing bin content of the differential branching fraction histogram in accordance
with errors on contents of its bins. In this process, each variation is obtained by assuming gaussian
distribution with mean=bin content and sigma=Dbin error for each bin content and generating new
bin content based on that distribution. We use this method to obtain 100s of variations of the
input histogram. We then run fits on each of them accumulating values of the fit function at the
center of each bin and the value of the p* = 0 extrapolation factor. At the end of this process, we
fit accumulated distributions to a gaussian function to obtain the error on the fitted bin content
and the extrapolation factor. The resulting error estimates for each of the bins are shown in Figure
4.42. The errors on the extrapolation factor are extracted from the distributions in Figure 4.43.

Branching fractions before and after this correction are given in Table 4.44.
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Table 4.42: Fit results.

parameter floating D/D* ratio
B* | B°

al’ 1.008 £ 0.019 | 0.998 + 0.027

al’ 1.094 +0.052 | 1.095 =+ 0.064

al’ 1.010 £ 0.095 | 1.008 & 0.095

al’ 1.10 £ 0.23 1.10 +0.24

x2/DOF 898 —0.638 | 22 =0.711

Conf. Level 0.776 0.697

p=0 correction, % | 4.08 +0.10 4.14+0.13

(relative)
mode B — D*lv B — Dlv B — D**lv B — D(x)(n)wlv | b—u total
default 5.6020 & 0.0079 | 2.0998 4+ 0.0048 | 1.5008 £ 0.0041 | 1.1951 +0.0036 | 0.233 10.6
Bi, float D/D* 6.18 £ 0.30 2.14 +0.20 1.66 £+ 0.35 0.50 £+ 0.50 0.233 10.72 £0.21
BO7 float D/D* 6.12 + 0.36 2.11 +0.20 1.65 £+ 0.36 0.49 £+ 0.54 0.233 10.61 +£0.28

Table 4.43: Individual channel and total branching fractions, default and fitted, %. b — u branch-

ing fraction is fixed to 2.24% of the b — ¢ combined fraction, per latest experimental results.

Table 4.44: Branching Fraction extrapolation to the full momentum range.

Sample

BR (p* > 0.5 GeV/c)

p* = 0 correction

full Branching fraction, %

B*
BO

0.1023 £ 0.0024
0.1028 4+ 0.0034

0.00404
0.00403

10.63 +0.24 £ 0.29
10.68 4+ 0.34 £ 0.31

average

10.65 +£0.19 £ 0.27
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4.42: Error estimation for p* = 0 extrapolation fit. Bin-by-bin error estimation is shown

Chi2 / ndf = 18.57 /7
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Figure 4.43: Error estimation for p* = 0 extrapolation fit. (a) - distribution of the p* = 0

extrapolation, BT ; (b) - same for B° .
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4.5.3 Summary of the analysis steps

A summary of all corrections and normalizations described above is given in Table 4.45.

Table 4.45: Electron Spectrum: Signal and background yields. Errors are statistical only. Rows

labeled “raw” are not efficiency corrected. The other rows include corrections for e.g. electron

identification efficiency, finder- and reconstruction-efficiency, etc..

Sample A B C D
Electrons (raw)

Signal box 5362 + 73 1738 + 42 3686 + 61 2032 + 45
Sideband (unscaled) 1363 + 37 843 £+ 29 850 + 29 746 + 27
Sideband-subtracted 4891 + 74 1425 + 43 3351 + 62 1812 + 46
Pair Background 217+ 39 209 + 40 194 + 34 155 £+ 31

Hadron fakes 80.80 + 0.59 47.22 + 0.46 41.39 +0.42 44.30 + 0.39
Electrons 4593 + 84 1169 + 59 3115 £ 70 1613 + 55
After Eff. Corr(ID) 5130 + 94 1325 + 67 3485 £ 79 1817 + 63
After Eff. Corr(Trk) 5309 + 98 1378 + 70 3639 + 83 1898 + 66
Sample A B (e} D’
After Unmixing 5309 4 98 1378 £ 70 4133 £ 108 1404 + 87

Physics Bg 483 + 22 38.1+5.3 346 + 25 34.8+ 8.0
Final spectrum 4826 £+ 100 1340 + 70 3787 £ 110 1369 + 88

| MC (truth-matched) 4795 + 39 - 3833 + 41 -
Cross-feed 4781 + 100 - 3703 £+ 110 -
bremsstrahlung loss 4822 4+ 103 - 3738 =114 -
Prap > 0.5 4879 £ 112 - 3790 £+ 125 -
Geometry 5657 + 130 - 4396 + 145 -

| MC (truth-matched) 5693 £+ 41 - 4425 + 37 -

Final Normalizations

Raw Ntags 56766 + 354 42951 £ 298
cross-feed 54536 + 365 41083 £ 307
Breco Efficiency Bias 1.018 +0.010 1.052 +0.012

p* =0, absolute 0.00403 - 0.00401 -
Branching Fraction, % | 10.63 4 0.24 4+ 0.29 - 10.68 +0.34 +0.31 -
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4.5.4 Systematic Errors

The systematic errors for this analysis are presented in Table 4.46. The errors are separated into
several categories reflecting the sources of the errors and the way they affect the final result. This
section summarizes all the systematic errors that are relevant to this analysis. Some errors are

determined separately for B® and B* events:

e Error on the ratio of B, efficiencies for events with semileptonic vs. hadronic recoil side

is estimated from:

— Error due to the limited Monte-Carlo statistics used in calculation of these coefficients.

— Possible differences in this ratio in Data and Monte-Carlo. This error is estimated from

the variation of this ratio for different Bj.., mode compositions (Section 6.1.7).
e Error on the cross-feed correction to the tag counts, taken from:

— Error due to the limited Monte-Carlo statistics used in calculation of the corresponding

coefficients.

— Dependency on the momentum of the electron in the recoil (Sections 4.3.5 and 6.1.1).
e Error on the cross-feed correction to the signal spectra, taken from:

— Error due to the limited Monte-Carlo statistics used in calculation of the corresponding

coefficients.

— Dependency on the momentum of the electron in the recoil (Sections 4.3.5 and 6.1.1).
e Error on the sideband subtraction is determined from

— The variation of the sideband scaling factors observed when different Mpgg fitting meth-
ods are used (Section 6.1.4).

— Dependency of the sideband scaling factors on the momentum of the electron in the
recoil (Section 6.1.6).

— Error due to the limited Monte-Carlo statistics used in calculation of the sideband

scaling factors.

e Error on the B — B mixing parameter, x4. The latest available values from PDG2002 were
taken [46].

The errors from the list above are derived through detailed systematic studies presented in
Section 6.1.

The remaining errors are common to both charged and neutral B events:

e Tracking systematics (Section 4.4.3).
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e Particle identification systematics (Sections 4.4.3 and 4.4.2). Electron identification and
hadron misidentification systematic effects are studied in detail in [29]. The error on the

hadronic fraction is determined from Monte-Carlo statistics used in deriving said fractions.
e Pair background systematics (Section 4.4.1).

e Physics correction systematics, taken from the known uncertainties on the corresponding

branching fractions (Section ?7).

e Errors on the acceptance, Prap cut and bremsstrahlung corrections, due to limited statistics

of the Monte-Carlo samples used to derive these corrections.

e Error on the extrapolation of the spectrum to p* = 0. The error is determined by varying
the fit parameters (branching fractions of underlying decays) within their respective standard
deviations (Section 4.5.2).

These errors are derived in the preceding sections at the same time the corresponding correction

is applied.

The systematic error in the ratio of the branching fractions will be obtained from the errors
in the individual B* and B® measurements, taking into account correlations between the corre-

sponding errors. The following procedure is used:

e crrors for individual measurements are grouped (by adding in quadrature) into correlated

(0, 0¥ for BT | B%), uncorrelated (¢f, ¢%) and anti-correlated (o, ¢9).

e the total covariance matrix is written as
- ( BR%,. x (JCiQ + Jfo + 02:2) BRpo x BRg+ x (000 — 0?02))

BRpo x BRp: x (6f0% — 0£o?) BR%, x (022 + 022 + 022)

e the error on the ratio of branching fractions (R) is propagated according to

Vll V22 V12
R=R 9
7 \/ BRL. | BRL, BRp: x BRp

4.5.5 Branching Fractions

The fully corrected semileptonic branching fractions measured in this analysis are:

BR(B° — Xlv) = 10.68 4+ 0.34 + 0.31
BR(B* — Xlv) = 10.63 4 0.24 + 0.29

One of the interesting results of this analysis is the ratio of the branching fractions for BY vs.

B* . Based on the results above, we obtain the following measurement:
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Table 4.46: Analysis systematics. x denotes the relative (normalized to the branching fraction)
size of the correction applied, dz/x - its relative error, 6 BR/BR - contribution to the relative error
on the appropriate branching fraction from this source. Second column indicates whether the error
for B® branching fraction from that particular source is correlated (not correlated, anti-correlated)

with the same error for B* branching fraction.

Contribution Corr? B° B+ 55:]}:, %
T | ox/x, % ‘SBB—é%,% T | dx/z, % %,%

B-reco eff ratio
statistics | | 1.05 | 1.1 | 1.16 | 1.018 | 0.9 | 0.92 0.72
B-reco cross-feed
TAG-level - statistics - 0.035 6 0.21 0.043 8 0.34 0.22
TAG-level - p* in recoil 0.035 10 0.35 0.043 10 0.43 0.29
SIGNAL-level - statistics 0.008 30 0.24 0.016 25 0.4 0.25
SIGNAL-level - p* in recoil 0.008 30 0.24 0.016 30 0.48 0.29
Sideband subtraction
fit methodology Corr 0.11 1.3 0.14 0.1 1.3 0.13 0.14
p* in recoil Corr 0.11 7 0.77 0.1 4.5 0.45 0.59
MEgs statistics 0.11 5 0.55 0.1 5 0.5 0.37
Mixing
Uncertainty in xa | Jomwsi| 25 | oas | o | o | o | o1
Tracking Efficiency | Corr | 1.04 | 0.7 | 0.73 | 1.04 | 0.7 | 0.73 | 0.73
Particle Identification
electron ID Corr 1.1 1.5 1.65 1.1 1.5 1.65 1.65
hadron misid Corr 0.009 17 0.16 0.015 13 0.2 0.18
Pair Backgrounds
conversions Corr 0.04 15 0.6 0.04 13 0.52 0.55
Dalitz Corr 0.01 20 0.2 0 19 0.2 0.2
J/ Corr 0.005 10 0.05 0.005 10 0.05 0.05
Physics Corrections
7 bkg Corr 0.025 10 0.25 0.032 10 0.32 0.29
Dgbkg Corr 0.027 20 0.54 0.032 20 0.65 0.6
D°, DFbkg Corr 0.037 25 0.94 0.032 25 0.8 0.86
Acbkg Corr 0.001 83 0.08 0 83 0.08 0.08
Acceptance 1.16 0.5 0.58 1.16 0.5 0.58 0.41
Bremsstrahlung Corr 0.009 10 0.09 0.009 10 0.09 0.09
Prap cut Corr 1.02 0.2 0.2 1.02 0.2 0.2 0.2
Extrapolation uncertainty 0.04 10 0.4 0.04 10 0.4 0.29

Total | | | 2.9 | | 2.7 2.5
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%Bi) =0.996 + 0.039 £ 0.015
BR(BY) ' ' '

The last term denotes the systematic error which is smaller than in the individual branching
fraction measurements due to the fact that many of the systematic errors are correlated for both
B° and BT and therefore largely cancel out when the ratio is constructed. The procedure used to
derive the error on the ratio of branching fractions is described in the previous Section 4.5.4.

Furthermore, we calculate a weighted average of the individual B(B* — Xev) and B(B° —
Xev) branching fractions. Statistical errors of these two measurements are used to weight the two

results to arrive at

BR(B — Xev) = 10.65 4 0.19 4 0.27% (4.22)

The last term denotes the systematic error, which is larger than what would be expected from
addition of the individual systematic errors in quadratures. This is due to the fact that correlated

errors have to be added linearly rather than in quadrature.

4.5.6 |V, CKM matrix element

Finally, the value of |V, CKM matrix element is obtained from the weighted average of the two

branching fractions:

B(B — X.ev)  1.55ps

V. = (0.0419 4.23
Vool ( )\/ 10.5% x B ( )

2 2

pi —0.5GeV /¢
1-0012—F——— 4.24
x( 0.1GeV/c? ) (424)
X (14 0.015 perpurs + 0.010m, % 0.012, /.9 ) (4.25)

where

T8 = (Tp+ + Tgo)/2 = 1.61 £+ 0.012ps, g+ = 1.674 + 0.018ps, 7o = 1.546 + 0.016ps - mean
lifetimes of corresponding B-mesons , [46],

B(B — X.ep) is the weighted average branching fraction, obtained from (4.22) by subtracting
b — u component (2.24% relative),

p2 = 0.5 GeV/c? is related to the average kinetic energy of the b quark moving inside the

B-meson .

[Vep| = 0.0409 + 0.00074 £ 0.0010 £ 0.000858 (4.26)

The first error is statistical, second - systematic from this measurement and the third - theo-
retical. The experimental error is taken from the measurement of the weighted average branching

fraction (4.22). The theoretical error is composed of three terms:
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e 1. Perturbative corrections.
e 2. Correction for imprecise knowledge of the mass of b-quark.
e 3. O(1/ m‘Z’g) correction in expansion series.

All of these components are thoroughly discussed in [10] and final estimates are given in (4.25).
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Chapter 5

Conclusions

We have been able to perform an analysis of semileptonic decays of B-mesons using fully recon-
structed B-mesons as tags for the first time in BABAR . The large amount of statistics, made
available by the joint effort of BABAR scientists, detector experts and PEP-II engineers, allowed us
to reach levels of statistical errors competitive with the world average results. For the first time,
the branching fractions of B* and B° were measured with a precision previously attainable only
for a measurement averaged over all B-meson types. As a result, much more stringent limits are
placed on the ratio of B* and B° branching fractions. And most importantly, a new value of the
|Vep| CKM matrix element was obtained and can now be used along with a set of similar results
from other experiments to overconstrain the Standard Model unitarity triangle - one of the major
purposes stated in the beginning of this report. An updated set of world average plots is shown in

Figure 5.1.

5.1 Prospects for studies of B,.. -tagged semileptonic de-

cays of B mesons in BaBar

Due to the lack of reliable muon identification, this analysis has been restricted to the electron
track sample only. In the near future we expect to get access to a better muon ID system - this
will allow us to further increase the statistics and reduce some of the systematic errors (such as
particle identification, radiative corrections, hadron misidentification etc.). Since this analysis is
likely to be systematically limited once larger data sample becomes available later this year, these
reductions in systematic errors will help us make the most precise measurement possible.

Another extension of the current analysis might involve measurement of leptonic moments using
detected electron (muon) spectra. The leptonic moments are important input parameters into a
series of theoretical models and their precise measurement is one of the priority topics in today’s
studies of semileptonic B decays.

With further increase in the size of available data sample, it will also become feasible to perform

136



SemiLeptonic Branching Fraction Results

BELLE, 2002, lepton tag

BABAR, 2002, lepton tag —————
ADLO (LEP), 2002 ———
DELPHI, 2001, lifetime & B-tagging ————
ALEPH, 2001, charge corr ——
OPAL, 1999, neural net ——
L3, 1999, double tag ————i
CLEO, 1996, lepton tag I — ]

THIS ANALYSIS

PRI UEIEN RUI N T SRR | PN IR R

8

S

—

8.5 9 9.5 10 105 11 11.5
Branching Fraction, %

Branching Fraction Results, B+

BABAR, 2001, BRECO tag (prelim)
CLEO, 1997, tag with partial reco

CLEO, 1994

THIS ANALYSIS

v b b b b 0| | I S

5

6 7 8 9

10 11 12 13
Branching Fraction, %

SL

Branching Fraction Ratio, B+-/B

BABAR, 2001, BRECO tag (prelim)
CLEO, 1997, tag with partial reco

CLEO, 1994

THIS ANALYSIS

e b b b b By T R

A 0.5 0.6 0.7

09. 1 . 11
Branching Fraction Ratio
. Branching Fraction Results, BO

BABAR, 2001, BRECO tag (prelim)
CLEO, 1997, tag with partial reco

CLEO, 1994

THIS ANALYSIS

v b b b b a1 NI TR

5

6 7 8 9 10 11 12 13
Branching Fraction, %

Figure 5.1: World averages for the value of the semileptonic B decay branching fraction before this

measurement. The lighter bands show the prior world averages. The darker bands indicate the

world averages recalculated after additional input from this analysis. Individual measurements were
weighted using their errors to arrive at shown values. (a) - BR(B — Xev ), (b) - BR(B* — Xev
)/BR(B? — Xev ), (c) - BR(B* — Xev ), (d) - BR(BY — Xev ).
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scans across different B,.., subsamples in order to extract branching fraction dependencies on
the B, eco mode compositions. Such studies have a potential to greatly reduce the systematic
errors associated with Bye., processing (cross-feed, By, efficiency bias etc.) - the dominant set

of systematic errors in this analysis.

5.2 Concluding Summary

As we have seen in the preceding chapters, analysis of the semileptonic B decays with fully recon-
structed B decays used as tags, while already giving some very competitive results, has a great
potential for further improvement. It is undoubtedly one of the great tools to probe further into
the underlying principles behind B physics phenomena. This thesis is one of the first successful
attempts to utilize this novel analysis method to measure fundamental particle physics parameters.
I am sure that it will be soon used to run even more sophisticated analyses and I hope that my

work will be a good foundation for those future studies.
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Chapter 6

Appendices

6.1 Systematic Studies

6.1.1 Tag B,.., Cross-Feed

In Table 6.1, 6.2 and 6.3 we list the B* «— B cross-feed related quantities for three momentum
ranges of the primary electron in the recoil: p* < 1.0 GeV/c, 1.0 < p* < 2.0 GeV/c and p} >
2.0 GeV/c. These tables confirm that crossfeed coefficients do not have significant dependency
on the primary electron momentum and therefore may be applied as momentum-independent

normalization corrections.
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Table 6.1: B* «— B9 cross-feed related quantities, from generic Monte-Carlo, events with

primary electron, pf < 1.0 GeV/c.

| BRECO Mode | Total | Wrong B flavor, Mgs fit | cross-feed
B*  D°Knm,m 1259 + 45 0+5.3 0 + 0.0042
B* = D°Knn « 2214 + 62 8.447.2 0.0038 4 0.0033
B* - D°K3r,x 2006 =+ 59 24 4+ 10 0.0121 # 0.0052
B - D™ K.m, 7w 180 + 14 5.1+ 4.0 0.028 £ 0.022
B - D™ Knm,« 1438 + 50 35+ 12 0.0242 + 0.0084
B - D*~ — D% — Kn,w 317 + 23 4.34+4.3 0.013 4 0.014
B - D~ - D% — Km,nn® 602 + 34 21.9+ 7.0 0.036 + 0.012
B - D*” — D% — Kn,nnm 30840 6.264+0 0.0203 4+ 0
B - D*~ - D% — K= 147 + 17 4.6 +4.3 0.031 £ 0.029
B - D*” — D% — Knn¥,® 555 + 31 0+3.5 0 4 0.0063
B - D*” — D% — Krnn®, K 49.0 + 7.7 1.7+7.7 0.034+0.16
B - D*~ — D% — Kz nr® 1009 + 44 0+6.9 0 4 0.0068
B - D*~ — D% — Knn¥ nnn 505 + 30 13.34+4.9 0.0262 4 0.0097
B - D*~ — D% — Knn', KK~ 50.3+9.3 0+2.1 04 0.042
B - D*~ — D% — Knn' 76 £ 12 1.94+2.3 0.024 + 0.030
B - D*~ — D% — K3n, =« 484 + 28 3.3+3.3 0.0069 4 0.0069
B - D*~ — D% — K3, nr’ 800 =+ 39 22.3+ 8.6 0.028 4 0.011
B® - D*~ — D% — K3n,nnmw 412 + 28 0+3.1 0 =+ 0.0076
B - D*” - D% — K,ntn |« 122 + 14 2.0+1.9 0.016 4 0.015
B - D*” — D% — K,ntn™, wn® 222 4 21 5.6 4+ 4.6 0.025 4 0.021
B - D"~ - D% - K,ntn ,nmm | 72.0+9.5 2.7+ 2.6 0.038 & 0.037
B* - D* - D°%° & Kn,® 332+ 23 0+5.5 0+0.017
B* - D - D°#% . Kn, K 48.14+8.9 0+0 0+0
B* - D* - D°%° & Kx, nn® 661 + 35 8 + 46 0.013 £ 0.070
B* - D - D%#% — Kr,nnm 252 + 22 9.6+ 1.6 0.0379 & 0.0071
B* - D - D" & Knx 120 4+ 15 6.5+ 3.5 0.054 + 0.030
B* = D*0 & D% — Kan, x 605 + 32 3.14+3.3 0.0052 4 0.0055
B* = D*° - D% _ K3, x 503 + 30 0428 0 4 0.0055
B* - D 5 D% — Knr,« 266 + 22 0422 04 0.083
B* - D*° - D% — Km K 35.4+ 7.1 0+0 0+0
B* - D*° = D% — K, wn® 542 + 33 25.8 +£ 5.7 0.048 4 0.011
B* - D - D% — Krn®, x 519 + 32 10.0 £ 6.6 0.019 4 0.013
all B 9465 + 131 100 + 19 0.0105 + 0.0020
all BY 7390 + 116 129 + 20 0.0175 + 0.0028
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Table 6.2: Same as Table 6.1, events with primary electron, 1.0 < p} < 2.0 GeV/c.

| BRECO Mode Total Wrong B flavor, Mgs fit | cross-feed
B* - D°Knm, =« 2745 + 66 14.8 £ 3.9 0.0054 # 0.0014
B* - D°Knn x 4864 + 92 31412 0.0064 £ 0.0024
B* - D°K3n,w 4252 + 84 45+ 15 0.0105 # 0.0035
B — D™ K., = 412 4+ 22 12.3 + 6.6 0.030 £ 0.016
B — D™ Knm,« 3133 + 73 46 + 15 0.0148 + 0.0049
B - D'~ - D7 — Kn,m 757 + 35 0426 04 0.0034
B - D~ — D% — Kn,nr® 1311 £+ 51 26.6 + 8.8 0.0203 £ 0.0067
B - D~ - D% — Kn,nnmw 620 £ 27 0429 04 0.0047
B - D'~ - D — K=« 285 + 24 6.0+5.5 0.021 £ 0.019
B - D'~ - D% — Knn¥,® 1139 + 44 0+5.1 04 0.0045
B - D'~ — D% — Knn®, K 80.9 + 9.0 3.36 + 0.97 0.042 + 0.013
B - D'~ — D% — K, nr® 2383 + 68 84 + 15 0.0351 4 0.0065
B - D*~ — D% — Knn®, nnm 1112 + 47 27 + 11 0.024 4 0.010
B - D'~ — D% — Knn®, KK« 88 4+ 13 4.74+6.9 0.053 4 0.079
B - D*~ = D7 — Knn® 167 4+ 17 4.3+3.3 0.026 + 0.020
B - D~ = D7 — K3m, 968 + 39 45+5.1 0.0047 4 0.0052
B - D~ — D% — K3m, nn® 1688 + 58 24410 0.0145 4 0.0062
B° - D*~ — D% — K3n,nnmw 914 + 42 10.5 £ 7.6 0.0114 4 0.0083
B - D'~ - D% - Kntn ,=w 245 + 16 153.4 + 6.1 0.626 + 0.048
B - D'~ - D% — K,ntn nr® 494 + 31 12.5 4+ 6.4 0.025 + 0.013
B - D~ - D — KynTn ™, | 259.145.2 4421 0.016 + 0.081
B* = D - D%% & Kn, & 748 + 35 2.0+1.9 0.0027 4 0.0025
B* = D* . D°%#° . Kn K 94 4+ 13 2.0+ 2.8 0.021 4 0.030
B* = D*° = D% _ Kn, an® 1596 + 55 25410 0.0154 4 0.0065
B* = D*° - D% & Kn, nnn 601 + 34 3412 0.004 4 0.020
B* - D0 - D% & Kr 246 + 18 0418 04 0.073
B* = D - D% & Knn® « 1293 + 47 17.2 £ 6.0 0.0133 4 0.0047
B* - D*° - D% K3« 1085 + 43 21.5+ 6.7 0.0198 4 0.0062
B* - D 5 D% - Km, « 682 + 35 24.6 &+ 6.2 0.0361 4 0.0093
B* = D*° - D% — Kn, K 85+ 12 04 0.99 0+ 0.012
B* = D*° = D% — K, wn® 1259 + 51 534+ 11 0.0417 4 0.0087
B* = D*° - D% — Krn® x 1232 + 49 16.0 + 7.2 0.0130 £ 0.0059
all B* 20786 =+ 192 210 + 29 0.0101 + 0.0014
all B® 16186 + 174 265 + 31 0.0164 + 0.0019
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Table 6.3: Same as Table 6.1, events with primary electron, p; > 2.0 GeV/c.

BRECO Mode | Total Wrong B flavor, Mgs fit | cross-feed
B* - D°Knm,« 1383 =+ 49 3416 0.002 4 0.012
B* - D°Knn « 2462 + 66 3.0+7.7 0.0012 £ 0.0031
B* - D°K3r, 7 2110 4 60 0+89 0 + 0.0042
B - D™ K.m, 7w 213419 24424 0.011 £ 0.011
B - D™ Knm, 7 1524 + 50 47 +12 0.0307 + 0.0077
B - D*~ - D% — Knm, 7 372 + 24 2.4+2.6 0.0065 4 0.0069
B - D*~ — D% — Kx,nr’ 651 4 38 21411 0.032 4 0.017
B - D*~ — D% — Kn,nnm 282 4+ 19 2.5+ 2.8 0.0090 4 0.0099
B - D*~ — D% — K= 137 £ 13 4.14+3.0 0.030 & 0.022
B - D*~ — D% — Knn¥ =« 586 + 31 2.24+1.9 0.0038 £ 0.0032
B - D*~ — D% — Knn', K 43.44+8.3 040 0+0

B - D*~ — D% — Knn® nr® 1244 + 52 72411 0.0579 & 0.0095
B - D*” — D% — Knn¥ nnm 576 4 34 8.7+ 6.0 0.015 4 0.010
B - D*” — D% — Knn', KK« 64.6 +1.3 1.3 +8.6 0.02 4+ 0.13
B - D*~ - D% — Knn® 73412 1.7+ 2.4 0.023 + 0.033
B = D*~ = D% — K3n,w 431 + 27 0422 0 =+ 0.0050
B° - D*~ — D% — K3m, wn® 974 + 46 34410 0.035 4 0.011
B° - D*~ — D% — K3nr,mrr 403 + 28 0+2.1 0+ 0.0051
B - D"~ - D% - K.ntn = 134 + 12 2.0+1.6 0.015 + 0.012
B - D'~ - D% — K.ntn,7nr® 243 + 25 22+ 17 0.091 + 0.069
B - D*” = D% — Kyntn™ ,mnem 126 + 15 3.4+25 0.027 4 0.020
B* - D - D" & Kn,w 388 + 25 0.0000 4 0.0013 0.0000000 = 0.0000033
B* = D*0 - D°%#% & Kn, K 53.74+9.2 040 040

B = D*° = D% — Knx, wn® 763 £ 40 6.3+5.7 0.0083 4 0.0075
B* = D*° & D% & Kn, nnm 318 4+ 19 0.0+2.5 0.0001 £ 0.0079
B* - D - D%% — Kr 127 £ 0 0+ 16 040.13
B* - D - D%% — Krn®, 7 655 + 35 9.0+ 4.5 0.0137 4 0.0069
B* - D*° - D% — K3n, 7 556 + 0 7+ 31 0.013 + 0.056
B* - D* - D% — Kn,« 333+ 25 9.0+ 3.9 0.027 £ 0.012
B* - D - D% — Kn, K 42.0 + 8.2 0 =+ 0.085 0 =+ 0.0020
B* = D*° — D% — K, wn® 656 4 39 19.1 + 8.6 0.029 4 0.013
B* = D*0 & D% — Krn®, x 633 & 36 19.1 £8.7 0.030 4 0.014
all B 10486 + 141 55 & 35 0.0052 # 0.0033
all BY 8170 4 126 209 + 21 0.0255 + 0.0026
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6.1.2 Additional DOCA cuts to reduce conversion background

Studies [37] have shown that electrons from photon conversions can be efficiently reduced with a
stringent cut on the distance of closest approach to the beam spot in the z — y plane (|dg,|) and
along the z axis (|d.|). These two variables are referred to as the “doca” variables. The distribution

of |dzy| and |d;| are shown in Figure 6.1.2.
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Figure 6.1: Distribution of the distance of closest approach (doca), X axis is in cm. (a) all tracks,
in the transverse plane; (b) same for electron tracks; (c) all tracks, direction along the beam line;

(d) same for electron tracks.

However, applying additional doca cuts increases the systematic error in the tracking efficiency
- this is a non-standard cut for which no efficiency studies have been done. A separate study has
been performed in order to make an informed decision whether to apply additional doca cuts. From
the distributions of the doca parameters (|day|, |d-|), one can derive the following set of efficient

doca cuts on the electron tracks:

e |dyy| <0.25cm, and
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o |d,| <3cm,

A conservative estimate of the tracking efficiency systematics when above cuts are used is ~ 1.5%,
to be compared with the standard tracking efficiency systematic error of ~ 0.7%. To determine
whether the overall error suffers from the introduction of the additional doca cuts, the analysis has
been performed 8 times: 4 times with the above additional doca cuts and 4 times without them as
given in Table 6.4. In each set, a scan on a p* cut was performed ranging the minimum momentum
of the signal electron from 0.5 GeV/c to 0.8 GeV/c with 100 Mev/c intervals. Systematic error
on the tracking efficiency of 1.5% was assumed for the first set of 4 runs and 0.7% for the second
set. This error was then combined in quadrature with the part of the statistical error on the final
result obtained from conversion background subtraction. The resulting value was compared for all
runs and the decision was made to NOT apply additional doca cuts. More details on this study
are available in the Table 6.4.

Table 6.4: Effect of the DOCA cuts on the error for the final electron count after all corrections.

The error quoted for conversion background includes a systematic error on the corresponding

correction.
P* Cut | Doca Cuts Total Conv Final Relative Combined
Spectrum (X) Spectrum (Y) | Correction (X/Y) Error, %
0.5 yes 4081470 101433 4038+91 0.025-+£0.0080 1.7
0.6 yes 3704165 74425 3764181 0.019740.0065 1.6
0.7 yes 3415462 54420 3546176 0.015240.0056 1.6
0.8 yes 3178459 35415 3380471 0.010440.0045 1.6
0.5 no 4244472 175448 4133498 0.042+0.012 1.5
0.6 no 3803+67 98434 3843186 0.026£0.009 1.14
0.7 no 3476+63 70+£26 3598479 0.01954+0.007 1.0
0.8 no 3216160 38420 3418472 0.011140.0058 0.9

6.1.3 Study of Mgg fit algorithm performance

Fits to the Mpgg distributions play significant role in our analysis. They are used in sideband
subtraction, tag normalization, cross-feed corrections, By, efficiency bias determination etc. This
short study was designed to achieve better understanding of the Mgg fits. It also provides another
estimate of the systematic errors associated with sideband subtraction. Monte-Carlo sample has
been used in this study.

The study resulted in the change of the Mgg fit procedure. Previously, Mpgs histogram was
fitted to the sum of Crystal Ball and ARGUS functions without fixing any of the significant
parameters. The new implementation first performs fit of the Mpgg region from 5.21 to 5.26 to the

pure ARGUS function. The ARGUS function parameters obtained through such procedure are
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then used to fix the ARGUS function parameters in the fit of the complete Mgg distribution to
the sum of Crystal Ball and ARGUS.

Details of this study are given in Figures 6.2 - 6.4. Plots corresponding to the old fitting
procedure are shown on the right, while those from the new procedure - on the left.

Firstly, we study the dependency of the fit results on addition of the continuum MC mix. From
the figure 6.2, one can see that the both fitting procedures result in overestimation of the signal
count when continuum background is added to the event sample. A part of such excess results from
the peaking background in continuum sample, part - from imperfection in the fitting procedures.
By utilizing the new fitting method, we are able to decrease overestimation of the signal count from
4% to 2%. In the analysis, the remaining overestimation is corrected for through the application
of the ’cross-feed’ corrections to the tag counts and signal spectra.

Furthermore, sideband subtraction scaling factor changes from 30.8% to 31.6% (2.7% relative
change) when the fitting method is changed. This is the largest deviation we have observed during
this study. We take half of this difference, 1.4%, as one of the estimates of a systematic error of

sideband subtraction.
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Figure 6.2: Peaking Background estimate. Top Mpg distribution is derived from BB events,
bottom - from the correctly mixed MC sample (appropriate amounts of uds and c¢¢ events were
added to BB sample). The difference indicates the amount of peaking background corresponding to
the addition of the continuum Mpgg distribution. Plots corresponding to the old fitting procedure

are shown on the right, while those from the new procedure - on the left.

Secondly, we determine the fit bias due to the addition of the pure ARGUS background. If the

fit procedure is ideal, there should not be any change in the signal count in this case. From Figure
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6.3, we conclude that there is
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Figure 6.3: Fit bias due to addition of the pure ARGUS background. ARGUS function was used to
generate background Mpgg distribution shown in the top row plots. Mgg fit to that distrubution
is shown. Then, purely BB Mpgg distribution from the central row is added to this purely ARGUS
Mpg distribution and the fit is repeated (bottom row plots). Plots corresponding to the old fitting

procedure are shown on the right, while those from the new procedure - on the left.

Finally, we compare the fits to the data and MC samples consisting entirely of continuum

events. We observe a very good agreement between data and Monte-Carlo fit parameters and

conclude that Mgg -fit-based continuum background estimation in data is adequate.
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Figure 6.4: Continuum study. The fit of the continuum MC sample (top) is compared to the fit of
the continuum DATA sample (bottom). The ARGUS shape parameters for the 2 fits are consistent
within [small] errors. The difference in the detected peaking background levels is 3.5% vs. 3.4%
(8% vs. 7% for the old procedure). Plots corresponding to the old fitting procedure are shown on

Entries / 2.5 MeV

Entries / 2.5 MeV

80005 S = 3577.0 + 32385% 20 50
7000E B = %#%38.3 + 374.0 e
60008 N = 5275.04 + 0.77 '
50008
JoooL. S = 4.95 + 0.54
s000f P= 8.0+ 0.7
2000-R=28.3+ 0.2
1000
0: L L L L
5.2 5.22 5.24 5.26 5.28 5.
Mg [GeV]

300F
Fs=500+174
200-P=6.3z% 25
100;R =282+ 05
O: L L L L
5.2 5.22 5.24 5.26 5.28 5.3
Mes [GeV]

the right, while those from the new procedure - on the left.
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6.1.4 Study of Mgg fit algorithm performance - no crystal ball fit

Details of this study are given in Figures 6.5 - 6.7. Plots corresponding to the old fitting procedure

are shown on the right, while those from the new procedure - on the left.
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Figure 6.5: Peaking Background estimate. Top Mgg distribution is derived from BB events,

bottom - from the correctly mixed MC sample (appropriate amounts of uds and ¢¢ events were

added to BB sample). The difference indicates the amount of peaking background corresponding to

the addition of the continuum Mgg distribution. Plots corresponding to the old fitting procedure

are shown on the right, while those from the new procedure - on the left.

Secondly, we determine the fit bias due to the addition of the pure ARGUS background. If the

fit procedure is ideal, there should not be any change in the signal count in this case. From Figure

6.6, we conclude that there is no significant dependency.

Finally, we compare the fits to the data and MC samples consisting entirely of continuum

events. We observe a very good agreement between data and Monte-Carlo fit parameters and

conclude that Mpgg -fit-based continuum background estimation in data is adequate.
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Figure 6.6: Fit bias due to addition of the pure ARGUS background. ARGUS function was used to
generate background Mpgg distribution shown in the top row plots. Mgg fit to that distrubution
is shown. Then, purely BB Mggs distribution from the central row is added to this purely ARGUS
Mpg distribution and the fit is repeated (bottom row plots). Plots corresponding to the old fitting

procedure are shown on the right, while those from the new procedure - on the left.
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Figure 6.7: Continuum study. The fit of the continuum MC sample (top) is compared to the fit of

the continuum DATA sample (bottom). The ARGUS shape parameters for the 2 fits are consistent

within [small] errors. The difference in the detected peaking background levels is 3.5% vs. 3.4%

(8% vs. 7% for the old procedure). Plots corresponding to the old fitting procedure are shown on

the right, while those from the new procedure - on the left.
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6.1.5 Study of Mgs fit dependency on recoil quantities

In this analysis, a number of correction factors is applied in a momentum-independent way. To
make sure that we do not distort the detected spectrum by doing so, a set of studies has been

performed to justify the current methodics.

Momentum of the electron in the recoil

One of the important parameters in this analysis is the B,.., efficiency bias calculated using MC
and showing how B, efficiency differs for events with and without an electron in the recoil.
This parameter is then used to rescale the resulting electron spectrum before branching fraction
extraction. The bias value is obviously dependent on the momentum of the electron in the recoil.
Therefore, correct application of this correction is heavily dependant on the correct description of
recoil electrons by MC. In the Figure 6.8, we compare the Mpg distributions for different bins in
momentum of the recoil electron in Data and MC. The relative fraction of events is extracted for

each bin - the summary is given in the Table 6.5 .

Table 6.5: Relative fraction of events in each bin of electron momentum in recoil.

Momentum bin Events (relative fraction)
MC (selector-based PID) | Data | MC (truth-based PID)
all 100.0% 100.0% 100.0%
0.5-1.0 GeV/c 434+0.8% 41.44+1.3% 42.240.8%
1.0-1.5 GeV/c 31.2+0.7% 30.7£1% 32.240.7%
1.5-2.0 GeV/c 22.3+0.5% 24.74+0.9% 22.440.5%
2.0+ GeV/c 2.840.2% 3.1+0.3% 2.7£0.2%

No significant difference between Data and Monte-Carlo has been observed. Therefore, correc-
tions dependent on the electron momentum in the recoil can be determined from Monte-Carlo and

then safely applied to Data sample.
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Figure 6.8: Mpg histograms used for extraction of the relative fraction of events in each bin of recoil
electron momentum. From left to right in each plot set: MC (selector-based PID) distributions are
show; Data; MC (truth-based PID). Top to bottom - bins in momentum: 0-3.0, 0.5-1.0, 1.0-1.5,
1.5-2.0, 2.0+ GeV/c.
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6.1.6 Dependency of the Sideband Subtraction coefficients on the elec-
tron momentum in the recoil

Mpgg sideband subtraction techniques are used extensively throughout the analysis to correct for
continuum and background caused by combinatorics of the B;.., process. It is a sizeable correction
(~ 10% of the prompt spectrum) and any related systematic effects must be well understood. In
one of the preceding sections, an estimate has been made on the systematic error of sideband
subtraction by varying fit methodology. This section attempts to derive a systematic error from
studying dependency of the sideband subtraction parameters on the electron momentum in the
recoil system. Monte-Carlo sample has been used in this study.

Separate Mpgg distributions have been used in this study:

e 1. All events with an electron in the recoil.

e 2. Same as (1) except only events with an electron of p* < 1.0 GeV have been used.

e 3. Same as (1) except only events with an electron of 1.0 < p* < 2.0 GeV have been used.

e 4. Same as (1) except only events with an electron of p* > 2.0 GeV have been used.

For each Mgg histogram, sideband scaling factor has been determined. All Mpgg distributions

are shown in Figure 6.9 and corresponding numbers are given in Table 6.6.

Table 6.6: Sideband scaling factors for different bins in the recoil electron momentum..

Momentum bin Scaling Factor

Bi | BO
All 0.417 £0.020 | 0.419 +£0.014
p* < 1.0 GeV 0.452 £ 0.054 0.470 £ 0.044
1.0 <p" <20 GeV | 0.394+0.027 | 0.371 £0.019
p* > 2.0 GeV 0.433 +£0.033 | 0.465 £+ 0.025

The observed absolute variation in sideband scaling factors is ~ 9.9% for B° and ~ 5.8% for
B* | corresponding to relative variations of ~ 24% for B® and ~ 14% for B* . The scaling factors
are systematically lower than average for the central momentum bin and higher for the lower and
highest momentum bins. This means that by applying an average scaling factor as a momentum-
independent quantity, we undersubtract sideband background in the lowest and highest momentum
bins while oversubtracting in the central bin. The typical case of the sideband subtraction for event
class A is shown in Figure 6.10. If we apply the correction for over-(under-)subtraction per above
estimates, the sideband subtraction changes by -0.79% for B® and by -0.46% for B* relative to the
sideband-subtracted yield. Therefore, we estimate the contribution to the total systematic error
from sideband subtraction to be ~ 0.8% for B and ~ 0.5% for B* using this method. From Figure
6.10, the sideband subtraction amounts to ~ 11.3% of the sideband-subtracted electron yield.
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Figure 6.9: Mpgg histograms for different bins in the recoil electron momentum. From top to
bottom: All events with an electron in recoil, events with an electron of p* < 1.0 GeV, events with
an electron of 1.0 < p* < 2.0 GeV, events with an electron of p* > 2.0 GeV. Left column - B* |
right column - B? .
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Hence, our calculation results in 7% error relative to the magnitude of the sideband subtraction

in class A and 4.5% - in class C. This is the largest error we observe in all studies of sideband

subtraction systematics and therefore we use it as a main estimate for that error.
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Figure 6.10: Raw electron spectra before any background corrections, as detected, event class A.

(a) - signal box, (b) - unscaled contribution from Mpgg sideband region. Sideband scaling factor

for this sample is ~ 0.4.
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Figure 6.11: Raw electron spectra before any background corrections, as detected, event class B.

(a) - signal box, (b) - unscaled contribution from Mpgg sideband region. Sideband scaling factor

for this sample is ~ 0.4.

In the future, the analysis might benefit from migration to the binned sideband subtraction

method. This will be especially beneficial for measurements of the secondary (b — ¢ — e) electron

spectrum since the sideband subtraction is much more significant in that sample as evident from
Figure 6.11
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6.1.7 B,..o mode rescaling in Monte-Carlo sample

As evident from the Figure 6.12, even after the careful selection of B;.., modes used in the analy-
sis, the relative contributions of the individual modes to the total number of tagged events do not
quite agree between data and Monte-Carlo. This can potentially affect any correction that is de-
pendant on the By, mode. Such corrections include cross-feed, B, efficiency bias and sideband
subtraction. Also, variation of the final result, semileptonic branching fraction, can be expected.

To assess the significance of the concerns listed above, a special study has been performed.

O Data

Fraction

PRI I R T Y
0 5 10 15 20 25 30 3_5 40
mode index

Figure 6.12: MC comparison for B,..., quantities. Mode index corresponds to the row number in

Table 4.6. Relative mode contribution to total event counts is shown.

The analysis has been rerun with reweighting of all Monte-Carlo events with the factors de-
termined from the Figure 6.12 such that the relative contributions of the individual modes agree
perfectly between reweighted Monte-Carlo and Data samples. The variations in cross-feed and

efficiency bias coefficients, as well as final branching fraction, have been examined.

Cross-feed coefficients

The new set of tag-level cross-feed coefficients along with the default set is shown in Table 6.7.
The observed variation is under 5%, which is negligible compared to the corresponding systematic
erTor.

The new set of signal-level cross-feed coefficients along with the default set is shown in Table 6.8.
The observed variation is under 5%, which is negligible compared to the corresponding systematic

error.
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Table 6.7: B* «— B° cross-feed related quantities, from generic Monte-Carlo. Comparison of

the coefficients for analysis with rescaled B;.., modes with the default analysis routine.

All events - B,..o, modes ARE rescaled

| BRECO Mode Total Wrong B flavor, Mgs fit | cross-feed
all B+ 198148 + 663 7460 £ 290 0.0377 4+ 0.0015
all B® 143033 + 551 6265 4 220 0.0438 4+ 0.0015

All events - B,.., modes ARE NOT rescaled

BRECO Mode Total Wrong B flavor, Mgs fit cross-feed
all B 194405 + 656 7640 + 288 0.0393 £ 0.0015
all B 146616 + 558 6376 + 222 0.0435 £+ 0.0015

Bcco efficiency bias

The new set of B, efficiency bias coefficients along with the default set is shown in Table 6.9.
The observed variation is under 0.2%, which is negligible compared to the corresponding systematic

error.

Semileptonic branching fractions

The new set of branching fractions obtained is

BR(B° — Xlv) = 10.70 + 0.34 + 0.31
BR(B* — Xlv) = 10.64 4 0.24 + 0.29

We conclude that the observed differences in Bje., mode compositions between Data and

Monte-Carlo do not affect this analysis in a significant way.
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Table 6.8: Cross-feed coefficients from generic Monte-Carlo, for all B* and B° B,..., modes, from

studying Bijeco side in Semileptonic decays of the recoil B. Comparison of the coefficients for

analysis with rescaled By.e., modes with the default analysis routine.

Semileptonic events - Brec.o modes ARE rescaled

BRECO mode: all B*
True Ngen Reconstructed as
B~ Bt
7898 + 119.9 8061 + 119.2
B~ | 7879 4+119.3 0.99710-0035 0+ 0.0018
Bt | 79344 119.1 0+ 0.00018 0.98610 031
BO 1114172 | 0.00064 % 0.00040 | 0.01389 %+ 0.00100
BO 39 +14.7 0.0048 + 0.0018 | 0.00057 =+ 0.00055
BRECO mode: all BY
True Ngen Reconstructed as
BO BO
5957 + 103.9 5957 + 103.0
B~ 1124+ 18.9 | 0.00140 £+ 0.00057 | 0.0181 + 0.0022
Bt 82 +17.4 0.0142 + 0.0028 0.0008 £ 0.0021
BO | 58524 103.4 0.98210-618 0.00149 =+ 0.00043
BO | 5853+102.6 | 0.00252 % 0.00087 0.97919-0%%

Semileptonic events - Breco modes ARE NOT rescaled

BRECO mode: all B+
True Ngen Reconstructed as
B~ Bt
7765 £+ 118.7 7907 £ 118.0
B~ | 7741 +118.0 0.99710-0033 0 +0.0021
Bt | 77884+ 117.9 0+ 0.00016 0.98710-013
BO 106 £ 16.7 | 0.00060 + 0.00039 | 0.01302 + 0.00073
BO 34 +14.2 0.0044 £ 0.0018 | 0.00002 + 0.00024
BRECO mode: all BY
True Ngen Reconstructed as
B0 BO
6117 + 105.3 6109 £ 105.1
B~ 122£19.0 | 0.00205 + 0.00065 | 0.0180 % 0.0026
Bt 92+ 17.8 0.0150 £ 0.0029 | 0.00043 £ 0.00018
B° | 6005+ 104.7 0.98110-619 0.00143 + 0.00047
BO | 6003+ 103.9 | 0.00197 4 0.00079 0.98019-520
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Table 6.9: B, efficiency bias coefficients calculated for individual Bj..., modes. Comparison of

the coefficients for analysis with rescaled B;.., modes with the default analysis routine.

Semileptonic events - B,.., modes ARE rescaled

=
“tag

BRECO Mode Tag" Tag® a

“tag
all B+ 149705 + 531.8 | 20310 4+ 190.4 | 1.016 + 0.010
all B 106713 + 448.7 | 15002 + 163.1 1.053 £ 0.012

Semileptonic events - B,.., modes ARE NOT rescaled

66

BRECO Mode Tag" Tag® —tag
€tag

all B+ 146614 + 525.4 19927 4+ 188.4 | 1.018 £ 0.010
all B® 109363 + 2187.3 | 15375 4+ 165.2 | 1.053 4+ 0.024
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6.1.8 p* =0 extrapolation fit studies
Fitting the combined electron spectrum for both B* and B°

Figures 6.13 and 6.14 shows the result of the fit. The Table 7?7 shows the branching fraction of
each channel from default EvtGen decay files and obtained through the fitting procedure. Note
that the fit calls for a significantly lower fraction of the non-resonant B — D(x)(n)nlv decays. We
vary a1, as and az within the fit errors to obtain another independent estimate on the error of the

low-momentum correction.
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Figure 6.13: Extrapolation of the lepton spectrum to P* = 0. (a) - fit to combined B* and B°

spectrum, (b) - extraction of the p* = 0 extrapolation factor.
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Figure 6.14: Results of the fit to the theoretical shapes. (a) - the default decomposition of B —
Xcev spectrum into 4 exclusive modes and b — wu , (b) - the fitted decomposition of B — X.ev

spectrum into 4 exclusive modes and b — wu .

The fit for the combined B spectrum has x?/DOF = 0.677 and predicts the fraction of
electrons with p* < 0.5GeV/c to be 4.014 + 0.100 % of the total rate. To determine the error on
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these corrections, we use the procedure described in detail in Section 4.5.2.

Table 6.10: Fit results.

parameter floating D/D* ratio

al’ 1.004 £ 0.016

al’ 1.096 + 0.047

al’ 1.009 + 0.095

al’ 1.18 +£0.23

x2/DOF 94 = 0.677

Conf. Level 0.734

p=0 correction, % 4.014 +0.100

(relative)
mode B — D*lv B — Dlv B — D**lv B — D(x)(n)rlv | b—u total
default 5.6020 £ 0.0079 | 2.0998 4+ 0.0048 | 1.5008 + 0.0041 1.1951 + 0.0036 0.233 10.6
B+ 4+ B 6.17 +0.26 2.134+0.20 1.78 £ 0.35 0.37 £ 0.48 0.233 10.67 £0.17

Table 6.11: Individual channel and total branching fractions, default and fitted, %. No penalty
functions are applied. b — u branching fraction is fixed to 2.24% of the b — ¢ combined fraction,

per latest experimental results.
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Scanning the penalty function parameters

The “penalty factors” in the fit function shown in (4.21) are varied in order to test for any de-
pendancy of the extrapolation results on the input values for errors on branching fractions for

individual decay modes (Table 4.41).

The errors are scaled by a factor of 2

Figures 6.15 and 6.16 shows the result of the fit. The Table 6.13 shows the branching fraction of
each channel from default EvtGen decay files and obtained through the fitting procedure. Note
that the fit calls for a significantly lower fraction of the non-resonant B — D(x)(n)mwlv decays. We
vary a1, as and az within the fit errors to obtain another independent estimate on the error of the

low-momentum correction.
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Figure 6.15: Extrapolation of the lepton spectrum to P* = 0, errors on branching fractions of
individual decay modes are rescaled by a factor of 2. (a) - fit with error band showing deviations

in the fitted spectrum for B* and (b) - same for B°.

The fit for the charged B spectrum has x?/DOF = 0.594 and predicts the fraction of electrons
with p* < 0.5GeV/c to be 4.20£0.12 % of the total rate. The same fit for the neutral B spectrum
has x2/DOF = 0.663 and predicts the fraction of electrons with p* < 0.5GeV/c to be 4.23 £ 0.18
% of the total rate. To determine the error on these corrections, we use the procedure described

in detail in Section 4.5.2.
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Table 6.12: Fit results, errors on branching fractions of individual decay modes are rescaled by a

factor of 2.
parameter floating D/D* ratio
B* | B°

al” 1.007 £ 0.020 | 0.996 & 0.027

al’ 1.086 +0.072 | 1.092 £ 0.083

al’ 1.01£0.17 1.00 +0.17

al’ 1.28 +0.41 1.31 +0.42

8.32 9.28

x2/DOF 88220504 | 22 —0.663

Conf. Level 0.819 0.749

p=0 correction, % 4.20 £0.12 4.23+0.18

(relative)
mode B — D*lv B — Dlv B — D**lv B — D(x)(n)wlv | b—u total
default | 5.6020 4 0.0079 | 2.0998 £ 0.0048 | 1.5008 + 0.0041 1.1951 +£ 0.0036 0.233 10.6
B* 6.12 +0.40 2.14+£0.35 1.93 £ 0.62 0.28 +0.82 0.233 10.70 £0.21
BO 6.09 +0.46 2.10 £0.35 1.95+0.63 0.21 +£0.86 0.233 10.59 £ 0.29

Table 6.13: Individual channel and total branching fractions, default and fitted, %. FErrors on

branching fractions of individual decay modes are rescaled by a factor of 2. b — wu branching

fraction is fixed to 2.24% of the b — ¢ combined fraction, per latest experimental results.
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Figure 6.16: Results of the fit to the theoretical shapes, errors on branching fractions of individual
decay modes are rescaled by a factor of 2. (a) - the default decomposition of B¥ — X_.ev spectrum
into 4 exclusive modes and b — u , (b) - the fitted decomposition of B¥ — X_.ev spectrum into
4 exclusive modes and b — u , (c) - the default decomposition of B — X.ev spectrum into 4
exclusive modes and b — wu , (d) - the fitted decomposition of B — X .ev spectrum into 4 exclusive

modes and b — u .
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Figure 6.17: Error estimation for p* = 0 extrapolation fit, errors on branching fractions of individ-
ual decay modes are rescaled by a factor of 2. (a) - distribution of the p* = 0 extrapolation, BT ;
(b) - same for B? .
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The errors are scaled by a factor of 5

Figures 6.18 and 6.19 shows the result of the fit. The Table 6.15 shows the branching fraction of
each channel from default EvtGen decay files and obtained through the fitting procedure. Note
that the fit calls for a significantly lower fraction of the non-resonant B — D(x)(n)nlv decays. We
vary a1, as and az within the fit errors to obtain another independent estimate on the error of the

low-momentum correction.
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Figure 6.18: Extrapolation of the lepton spectrum to P* = 0, errors on branching fractions of
individual decay modes are rescaled by a factor of 5. (a) - fit with error band showing deviations

in the fitted spectrum for B* and (b) - same for B°.

The fit for the charged B spectrum has x?/DOF = 0.538 and predicts the fraction of electrons
with p* < 0.5GeV/c to be 4.48+£0.15 % of the total rate. The same fit for the neutral B spectrum
has x2/DOF = 0.588 and predicts the fraction of electrons with p* < 0.5GeV/c to be 4.51 £ 0.18
% of the total rate. To determine the error on these corrections, we use the procedure described

in detail in Section 4.5.2.

Table 6.14: Fit results, errors on branching fractions of individual decay modes are rescaled by a

factor of 5.

parameter floating D/D* ratio
B* | B°

al™ 1.007 & 0.020 | 0.995 + 0.027
alt 1044011 | 1.06+0.12
al’ 1.01+£0.27 | 0.97+0.24
al’ 1.80 + 0.87 1.8+ 1.1
x2/DOF 58 — 0.538 | %22 = 0.588
Conf. Level 0.867 0.825
p=0 correction, % 4.48 £0.15 4.51+£0.18
(relative)
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Figure 6.19: Results of the fit to the theoretical shapes, errors on branching fractions of individual
decay modes are rescaled by a factor of 5. (a) - the default decomposition of B — X_.ev spectrum
into 4 exclusive modes and b — u , (b) - the fitted decomposition of B¥ — X_.ev spectrum into
4 exclusive modes and b — u , (c) - the default decomposition of B® — X.ev spectrum into 4

exclusive modes and b — u , (d) - the fitted decomposition of B® — X_.ev spectrum into 4 exclusive
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mode B — D*lv B — Dlv B — D**lv B — D(x)(n)wlv | b—u total
default | 5.6020 4 0.0079 | 2.0998 £ 0.0048 | 1.5008 + 0.0041 1.1951 +£ 0.0036 0.233 10.6
B* 5.88 £0.61 2.13 +£0.58 2.7+1.3 —03+£1.6 0.233 10.70 £0.21
BO 5.91 +£0.65 2.03 +£0.49 2.7+£1.7 —-0.3+£1.9 0.233 10.58 £ 0.29

Table 6.15: Individual channel and total branching fractions, default and fitted, %. FErrors on

branching fractions of individual decay modes are rescaled by a factor of 5. b — w branching

fraction is fixed to 2.24% of the b — ¢ combined fraction, per latest experimental results.
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Figure 6.20: Error estimation for p* = 0 extrapolation fit, errors on branching fractions of individ-
ual decay modes are rescaled by a factor of 5. (a) - distribution of the p* = 0 extrapolation, BT ;
(b) - same for B? .
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No penalty function is applied

Figures 6.21 and 6.22 shows the result of the fit. The Table 6.17 shows the branching fraction of
each channel from default EvtGen decay files and obtained through the fitting procedure. Note
that the fit calls for a significantly lower fraction of the non-resonant B — D(x)(n)nlv decays. We
vary a1, as and az within the fit errors to obtain another independent estimate on the error of the

low-momentum correction.
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Figure 6.21: Extrapolation of the lepton spectrum to P* = 0, no penalty functions are applied.
(a) - fit with error band showing deviations in the fitted spectrum for B* and (b) - same for B°.

The fit for the charged B spectrum has x?/DOF = 0.508 and predicts the fraction of electrons
with p* < 0.5GeV/c to be 4.32+£0.15 % of the total rate. The same fit for the neutral B spectrum
has x?/DOF = 0.554 and predicts the fraction of electrons with p* < 0.5GeV/c to be 4.40 £ 0.24
% of the total rate. To determine the error on these corrections, we use the procedure described

in detail in Section 4.5.2.

Table 6.16: Fit results, no penalty functions are applied.

parameter floating D/D™ ratio

Bi | BO
al’ 1.007 £ 0.020 | 0.995 + 0.027
al™ 1.001 +0.064 | 1.099 + 0.066
al’ 1.20 4 0.31 0.80 = 0.20
al’ 1.8+ 1.0 1.80 + 0.90
x2/DOF LI = 0508 | L2 =0.554
Conf. Level 0.890 0.854
p=0 correction, % 4.32 +0.15 4.40 +0.24
(relative)
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Figure 6.22: Results of the fit to the theoretical shapes, no penalty functions are applied. (a)
- the default decomposition of B¥ — X.ev spectrum into 4 exclusive modes and b — u , (b) -
the fitted decomposition of B* — X_.ev spectrum into 4 exclusive modes and b — u , (c) - the
default decomposition of B — X, ev spectrum into 4 exclusive modes and b — u , (d) - the fitted

decomposition of B® — X ev spectrum into 4 exclusive modes and b — u .

Chi2 / ndf =13.51/14 Chi2 / ndf = 10.95/ 15
Prob =0.4871 Prob =0.7565
20F Constant = 13.9 +2.078 o Constant =9.473 + 1.33
o Mean =0.04324 %0.0001668 18-— Mean = 0.04404 &0.0002934
18F Sigma = 0.0045. o Sigma__= 0.l .000257:
E 16:—
16 o
E 14
14 E
3 12F
12~ C
10:_ 10:—
o i3
6= 6
a4 4
2F 2
) PP B RN B AP i, c:....l....l...-l PEPEPEPEN B i
0.02 0.025 0.03 0.035 0.04 0.045 0.05 0.02 0.025 0.03 0.035 0.04 0.045 0.05

Figure 6.23: Error estimation for p* = 0 extrapolation fit, no penalty function is applied. (a) -

distribution of the p* = 0 extrapolation, BT ; (b) - same for B? .
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mode B — D*lv B — Dlv B — D**lv B — D(x)(n)wlv | b—u total
default | 5.6020 4 0.0079 | 2.0998 £ 0.0048 | 1.5008 + 0.0041 1.1951 +£ 0.0036 0.233 10.6
B* 5.64 +0.36 2.54 +0.66 2.7+1.6 —0.4+1.7 0.233 10.70 £0.21
BO 6.13 +0.37 1.67 £ 0.42 2.7+1.3 —0.1+£1.5 0.233 10.58 £ 0.29

Table 6.17: Individual channel and total branching fractions, default and fitted, %. No penalty

functions are applied. b — u branching fraction is fixed to 2.24% of the b — ¢ combined fraction,

per latest experimental results.
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6.1.9 Comparison of the true prompt spectrum in B,..,, MC sample and

default EvtGen spectra

This study is designed to check for any prompt spectrum distortion due to Byee, processing. In
both cases, Monte-Carlo truth-matched electron spectrum from B-mesons has been extracted. The

results of the comparison are shown in Figure 6.24.
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Figure 6.24: Comparison of the true prompt spectrum in B,..., MC sample and default EvtGen

spectra. (a) - comparison of spectra normalized to unit area, (b) - (Breco -EvtGen) /EvtGen.

No significant discrepancy is observed. This means that B;.., efficiency does not significantly
depend on the momentum of the prompt electron in the recoil. Therefore, the momentum-

independent application of the B,..., efficiency bias is justified.
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