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Abstract

The BABAR experiment at SLAC provides an opportunity for measurement of
the Standard Model parameters describing CP violation. A method of measuring
the CKM matrix element |V | using Inclusive Semileptonic B decays in events
B 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
Peoars. > 0.5 GeV/e. 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 £ 0.24 +0.29 %, BR(B® — Xev)
= 10.68 £ 0.34 = 0.31 %, averaged BR(B — Xev) = 10.65 + 0.19 + 0.27 %,
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 CP 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 operations. Charge conjugation interchanges particles with antiparti-
cles. Parity, P, reverses space coordinates (¢, Z) — (¢, —Z). The operation of time
reversal, T, reverses the sign of time (t,Z) — (—t,Z). 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
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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 mod-
els, 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 experi-

ments.

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.
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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 ; 75 [ —
Hy = == W* VopUry.Dr + == W# ViipDrv.U, 1
w="5 > VupUrwDe 7 (LZD opDrvwUe (1)

U=u.c,t
D=d.s.b

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

Ve Vs Vi
Vekrr=| Ved Vs Vo

Via Vis Vi
The off-diagonal elements of this matrix relate to the transitions between

quarks of one family into another and that is why Veogar is sometimes called the
quark mixing matrix.

Under CP transformation Hy becomes!:

(CP)Hw(CP)™! = (Hw)cp =

9 out = g =
=== W* > VupDry U+ = W* S VipUrvDr  (2)
V2 UD v2 5

We see that if.'V'UD = Vgp for any U, D then (Hw)cp = Hw and CP

i 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 Voxar impdses the following conditions:

‘ [Vadl® + Vel + [Vig|* = 1

Vas|® + |[Ves |2 + Va2 =11

Hor more details see [4]

|
|
i
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WVasl® + Ve + Vil = 1
VauaVas + VeaVes + VaaVis =0
VaaVap + VeaVy + VigVig = 0
VusVap + Ves Vi + VasVip = 0,

which reduce the number of independent real parameters to 9. Also, si;lce
the absolute phases of the quarks are not important, the phases of 5 elements of
Vexu (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 knowiedge of the

relative sizes of the angles of the unitarity triangle:

( 1-22/2 A XA(p — )\
—A 1-X2/2 X4
\X3A(L—p—in) =24 1/

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

smallest coupling éonstants, Vs and V4 reads:

VadVip + Vea Vi + ViaVip = 0,

or

Vib Vad
b g
[AVes| ~ [AVes)

|
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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.

The last relation is expressed as a triangle in a (p,7n) 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

i 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 eigeﬁstates

|Br) and [By) are mixtures of the flavor eigenstatés |B% and IP-O):

|BL) = p|B%) + ¢B")

|Bi) = p|B% — ¢|B°)

. 11
|

|
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Figure 1.2: Unitarity Triangle in (n, p) plane with the current constraints on the

position of the tip of the triangle.
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and vice versa,

1
oy _
|B%) 2p(|BH) +|BL))
=0 1
[B%) = 5-(1B1) - |B)
q
There are two classes of the CP violation:
e 1. direct

The difference in decay amplitudes
Ag # Ay Ap = (f|H|B"), Ay = (f|H|B")
is called direct CP violation.

e 2. indirect

There are two types of indirect CP violation:

— * |p| # |g| would result in difference between the probability of B°
to oscillate into B° and the probability of B° to oscillate into BO.
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 wviolation in the interference between decays with and
without mizing, sometimes abbreviated as “interference between decay
and mixing”. This happens when |g/p| = 1, |Z?cp [Asep| = 1, but
I m(quc P/ PAjcp) # 0.

For example, indirect CP violation implies different rates for By — fcp and
By — fcp, where fcp is some CP even or odd final state. Direct CP violation

states that the ratio of the rates By — fcop and By — fcop is different for

13
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VZA®*—> DIK)

A@™— DK"Y = AB"—DK)

Figure 1.3: Example of extraction of one angle of the unitarity triangle. « can

be extracted using relations among B¥ — DK decay amplitudes.

" 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 a, (3 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) o - any mode with a contribution from b — duz is a possible

source of measurement of o. Examples: B — ww, B — wp.
-8
* (a) Color-suppressed modes b — ¢Gs, for example one of the
BABAR benchmarks - B — J/¢K2.

* (b) Cabibbo-suppressed modes b — ced (B? — DD etc.)

14
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* (c) Penguin-dominated modes b — s3s or b — dds - B — 7°K?°

etc.

— (3) 7: 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):

* (a) Triangle relations among B-decay amplitudes.
* (b) BY¥ — DK% and related decays - see Figure 1.3.

* (c) Amplitude relations among B, 4 — 7K decays.

o 2.Measurement of all three sides of the unitarity triangle to further con-
strain 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 |Vip| 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 an-
gles a and <y (refer to fig.1.1). |V CKM matrix element also enters

the calculation of another side of the triangle between angles 8 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

15
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mainly to studying CP symmetry violation phenomena in B physics. The re-
sulting 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 8 decay. Figure 1.4 shows the underlying quark-level

transitions for the semileptonic decays of the B mesons.

-

Wl
Ql
]
Wl

a) V b)

Figure 1.4: Diagrams for semileptonic decays of BY meson: a) Bj — X.I™7, b)

Bl = X,I"7.

16
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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 — ¢l7 is mediated by a four-fermion operator,

O = GrVeh_
bc = \/-2— cY

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

41 =)ol = POl

Vauark = (clv|Ocs|b) = G\FZ;C 2%e(pe) 1 (1 — 7°)us(26) T (P1) V(1 = 7°)u (0)-

However, Viyark is relevant at very short distances, otherwise QCD confinement
implies that free b and ¢ quarks are not asymptotic states. Instead, nonperturba-
tive QCD effects dress the quark-level transition b — ¢l7 to a hadronic transition,
such as

B — DIp,B— D*Ip, ...

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 de-
cays, 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 anal-
izing decays of the mesons containing one heavy and one light quark. We now

present some of the basic ideas of HQET.

17
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1.4.2 HQET

Let us first consider the heavy quark limit, mg — 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, A\g ~ 1/mg. The light degrees of freedom, by con-
trast, are characterized by momenta of order Agcp, corresponding to wavelengths
A ~ 1/Agcp- Since A; > A, the light degrees of freedom cannot resolve fea-
tures of the heavy quark other than its conserved gauge quantum numbers. In
particular, they cannot probe the actual value of Ag, 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 Agcp, the process is per-
turbative in the strong coupling constant as(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 Q doesn’t recoil (Jvg| = Agcp/mo — 0 when
mQ — 00), remaining at rest in the rest frame of the meson. In this limit, Q acts
as a static source of the chromoelectric gauge field, which holds Mg together and
is independent of mq. The result is that the properties of the light degrees of free-
dom 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 inter-
acts with the system through a color magnetic moment proportional to 1/mg,
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

18
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can use the hypothesis 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 “smearing” 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]:
2

_ _Gim A 4
I(B° — X7 99 3{ SH(+ 52 3’\"

s ) SL‘?S’\é’Jr 3 (1.1)

where SLq = |[Vp|?(1 — 8z + 82° — 24 — 1222 log z + O(as))
s
S = V(1 - 2)°

z = (mg/my)?

Ao = 0.12GeV 2

0.1GeV? < —); < 0.6GeV?
The main uncertainty here arises from the short-distance correction term cf Lq,
known exactly to the order of «s. 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'sg o« mZ-3(mp —m,)>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

B(B — X.ev) 1.55ps
Vol = (0. 2

[Vea| (0] 0419)\/ 105% X - (1.2)

2 2

pz —0.5GeV/c*

—_ ‘) W
x(1-0.012 01GeV/ ) (1.3)
% (1 £ 0.015p¢rurb £ 0.010.,, £ 0.012, /m3, ) (1.4)
19
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where

T8 = (Tgx + 7po)/2 = 1.61 £ 0.012ps, 7g= = 1.674 £ 0.018ps, 750 = 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 dB/ 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%.

20
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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 accelerator 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 bet'ger particle ID. The impact of these improvements on

our subject, semileptonic B decays, will be discussed later in this section.

21
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BaBar CLEO, as of 2001 {7]
Accelerator Type ete” ete”
asymmetric collider | symmetric collider
Luminosity, 1032 em—2sec™! 3 0.6
Beams, GeV 31let 4.7-5.6 e* and e~
9.0 e~
oy b 1.05 1.05
bb production ~1 ~ 0.2
rates, Hz
Mean B meson 250 25
path, um
Spatial hit Ozy = 50 Ozy = 50
resolution, um o =50 o =50

Table 2.1: Comparison of the BABAR and CLEO Experiments.

2.1 The PEP-II Asymmetric Collider

PEP-II is a storage ring system for asymmetric e*e™ 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 Y(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 103 em=2 sec™l. 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. Figur_.e 2.1
represents a schematic view of the PEP-II storage ring system.

The machine operates at the Y(4S) resonance, which allows placing several
kinematic constraints using knowledge of the exact 4-momentum of the bb pair
and also knowledge of the momentum magnitudes of the two B mesons individ-

ually in the center-of-mass frame. These constraints help considerably in sup-
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Figure 2.1: PEP-II storage ring system

pressing background. While Y(45) is the main mode of the machine, significant
amount of data (approx. 1/8th) is being taken in continuum mode (60 MeV
below T(4S) mass) for background studies.

During the operation, the mean energies of the beams are constantly moni-
tored so that the combined c.m. energy is always close to the peak of the T(4S)
resonance. Typical precision of the control methods varies from 1.1 MeV per fb1
for statistical measurement to 2 MeV for instantaneous measurement. The beam
energies are necessary input for the calculation of the two kinematic variables,
AFE and MEgg, 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. The first vari-

able, AFE, can be expressed in Lorentz-invariant form as

AE = (2QBQO - S)/2\/§,

where /s = 2E}, .. is the total energy of the ete™ system in the c.m. frame,
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Parameters ' Design | Achieved (typical)
Energy HER/LER (GeV) 9.0/3.1 9.0/3.1
Current HER/LER (A) | 0.75/2.15 0.8/1.6
number of bunches 1658 553-829
bunch spacing (ns) 42 6.3-10.5

oL, (um) 110 120

or, (pm) 33 5.6

or. (mm) 9 9
Luminosity (103em=2s~1) 3 35
Luminosity (pb~!/day) 135 250

Table 2.2: PEP-1I beam parameters. HER stands for “high-energy ring”, LER
- for “low energy ring”. or., or, and or. refer to the horizontal, vertical and

longitudinal RMS size of the luminous region.
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and gp and go = (Ep,po) are the Lorentz vectors representing the momentum of
the B candidate and of the e*e™ system, gop = g.+ + g.-- In the c.m. frame, AE
takes the following form:

AE = E} - By,

where E} is the reconstructed energy of the B meson. The AFE distribution re-
ceives a sizeable contribution from the beam energy spread, but is generally don;-
inated by the detector resolution. The second variable is the energy-substituted
mass, Mggs , defined as m%g = ¢3. In the laboratory frame, Mggs can be de-
termined from the measured three-momentum pg of the B candidate without

explicit knowledge of the masses of the decay products:

Mgs = \/ (s/2+pa x po)*/E§ — ph

and in the c.m. frame
Mgs =/ Efpm” — P’

where p% is the c.m. momentum of the B meson, derived from the momenta of its
decay products, and the B-meson energy is substituted by Ej,,,,- The resolution

in MEs is dominated by the spread in Ej,,,, and 0g; = 2.6 MeV.

2.2 The BaBar Detector

In order to meet its physics goals, BABAR detector needs to have([6]):

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 (B ~ 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
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separation of these vertices is 250um, 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.

o Discrimination between e, u, v, 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 — =7

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.
o 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. /Pt (%) (1 GeV pions at 90°) 0.36

0z (um) (1 GeV pions at 90°) 52
oe/E (%) (1 GeV « at all angles) 1.8

« efficiency within acceptance (at 100 MeV) 0.92

Table 2.3: Designed BABAR performance parameters.
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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 com-
monly, DIRC) for charged hadron particle ID.

e 4. A Caesium Jodide 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
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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 (6t)
between the two B decays, and vanishes in the integral over 6t. The function of the
vertex detector in the BABAR experiment is to determine the separation between
the two B decay vertices, thus determining the time between decays 0t = §z/f~c.
To avoid significant impact of the resolution on the CP asymmetry measurement,
the mean vertex resolution along the z-axis for a fully reconstructed 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 /¢, 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
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from the beam line in the forward direction (in the backward direction, it is suf-
ficient 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 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 composed of 300 um-thick double-sided silicon micro-strip de-
tectors. 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) surround-
ing each n™ 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
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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
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 ex-
pectations. Figure 2.6 shows SVT hit reconstruction efficiency as measured on
uu 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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Parameters Design | Achieved (typical)

¢ resolution, um 80 < 40

z resolution, um 80 <30

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.

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 recon-
struction 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/dzx). A resolution of about 7% will allow
7/K separation up to 700 MeV/c and, in the extreme forward and backward di-
rections, 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 accep-
tance 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
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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 com-
bined radiation length for wires and 5.2 m® of gas inside the Chamber is as low

as O.Q%Xo.

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. 1mm-thick beril-
Hum 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 (Xo) 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 Electro-
magnetic 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 for-
ward 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).
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The Chamber itself is composed of 40 layers of 7104 hexagonal drift cells with
a typical dimension of 1.2x1.9 ¢m?, 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) 120um 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 created
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, (c)). 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.
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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,
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 /dzx 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.

Parameters Design | Achieved (typical)
X-y reéolution, mm 0.14 0.1-04

z resolution, mm 1 1

dFE /dz resolution, % 7 7.5

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

detector
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Figure 2.9: DCH track reconstruc- Figure 2.10: dE/dz measurement as

tion efficiency. a function of track momentum in the

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. Overall performance of the entire
BABAR tracking system with comparison to the design parameters is found in

Table 2.6.

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

z resolution, um 80 40

tan(6) resolution, 1073 0.8 0.6
Op./Dt, constant term, % 0.36 0.45

Op, /Dt 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.

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® — 7t7~ and B® — K*xF. 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/dz 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 flat surface. The radiator material of the

DIRC is synthetic, fused silica in the form of long, thin bars with rectangular
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cross-section. These bars serve both as radiators and as light pipes for the por-
tion 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 back-
ward end, they enter a special water-filled expansion region, called the standoff
boz. 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 nor-
mal incidence. Radially, it occupies only 8cm of space. Angular coverage of the
DIRC is ~ 87% of the solid polar angle in Y(4S5) 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 de-
tected 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 150u4.

The DIRC design is shown in Figure 2.12.

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 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
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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 per-
formance requirements. Figure 2.14 shows kaon identification efficiency and pion
mis-ID, while Figure 2.13 shows the expected 7w — K separation and the Cherenkov
angle and time resolution of the DIRC system. The summary of achieved perfor-

mance and design goals is presented in the Table 2.7.
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Figure 2.13: Expected = — K separation and Cherenkov angle and time resolution

of the DIRC detector.

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.

44

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




>
% 1::_1 T l T —o— T T I T T T T T n_:
508k :
5§ 07F -
&0-6:‘ ] 1 1 L 1 | L ] 1 1 | L |:
:I 1} l L L] ¥ I ¥ L L I' L) ':
M o2 E 3
2t :
2 o1 | —+ .-
- o _ -—.— 7
E Ob—* o ]
o 1 2 3

Track Momentum (GeV/c)

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

Parameters Design | Achieved (typical)

w/K separation, 1.7-4.2 GeV/c 40 420 (at 3 GeV/c)
4o > 100 (at 1.7 GeV/c)
40 2.80 (at 4.2 GeV/c)

track angular resolution, mrad 22 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 quadrature:

OE _ 01

E \/E4@027%

where o1 = 1% and o3 = 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

o= BT

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

+ 1imr

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.S°..in
polar angle and full in azimuth, representing 90% coverage in the Y(4S) 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 17.5Xy depending on the polar angle of incidence.
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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.
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Figure 2.15: Design of the EMC detector

Electronics and Read-out System

The EMC electronics system is required to have a negligible impact on the en-
ergy 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 photodi-
odes used have an efficiency of 85% for the CsI scintillation output. Two sets of
photodiodes and low-noise pre-amplifiers are used for each crystal to provide nec-
essary redundancy for inaccessible components. The dual signals are combined

J in postamplification-digitization boards installed in the accessible location.

Performance

The BABAR Electromagnetic Calorimeter has met its performance requirements.

Figure 2.2.5 shows electron identification efficiency and pion mis-ID achieved
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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 algorithms. Electrons are separated from charged hadrons using

the information on the shower energy, lateral momentum of the shower and track

momentum. In addition, the dE/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
og/E, energy-dependant term, % 1-2 23+0.3

0g, 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

2.2.6 The Instrumented Flux Return (IFR)

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

hadrons (primarily K? and neutrons) over a wide range of momenta and angles.
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Figure 2.16: Energy (a) and Angular (b) resolution of the 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
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abilities are measured using
charged pions from K2 decays
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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/v¢ and studies of rare decays involving leptons from B
and D mesons and 7 leptons. Neutral hadron detection, especially Kg 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 propa-
gation to a much less degree. The material (steel) of the IFR 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 ﬁﬁely
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
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compose the active area of ~ 2000m?. The IFR design is schematically shown in

Figure 2.18.
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Figure 2.18: Design of the IFR detector
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Figure 2.19: RPC design

Electronics and Read-out System

52,800 IFR readout channels are connected to the Front-End Cards (FECs), each
serving 16 channels. 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
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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 (ROMs).

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.

2.2.7 The Trigger

The principal purpose of the BABAR trigger is the selection of the events of in-
terest 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 back-
ground 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 77 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.
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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 in-

formation 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 electromag-
netic 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 1~ 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 pro-
cessors. The L3 trigger is a software trigger designed to accomodate any e{rent
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
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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].

Performance

The BABAR Trigger System has met its performance requirements. The trié-
gering 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 10%3¢m =251, the
desired physics event acceptance runs at 16Hz representing 13% of all events ac-
cepted by L3 trigger. Another 40% is composed of diagnostic and calibration
samples. Backgrounds represent the remaining 47% of the L3 accepts. A sum-
mary 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 e%zent 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.
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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 analysis 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 Releases

e Software Environment in which the computing work is done (includ-
ing code development/management, user concerns, distributed computing

issues etc.)
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3.1 BaBar Online Databases

Online databases are used to store all the information needed for effective opera-
tion of the BABAR detector. The BABAR online databases make use of Objectiv-
ity/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 :

o Ambient Database. It stores the readback values from the detector con-
trols. Measurements are time-stamped and are used in online monitoring

and offline analysis.

o Conditions Database. A special database used to track detector align-
ments, calibration constants, and other time-dependent records of the con-

ditions under which the physics events are taken.

e Configuration Database. It is a BABAR unique feature to store all de-
tector 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:
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— 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 as-
signed a configuration key. Configuration keys of the objects in the same
container are different. Configuration objects are never deleted or mod-
ified, 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 Contain-
ers”. 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 conﬁguraﬁon 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 secon&a.ry
key. Since the top-level configuration maps are used to root the particu-
lar 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
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the run and is stored in the corresponding subsystem database. The sub-
system’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.

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 ob-
jects. 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 pack-~
ages to connect to the configuration database and to facilitate various transac-
tions. 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 ex-

pert. 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 configura-

tion map tree with the application without having to use any other database
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tools

o All the changes made to the database have to be trackable by the appro-

priate 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 configu-

ration 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
e Efficient navigation throughout the entire set of configuration trees (over

1000) created in BABAR configuration database - random access and se-

quential; by configuration key or alias name
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o Efficient navigation within the specific tree using two display modes - struc-
tural map mode and intuitive fold-down mode similar to the MS Windows

File Explorer

o 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 ex-

perts 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 Config-
uration Map objects while ovals denote terminal nodes which actually contain
configuration information. The top configuration map of the Drift Chamber de-
tector subsystem is examined. In the Object COnfiguration 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 ava.iiable
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.Bw

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 inclu-

sive spectrum of electrons detected in the event sample. As a result, very
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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].

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 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 de-
cay. 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(4S) center-of-mass frame,
1.4 GeV/e, 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
possible to carry out in data using charge correlations) and high statis-

tics. Disadvantages: separate measurements for neutral and charged
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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 reduc-
tion 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 semilep-
tonic 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 o_b—
tained due to the higher efficiency of partial reconstruction w.r.t. full
reconstruction. However, in events with partié.lly 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 ex-
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periments with lower available statistics and provides an important

cross-check on the results obtained using other methods.

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 semileptonic branching fractions separately for B® 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 |V |.

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:

o 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 /7o is predicted to be of order

10% [23].

o 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 re-

sult in a difference in total semileptonic branching fraction for B* vs. B°

As a result, separate measurements of B / B? decays represent special interest.
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! Measurements of the inclusive semileptonic branching fractions of B-mesons
have Been performed at many experiments including ARGUS, CLEO (I & II),
Belle and BABAR . The summary of the measurements so far is given in Table
i 4.1 [25], and corresponding world average plots are given in Figures 4.1 and 4.2.
Measurements of the branching fractions for B¢ and B¥ separately are at the
level of ostat ~ 6 — 8%, achieved in preliminary BABAR analysis [20]. Earlier
results from CLEO analysis are at the level of o5t ~ 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 f5~! 10.84 +0.21 2 0.34
3 ADLO (LEP) } 2002 10.65 £ 0.23
DELPHI 2001 | lifetime and b-tagging 10.70 = 0.08 £ 0.21(+0.30 — 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 £ 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= — Xlv)
BABAR 2001 | Tag with fully reconstructed B (prelim) 10.3 % 0.6+ 0.5
CLEO 1997 | tag with partial reco 10.25 3 0.57 £ 0.5
CLEO 1994 10.1 418+ 1.5
BR(B® — Xlv)
BABAR 2001 | Tag with fully reconstructed B (prelim) 104 £0.8%0.5
CLEO 1997 | tag with partial reco 10.78 £ 0.6 & 0.69
{ CLEO 1994 109 +0.7+ 1.1
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  0.091
x CLEO 1994 0.93+£0.18+0.12
I
1
! 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 measurement. Yellow bands show the prior world averages. (top) - BR(B* —
Xev ), (bottom) - BR(B® — Xev ). World average values are calculated as an

average of the individual measurements weighted with the corresponding errors.
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Figure 4.2: World averages for semileptonic B decay branching fractions before
this measurement. Yellow ba.ﬁds show the prior world averages. (top) - BR(B —
Xev ), (bottom) - BR(B* — Xev )/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-II/BABAR B-factory through the process e"e* — Y(4S) — BB.

e Primary spectrum definition: b — ce~7 (b — cetv). X, includes: D (DP),

D* (D7), D7 (D5).
e The Branching Fraction determination.

BR

_ N(B — Xlv)/est 5 Etag

SL?
N, tag €tag

where

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

all background corrections)

€sy, is the event selection efficiency for semileptonic events (in events with

one B-meson fully reconstructed)

Niog - number of tagged BB events

€tag is the efficiency to tag the BB event

ei{; is the efficiency to tag the BB event with the one B-meson decaying

semileptonically

The concept for the present analysis is very straightforward. Events contain-
ing B-meson candidates are tagged with fully reconstructed hadronic B-decays
(Breco tags), where the standard software tools from BaBar analysis support s;y's-
tem are employed. The electron (positron) spectrum from semileptonic decays of

the other B-meson (Brecorr) is measured.

This method offers many advantages.

[6)
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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 (45) is re-
constructed 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% and the B¥s 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 domi-
nated 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.

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 contri-
butions. The event sa.xhple is divided into 4 distinct classes, differentiated by the
type of the B meson charged or neutral, and the charge of the electron (Table
4.9). '
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

t-quark from the decay of the W (right-sign cascade charm). While the former
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Event Class | Type of B Charge of the electron w.r.t

expected prompt electron charge

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

Table 4.2: Event class definition

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) spec-

tra in each class are corrected for the following background processes (in the order

stated below):
e Pair Backgrounds
— conversion pairs (y — ete™)
— 70 Dalitz decays (7° — veTe™, 1€ — vyete™)
— charmonium decays (J/¥ — ete™)
e Hadron misidentification (7, K, p(7), misidentified as electrons)

e Electrons from decays other than semileptonic B decays

-7—e(B—o1toe",B>Df -1t —et)
— electrons from D, D, A, (B — DD,D — et, B — DD}.D — e*,

B— A} —et)

The pair and hadron misidentification backgrounds are derived from data with

little input from Monte Carlo simulations. However, the contributions from elec-
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trons from decays other than semileptonic B decays are derived from Monte Carlo
based on the latest measured branching fractions for the corresponding decays.
At every step of the analysis, the electron (positron) spectra and correspond-
ing background contributions are corrected for combinatorics in B-meson recon-
struction through Mgg sideband subtraction, described in Section 4.3.4.

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

e B — B 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 reconstruction, 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 BY . 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 |V3|.
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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 recon-

struction of a B meson described in detail in [26]. The strategy of this reconstruc-

tion 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 3.“_5—3 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 (Brec, 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 recon-
structed 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 Brec, mode purity and event counts
satisfy certain criteria described below in Section 4.3.4.

The combinatorialn background is represented by both continuum and BB
events. After the requirement on the presence of a lepton in the event the back-
ground is dominated by the BB background. In addition, there is also background
which has an Mgg distribution similar to that of the signal, when the true mode
differs from the reconstructed one by a single soft particie (e.g. a BO — D*x+
(D*~ — DY) confused with a Bt — DOz 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
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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 Bi..., cross-feed effects

e Obtain By, efficiency bias estimates (€1q4/ efafg - 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.
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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 By, candidate), corresponding to a subset of the modes used
in the semi-exclusive reconstruction of the hadronic tag. The second B me-
son 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 restrictions. 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™ rfv 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 — cfv) =
10.54%, which is somewhat lower than the most recent measurement performed
by BABAR [19].

The semileptonic branching fractions and decay dynamics for semilebtonic
decays of the B mesons are assumed to be identical for B* and B° , as shown
in Figure 4.3. The momentum-averaged ratio of primary electron spectra for
charged and neutral B mesons obtained at the generator level in Monte-Carlo is

Ry /o =1.003 £ 0.011 (using a limited sample of 5 Million generic BB events).
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Figure 4.3: (a) Generator level electron spectra for charged and neutral B-mesons.

(b) Ratio of the two spectra.

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

is identical in event composition to the data.

4.3.3 Data Sample

The present analysis is based on a total integrated luminosity of 82 & 0.7 fb™1
(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 Breeo 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.
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Table 4.3: Monte-Carlo event samples used in this analysis.

Data set Lumi [fb~1] | Number of BB events, millions
B cocktail > 100 > 53
B# cocktail >300| > 158
B0 generic ~ 240 ~ 126
B¥ generic ~ 240 ~ 126
cC generic ~ 35 -
uT + dd + s3 generic ~ 29 -

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
J 2002 27 113,000
Total . 82 361,000
83
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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 (4S5) resonance are the energy-substituted mass Mgg , and the
difference AE between the reconstructed and expected energy of the B-meson
candidate. Both quantities can be evaluated either in the Y(4S) rest frame or
the laboratory frame. In this analysis, the lab-frame is chosen. The invaria;nt
energy difference of the B-meson candidate is calculated with

_pB-pi—s/2
AE=—"r——:

where /s is the CMS energy, and where pp and p; denote the four-momenta (E,
p) of the B-meson candidate and the initial state. The energy-substituted mass
MEggs is calculated as

mgs = \/ (s/2+pp-p:)?/E} — ph-

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 Mgg lies within a “signal box” chosen to be
5.27 GeV/c* < mgs < 5.29 GeV/c?,

Background studies and subtraction are done with B-meson candidates in a

MEgs “sideband”, defined as
5.21 GeV/c2 <mgs <526 G’eV/_c2.

The above parameters are justified by the Mgg plots generated using clean
samples of BB , u% + dd + s5 and ¢¢ Monte-Carlo events (see Figure 4.4). On
these plots, as well as in all other Mgg plots in this document, the following

label conventions are used: S - number of signal entries in the “signal box” of
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MEs - equal to the integral of the fitted Crystal Ball function (defined below)
over the “signal box” Mgg 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” Mggs 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 Mgs “sideband”.

gssooo S =105563.3 + 446.4
‘m\isoooo B =9784.5 + 232.6
= 25000 m=5279.40 + 0.01
22000055 =2.77 + 0.01
150005 P =915+ 0.2

10000:-R =51.9 + 0.9

5000

s=241£2.05
P=35% 04

Entries /2.5 MeV

52 522 524 526 528 53

2 40000 S = 108175.4 + 497.7
w asppps- B = 52145.9 £ 421.2
~ 300005 m = 5279.42 + 0.01
2250008 ¢ =273 + 0.01
S P=675+ 0.2
10000=R =313+ 0.2
SoF . L
22

522 524 526 528 53 52 5.22 524 526 528 53
Mg [GeV] Mes [GeV]

Entrles /2.6 MeV

Figure 4.4: Motivation of the Mgs cuts used in signal box and sideband defini-
tions. (a) - BB sample, (b) - 4% + dd + s3 + ¢¢ sample from Monte-Carlo, (c)
- correctly mixed MC sample (appropriate amounts of uds and cC 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 side-
band. A fit to the energy-substituted mass Mgg distribution is performed to

separate signal (BB) events from background (combinatorics, continuum). Mgs
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is fitted to a sum of the empirical functions expected for signal and background
MEgg distributions.
The signal component is fitted using a “Crystal Ball” function:

for Mps >m —o-a:
dN 1 (___ (Mgs -m)2>

1
dMgs N 2 o2 (4_‘1)

for Mgs <m—o0c-a:

dN__ (/o) (_1 ,az) ( ! . (4.2)

dMEgs N 2 (m—lzfss ) + % _ a)

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 recon-
structed 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 Mgg 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
dMEgs

=N-Mgs -V1—2%-exp(—€-(1-2?)) (4.3)

where z = Mgs /mmax and the shape parameter £ is determined from a fit. The
endpoint of the Argus curve, M.y, is fixed in the fit, since it depends only on
the beam energy. The Argus function provides a good parametrization 6f both
the continuum (c¢ and wi+ 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:
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e 1. The ARGUS function is fitted to the sideband region of the Mgg distri-

bution and two parameters of the ARGUS function are extracted.

e 2. The seven-parameter Crystal Ball + ARGUS function is fitted to the
full Mggs distribution. Both ARGUS parameters are fixed to the values

obtained in step 1.

For more details on the fitting method refer to Section 6.1.3.

B,eco 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.

Several parts of this analysis (such as the By, efficiency bias used to correct
for different By, efficiencies for different types of events) depend on the correct
description of the data by Monte-Carlo simulation. In order to simplify anal-
ysis and Data/Monte-Carlo comparison, we apply the following mode selection

algorithm for both Data and Monte-Carlo event samples:
o 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.

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 4.5 and in Table 4.6. In the same table,
the B,eco modes are also listed with relevant indices as used in BABAR software.
Good agreement between Data and Monte-Carlo is observed for our Byec, mode

set. Another measure of the agreement between data and Monte-Carlo samples
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Table 4.5: Result of the mode selection algorithm. The column labeled as Ef-

ficiency describes the fraction of the total number of events which survived the

cut[s].
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

Figure 4.7).
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is the distribution of the number of tracks in the recoil (track multiplicity), found
in Figure 4.6. 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
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Table 4.6: Mode statistics and relative contributions to total B,¢c, event counts in our sample

Index | BABAR Index | Mode Datn MC

Sigual Fraction, % | Purity Signal I Iraction, % Purity
1 11001 B* 5 D"Kn,n 7380 £ 118.3 7.61 £0.12 | 81.9+£0.8 | 11569 + 149.2 | 7.264+0.09 | 80.4 0.7
2 11101 BY¥ - D"Knn"x 13039 + 170.9 | 13.26+0.18 | 67.1 4+ 0.6 | 21236 +£219.7 | 13.31+£0.14 | 67.8+ 0.6
3 11201 Bt - D°K3n, % 10490 + 163.4 | 10.67 £ 0.16 | 65.2+ 0.7 | 18947 +:202.1 | 11.8840.13 | 72.3+ 0.6
4 12001 B = D™ Ksmyn 1233 4 63.4 1.26 £ 0.05 | 64.8:%2 1752 & 60.9 1.0940.03 | 63.9% 1.6
5 12101 B" - D~ Knmn 8610 & 130 876 £0.13 | 77.74£0.7 | 14585+ 168.2 | 9.14:4+0.11 | 80.4£ 0.6
6 13001 B D" -5 D% = Kn,n 2074 + 58.7 2.11+0.06 | 9724 0.6 | 3132+ 75.4 1.96 £ 0.04 | 95.7+0.7
7 13003 B" = D*~ = D"r = Kn,nn® 3479 4 82.9 3.644008 | 80.1£1.1 | 5946 £111.4 | 3.724+0.07 | 78.8+0.9
8 13009 B = D~ = D" — Kn,nnn 2213 + 65.7 2.26+0.06 | 78.8+ 1.4 3010 + 78.3 1.884:0.04 | 73.24 1.2
9 13036 BY = D~ = D% = Kn 536 + 34.4 0.54 £ 0.03 61429 1080 + 49.8 0.67+0.03 | 60.7+2.1
10 13101 B - D'~ = D% = Knn\n 3128 4 73.9 3.18 + 0.07 92409 5235 4 97.7 3.2840.06 | 92.5:+0.7
11 13102 B = D*~ = D" = Kna¥, K 207 + 24 034002 | 86.3%3.2 378 & 26.7 0.234+001 | 84.6+28
12 13103 B <+ D" = D" = Knan®, nn¥ 6886 + 114 5994011 | 69.7+£09 | 9629+ 149.4 6.03+0.090 | 67.140.7
13 13109 B = D*~ = D" = Knn®, nnn 3460 + 87.7 3.62+0.09 | 65.6& 1.1 4866 £ 108 3.054+0.06 | 61.930.9
14 13111 BY - D*" — D" — Kun", KKn 246 + 21.3 0.24 +0.02 | 87.2+ 3.4 465 4 29.7 0.20 £ 0.01 85643
15 13138 B" = D~ = D% — Kna® 342 + 27.8 0.344£002 | 64.8+3.06 751 & 42 0.47 £0.02 | 677425
16 13201 BY - D'~ — D — K3n,n 2200 & 62.7 2,334 0.06 | 93.6 £ 0.9 4133 + 83.3 2.69 +0.056 | 93.1+0.8
17 13203 B = D*~ = D" — K3n,nn° 3820 * 89.8 3.88+009 | 69.54 1.1 | 7443 & 129.8 4.66 £ 0.08 | 69.240.8
18 13209 B" - D*~ — D" - K3n,nan 2176 & 69.6 2.21£0.07 | 69.7% 1.6 3638 + 90 2.284+0.05 | 68.74 1.1
19 13301 BY = D*= = D% = Kentn™,m 676 % 35.1 0.08 £ 0.03 89 £ 2.2 1102 £ 43.9 069+0.02 | 80.4+% 1.8
20 13303 BY = D~ = D% = Kentn—,nn® 1160 + 53.9 1174005 | 528+1.0 | 2218+ 78.7 1.39+£0.04 | 61.8:% 1.4
21 13309 B - D" = D = Kantn™,nnm 702 £ 42.7 0.71 £0.04 | 53.6 % 2.4 1039 + 49.6 0.65+0.03 | 62.74 1.9
22 14001 B¥ - D 5 D" - Kn,n 2280 + 62.7 2324006 | 95.3+0.9 | 3066 £ 74.5 1.9240.04 | 94.9+0.8
23 14002 Bt 4 DO D0 S K, K 222 4 20.3 0224002 | 87.4+3.9 41 +0 0.26 40 87.44 3.2
24 14003 BE - D0 o D0 & Kn, wa? 3169 & 82.7 3224008 | 71.64 1.3 | 6526+ 116.2 4,09+ 0.07 | 80.6+0.8
26 14009 BY o DY o DY - Kn,nan 1908 + 64.1 24 0.06 7424 1.6 | 2614 & 74.4 1.67:4£0.04 | 69.8:4 1.4
26 14036 BY o D0, PV o K 573 & 38.1 0.68 £ 0.03 | 53.24 2.6 1036 4 49.7 0.64 + 0.03 68 4 2
27 14101 BEY 4 DWW PO o K 4108 + 89.6 4184000 | 7994 1.1 | 5393 +106.6 | 3.38 % 0.06 769+ 1
28 14201 BE o D0 o D' - Kin,m 2979 +,76.8 3.03+£0.07 | 7834+ 1.2 4675 + 98 2.934+0.06 | 81.8+0.9
29 15001 BE 5 D DY — Ky 2133 + 63.8 2174+ 0.06 | 86.7£ 1.4 2878 + 75.9 1.8 £ 0.04 87.1+ 1.2
30 15002 BY 4 D0 o D% o K, K 233 4 24.3 0.23+0.02 | 69.2&4.7 4134+ 28.8 0.25 £+ 0.01 77443
31 15003 BEY = D0 o D% = Ko, nn® 3690 + 98.1 3.75 £ 0.1 554 1.1 52124 118.9 | 3.26 £ 0.07 64 & 0.9
32 16101 “BE = D' o D% = Knn®,n 3673 £ 100 3.73+0.1 | 6024 1.1 | 517641206 | 3.24+£0.07 | 50.6+0.9
- - All modes (sum of above) 98260.7 3 450 99.99 - 169470 & 585 99.99 -
- - All modes (from combined fit) 98377 + 459 - 71.4+ 0.2 | 159663 + 589 - 72.44£0.1
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Figure 4.5: MC comparison for Br.co quantities. The mode index corresponds to
the row number in Table 4.6. In the Figure: (a) relative contributions of various
mode to total event counts, (b) Bree, purity, per mode, (c) absolute MC-Data
difference in relative mode contribution (“fraction deviation”), (d) absolute MC-
Data difference in purity (“purity deviation”), (e) pull of the MC-Data fraction
deviation (55::?::::) (f) pull of the MC-Data difference in purities, (g) MEgs
distribution for all selected modes, data; (h) same for MC.
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Figure 4.6: 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.
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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 £ 0.0021
BO 146617 £+ 558 | 42951 + 298 0.2929 + 0.0023
all 341127 £ 861 | 99738 £ 462 0.2924 + 0.0015

Yields correction and Data - Monte-Carlo normalization

Fig. 4.7 shows the total yields from Data and Monte-Carlo samples after mode
selection criteria are applied. The Mggs distributions are fitted to the sum of
a Crystal-Ball function (for the signal) and an ARGUS function (for the back-
ground). 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 MEgs fit provides the total number
of background events (N3,). 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 Mgg fit, we obtain the

number of background events that lie in the signal box (N%) and the sideband
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Figure 4.7: 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 ¢t combined); Data; Difference between Mgs distribution and

a resulting fit function, MC and Data.
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region (V£5). We use these two numbers to estimate the ratio,

NE
- Ng

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 Mgg signal box:

N¢ = N°s — f x Ness

where N¢S is the number of electrons detected in the signal box and N€55 -

in the MEgg sideband.
Sideband scaling factors are determined separately for each event class from

corresponding Mgs distributions (Figures 4.8 and 4.9) 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.

Cross-Feed in Br.co

During the full reconstruction procedure, it is possible for a B meson to be re-
constructed in a mode which is different from the actual mode (final state) to
which the B originally decayed. We call this effect Brec, 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 Bf «—— BY
e Bt «— B~

oB°<——>-§)—
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Figure 4.8: Event yields, for events with electrons of momentum pems > 0.5 GeV
in recoil. From top to bottom: event class A; B. From left to right: MC (BB
only); MC(BB, uds, and ¢t combined); Data; Difference between Mgs distribu-

x tion and a resulting fit function, MC and Data.

95

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




Fm = 5280.31 £
's = 2.80 + 0.05
[P =90.8+ 1.1

fR=39.4+ 3.7

3 5 oYy

O CrrCEEhe "
10Nl kel

2 522 524 526 528 53

[2i)

.3

-60F l
-80:- 1 1 1 P
s

m [GeV]

FS =1733.7 + 554

2 522 524 526 szineg.s
Data

e MG 105 o 1040

f O Omx23-42

FB= 215.4 + 29.§
Em = 5280.35 +
£s=2.99 £ 0.07 |9
 P=889+ 1.4 |

000

ipootP =86.2 + 0.9

.d-o-

unsn

P SN OIS

o o Pata e e T L g
5 &
1.5

522 524 526 528 53 2 522 524 526 528 53  B0hi il
Mg [GeV] m [GeV] 52 522 524 526 524,53

Figure 4.9: Event yields, for events with electrons of momentum pepns > 0.5 GeV
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only); MC(BB, uds, and ¢ combined); Data; Difference between Mgg distribu-

tion and a resulting fit function, MC and Data.
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the signal-level MEgg distributions, per event class.

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

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

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 33042 0.394 +0.037
D 731 £101 21530 0.295 £+ 0.030
Monte-Carlo
A 3927 £ 232 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
97




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,e., cross-feed - from event type mismatch

The simplest way to quantitatively extract the cross-feed levels is to compare the
type (BO-B_0 or B*B~) of the generated event to that defined by the resulting
Breco mode in simulated data. The cross-feed in this case is described by the

following parameter (cross-feed coefficient):

Sau events __ qcorrect B type
C F - Mgs MEgs
Sall events
MEgs

where
Sj‘,fflsg"e"‘s is a signal count obtained from fitting an Mgs distribution for all

tagged events

Scarrect B type
MEgs

for events where a generated B type matches that of the B.., B type

is a signal count obtained from fitting an Mgg distribution only

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 Mgs components.

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

The cross-feed coefficients obtained from generic MC and averaged over all
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Breco modes (separately 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 Mgg
distribution for background events has a non-zero area under the signal peak.
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 4.9: B¥ «— B0 cross-feed related quantities, from generic Monte-Carlo.

BRECO Mode

. i
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Total Wrong B flavor, Mgs fit cross-feed
B* — DKz, w 25430 £ 222 99 == 90 0.0039 = 0.0035
B — DOK7rO 7 45897 + 324 3148 £ 165 0.0686 = 0.0036
B* — D°K3x, 7w 41542 + 299 2753 =+ 142 0.0663 = 0.0035
BY — D~ Km,w 3749 %+ 89 300 +£47 0.080+0.013
B — D-Krrm,w 30109 £ 242 1854 £113 0.0616 % 0.0038
B® — D'~ — D% — K& 6524 £ 107 033 0= 0.0051
B% — D*~ — D% — Kz, 7=° 12305 £ 160 927 £ 62 0.0753 % 0.0051
B% — D*~ — D% — Kz, 7w 6284 £ 112 343+ 40 0.0546 - 0.0065
B — D"~ — D% — K% 2270 & 72 019 0 = 0.0085
B — D"~ — D% — K#n% = 10735 £ 131 75£33 0.0070 = 0.0031
B - D"~ — D% — K7z% K 841 +39 75+ 14 0.089 + 0.017
BY — D*~ — D% — K#7® #z0 20479 & 218 1318 £ 98 0.0643 + 0.0048
B® — D*= — D% — Kaz0 narm 10072 298 403 = 264 0.040 = 0.026
B® — D*~ — D% — K% KK=n 954 43 079 0= 0.0083
B® — D"~ — D% — Kawn® 1531 £ 61 35+ 27 0.023 = 0.018
B® — D*~ — D% — K3m,7 8437 £ 121 0£4.6 0 == 0.00055
B% — D*~ — DO7 — K3, w0 15627 =+ 188 890 £ 79 0.0569 = 0.0051
B — D*~ — D% — K3z, 77w 7426 =+ 130 67 54 0.0091 = 0.0073
B® — D*~ — D% — Kyxta—,x 2275 £ 63 066 0 = 0.0029
B® — D*= — D% — K wtan~, 770 | 4671111 471161 0.101:£0.013
B® = D"~ — DO — Ka*tn—, 7w | 21535+ 71 206 =37 0.095 + 0.017
B% — D0 . D20 . K. % 6819 % 111 184 £ 20 0.0270 = 0.0030
BEf — D*0 — D% — K7, K 901.7:+2.5 041 0 0.045
B% — D*% — D20 — Kz, 7w 14224 £ 171 376 £ 55 0.0264 = 0.0039
BE — D0 —. D20 — K, warr 5202 & 109 0:£82 00.016
Bt — D0~ D% . Kn 2228 £ 73 143 £33 0.064 £ 0.015
BE — D*0 — D20 — Kga%, 7 11683 £ 156 105 £ 49 0.0090 = 0.0042
B* — D*0— D%% — K3m,w 10340 % 144 244 +45 0.0236 =+ 0:0044
B%* — D" — D% — K== 6282 £ 112 322437 0.0513 = 0.0060
B — D0 — DO — K7 K 889 +42 95+19 0.107 £0.022
B — D=% — DOy — K7, 70 11640 £ 179 582 +90 0.0500 % 0.0078
B* -~ D" — D% — Kax%x 11201 & 178 255 £ 95 0.0228 = 0.0085
all B 194405 =+ 656 7640 %= 288 0.0393 % 0.0015
all B® 146616 =+ 558 6376 £ 222 0.0435 = 0.0015
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Table 4.10: Same as Table 4.9, events with primary electron.

rBRECO Mode Total [ Wrong B flavor, Mg fit cross-feed
BE — DYKn, 7 5404 94 12.1::8.8 0.0022 + 0.0016
B= — DOKnal,w 9541 £ 130 40+ 14 0.0042 £ 0.0015
B* — D%K3m, 7 8371 £ 119 71+18 0.0085 == 0.0021
B® — D-K.r, % 806 =+ 37 20.3+4.9 0.0252 = 0.0062
B® — D-Krnm, % 6101 £ 103 124+ 29 0.0203 = 0.0047
B% — D"~ — D% — K=, w 1415 + 48 0+0.96 0 == 0.00068
B — D*~ — D% — Kax,7n° 2571 £ 72 2415 0.0280 = 0.0058
B% — p*~ — D% — Kx.wnw 1200 = 38 0+85 0= 0.0071
B -~ D*~ — D% — K= 564 £ 33 1533 0.027 £ 0.059
B® — D*~ — D% — K==« 2285 & 62 085 0 0.0037
B® — D~ — D7 — K770 K 174 £ 17 53%£29 0.030 = 0.017
B® — D*= — D% — Krn®, 7a0 4644 97 149+ 21 0.0322 £ 0.0046
B® — D*= — D% — Kra® 7o 2190 3 66 48+12 0.0221 = 0.0056
B® — D*~ — D% — Kzn® KK~ 205 & 16 4.0%23 0.019 £ 0.011
B% — D*~ — D% — Kun® 318+24 8.6+53 0.027 % 0.017
B — D*~ — D% — K3m, 7w 1889 £ 55 6.9+35 0.0037 = 0.0019
BO — D*= — D% — K3m,7n° 3462 £ 83 T9£17 0.0228 = 0.0049
BY — D*= — D% — K3r, 77w 1732 £ 58 0.7+75 0.0004 % 0.0043
BY — D*~ — D% — Kynto~,w 506 + 30 10+ 19 0.020 = 0.038
B — p*~ — D% — Kntn—,7n® 961 = 44 4211 0.044 £ 0.012
B% — D~ — D% — K ztn~,7mrx | 455£29 9.5+6.3 0.021 £ 0.014
B — D0 —. D% — K=, 7 1473 £ 49 0.7£2.7 0.0004 = 0.0018
Bf — D*0 —. D% — K7, K 187+ 19 2.1£4.2 0.011 £ 0.022
B — D*0 —. D20 — K7, 7wn® 3030 £ 77 39:+13 0.0130 = 0.0042
B* — D0 . D20 — K7, 77w 1169 +48 11+12 0.009 = 0.011
Bf — D** . D% — K7 491 £ 32 055 0£0.011
B% — D*0 — D%0 — K7z 2553 £ 68 28.1 8.0 0.0110 = 0.0031
< — D*0 . D50 — K3m, 7 2144 £ 62 28.0 + 10.0 0.0131 £.0.0047
B%E — D*0 — D% — Km,7 . 1322 £ 49 42.2+384 0.0319 = 0.0065
Bf — D" — D% — K7, K 164 £+ 17 0% 1.1 0 = 0.0069
Bt — D*0 . D% — K=, 770 2462 + 73 92+ 16 0.0373 + 0.0067
B — D" — D% — Km0, 2394 £ 69 49+13 0.0203 % 0.0055
all B* 40735 = 274 366 & 42 0.0090 = 0.0010
all B® 31754 244 598 £ 45 0.0188 == 0.0014
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Table 4.11: B* «—— B9 cross-feed related quantities, from generic Monte-Carlo.

All events

I BRECO Mode Total Wrong B flavor, MEes fit cross-feed

all B* 194405 £ 656 7640 %= 288 0.0393 £ 0.0015
all B° 146616 = 558 6376 £ 222 0.0435 £ 0.0015

Events with primary electron

' BRECO Mode Total Wrong B flavor, Mes fit cross-feed

all B 40735 + 274 366 + 42 0.0090 £ 0.0010

all B® 31754 £ 244 598 £ 45 0.0188 =+ 0.0014
events with primary electron of p~ < 1.0 GeV/c

BRECO Mode Total Wrong B flavor, Mgs fit cross-feed

all B* 9465 = 131 10019 0.0105 £ 0.0020

all B° 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, Mgs fit cross-feed

all B 20786 + 192 210 +29 0.0101 = 0.0014

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

BRECO Mode Total Wrong B flavor, Mgs fit cross-feed

10486 &= 141
8170 = 126

55+35
209 =21

0.0052 £ 0.0033
0.0255 £ 0.0026 |-

all B°
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4.3.6 B, cross-feed - from studying events with b — clv and

b — ¢ — Xlv decays in recoil

To determine the effect B,ec, cross-feed has on the electron spectra we detect
in this analysis, the following method has been used: the origin of all recon-
structed 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, tth
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 Breco process. A direct comparison of this
true flavor with the flavor obtained from the Breco 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 semilep-
tonic 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. B® « BY mixing effects are properly
taken into account in all cross-feed coefficient calculations.

These coefficients, CF%Z’Z“;"J%{;;W”, 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 BY — 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
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Table 4.12: Template table for cross-feed matrices below. All numbers and co-
efficients are calculated for a certain Bpeco, mode or mode set. The top number
in the B~/B™* (B°/BY) columns represents the total number of B events (from
MEs fit) reconstructed with a certain flavor of the Breco B-meson . In the Ngen
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 neces-
sarily 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.

Bieco mode: all B
True Ngen Reconstructed as
B~ Bt
N::corristructed N;‘;cmistructed
B~ | Ngeerated CFE- CFE
B+ | Ngengrated CFE: CFB!
BY | Ngenerated CFE CFB;
BO | Noencreted CFE CFE;
104
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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; +° CFE. SLCFE +SCFE CCFE +°CFE
SLOFB. 4+SLCFE. - SLCFE; +SLCFE CCFE +°CFE
0 ) R0 0 B0 0
SLCFE) +SL CFB? C©CFB +° CFE - CCFE +° CFE

Mcr =

SLCFE] +5Y CFE. CCFE +CCFE SLCFE +5tCFE -—

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

expressed as

O Q W »

A
B
c 2
D/ g reco

The above expression assumes equal number of B* and BP events in the sam-
ple, 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 SLCFJS™ are used in correcting for contributions from events detected in classes
A and C, while coefficients marked as CCF,-":Z‘ are used in correcting for contri-
butions 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 decrease 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
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Table 4.13: Cross-feed coefficients from generic Monte-Carlo, for all B* and B°

Bireco modes, from studying Breco side in Semileptonic decays of the recoil B.

BRECO mode: all B=

True Ngen Reconstructed as
B~ B*
7765 + 118.7 7907 £ 118.0
B~ | 7741 £118.0 0.997+5:3932 0 = 0.0021
B* | 7788 +117.9 0 = 0.00016 0.98710:9%3
B° 106 £16.7 | 0.00060 = 0.00039 | 0.01302 % 0.00073
Bo 34142 0.0044 £ 0.0018 | 0.00002 = 0.00024

BRECO mode: all B°
True Ngen Reconstructed as
B° Bo
6117 + 105.3 6109 = 105.1

B~ 122£19.0 | 0.00205 = 0.00065 | 0.0180 % 0.0026
: B* 92+ 178 0.0150 = 0.0029 | 0.00043 = 0.00018
B® | 6005+ 104.7 0.98173:9%9 0.00143 % 0.00047
B® | 6003+ 103.9 | 0.00197 = 0.00079 0.980%9:033
1
|
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Table 4.14: Cross-feed related quantities from generic Monte-Carlo, for all B

and B Byeq, modes, from studying Breco 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 | 1.00073 06; 0= 0.0017
Bt | 878+38.9 | 0.0056 + 0.0021 097219928
B° 27+ 7.9 | 0.0034 +0.0031 | 0.0258 % 0.0095
B 2426 0+ 0.0048 0.0083 + 0.0043
BRECO mode: all B®
True Ngen Reconstructed as
B° BO
938 £41.7 959 £41.8
B~ 8+ 7.6 0+ 0.0018 0.0124 £ 0.0075
B* 2479 | 0.0161 +0.0089 | 0.0061 + 0.0013
B® | 930+42.0 | 0.99433:0055 0+ 0.0014
BY | 941+422| 000020 0.984%3:0¢3
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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 electrons to suppress background and to ensure a
reliable measurement of the identification efficiency. Hence the following addi-

tional cuts are applied to the tracks found in the GoodTracksLoose list :

® Dy > 0.5GeV/c, where pyg refers to the laboratory momentum of the

track,

e p* > 0.5GeV /¢, 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 < 645 < 2.37.

Table 4.15 shows the generator level efficiency of applying these cuts. The
single cuts on p* and py,;, 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.

4.3.8 Electron Identification

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

of discriminating variables:
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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[%) BE[%] BO[%)]
Diab > 0.5GeV/c 0.9568 = 0.0013 | 0.9549 + 0.0020 | 0.9586 £ 0.0018 4
p*>05GeV/c 0.9597 4+ 0.0013 | 0.9582 + 0.0019 | 0.9612 & 0.0018
20.6° < 6 < 135.9° | 0.8626 +0.0023 | 0.8622 + 0.0033 | 0.8629 % 0.0032
Diab, P* 0.9445 £ 0.0015 | 0.9423 £ 0.0022 | 0.9466 £ 0.0021
p*,0 0.8272 +0.0025 | 0.8262 &+ 0.0036 | 0.8282 + 0.0035
Plabs D™, 0 0.8177 £0.0026 | 0.8168 £+ 0.0037 | 0.8186 £ 0.0035

o E..;1/Diop, the ratio of E.q. 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 dis-
tance between the centroid of the EMC cluster and the impact point of the

track on the EMC; and Ny, the number of crystals in the EMC cluster;

e dE/dz, the specific energy loss in the DCH;

e the Cherenkov angle 6 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-
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shapes. Using combined likelihood functions

‘ L(§) = P(E/p,LAT,A®,dE/dz.0c|f)

= Ppme(E/p, LAT,A®[¢) Ppen(dE/dz|§) Ppre(bclé)

for the hypotheses £in{e, 7, K, p}, the fraction

_ feL(e)
Fe=s RL®

is defined, where, for the relative particle fractions, fe: fr: fk : fp=1:5:1:0.1

(4.4)

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 py and polar angle 6;,5- The
misidentification rates for pions, kaons, and protons are extracted from selected
data samples. Pure pions are obtained from kinematically selected Kg- — 7t~
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 4.10, 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
Piap > 0.5GeV/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 4.11. The corresponding electron yields are given in the

Table 4.16.
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Figure 4.10: 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.

The error given corresponds to the statistical error.

Sample A B C D
i Signal box 53624+ 73 | 1738 £ 42 | 3686 + 61 | 2032 = 45

Unscaled Sideband | 1363 +37 | 843+29 | 850+£29 | 746 £27
Sideband-subtracted { 4891+ 74 [ 1425+ 43 | 3351 =62 | 1812 £ 46
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Figure 4.11: Raw electron spectra before any background corrections, as detected.

(a) - signal box, (b) - unscaled contribution from Mg sideband region.
4.4 Electron Background Subtraction

The raw measured electron spectra obtained from Data for the signal box and
sideband are shown in Figure 4.11. 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:

o Correction for electrons from converted photons, Dalitz and J/3 decays
Estimated by counting the number of pair vertices that satisfy specific sets
of kinematic cuts.

e Correction for hadrons mis-identified as electrons

Estimated for each of the three hadron types (7, 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.
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Correction for tracking and electron identification efficiencies

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

Correction for B® «— B9 mixing effects

Due to the mixing, electron spectra from B? decay chain in classes C and
D are linear combinations 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, x4 is used.

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

Determined from Monte-Carlo. Predicted spectra for all decay modes are
adjusted for differences 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 reconstructed p*, 6 into the generated ones. The matrix is
applied to the fully corrected spectra from Data to arrive at the trued — e

spectrum.

Correction for Ppap cut efficiency and Geometric Acceptance

Monte-Carlo simulation is used to derive corresponding correction coeffi-

cients.

The rest of this section will deal with each correction in detail.

114

ed with permission of the copyright owner. Further reproduction prohibited without permission.




i

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 bet-
ter parameter settings. As a result, much cleaner separation of the conversion
electrons and electrons from Dalitz decays becomes possible.
Figure 4.12a 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, dp, the distance of the closest ap-
proach to the x-axis (doca) and ¢p, 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.
Azy is defined as the distance between the points A and B. The center M of
[4, 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
[4, B), defined as given in Figure 4.12b.
Az is the z-coordinate difference between the points A and B. To calculate
it, the parameters 2o, the z coordinate of the point of closest approach, and tan 6,

the elevation of the track above z axis, are necessary inputs.

z4 =29+ S4 x tand (4.5)

where S4 is the length on the circle between the point of doca and the point

A
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(b) negative Azy definitions.

Figure 4.12: (a) Principle of the ISL pair finder algorithm, for (a) positive and

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.
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Background | mee[GeV/c?] | |Agyllem] | |Az|[cm] | d[cm] | r[cm]
) Conversions < 0.01 <03 <10 <25} >1.6
Dalitz decays < 0.02 <0.2 <1.0 <25 (<16
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Photon Conversion Background

The standard ISL Pair Finder described above is used to detect pairs of electrons
originating from photon (-y) 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,

€y—ece = 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 4.13 shows a comparison
of the detected (reconstructed, sideband-subtracted and corrected for finder effi-
ciency) yield in Monte-Carlo with the number of generated (and reconstructed)
electrons from converted photons (as determined from Monte Carlo Truth). Fig-
ure 4.14 shows a comparison of the reconstructed track yield after sideband sub-
traction 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
€c = POk vtz i (4.6)

where

e ¢P%T is the probability for the other track to exceed p; > 0.1 GeV/c, which
is required to assure high tracking efficiency. €#**" depends on the under-

lying photon spectrum. To check how well this spectrum is reproduced in
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the Monte Carlo simulation, we compare the p; distributions of found con-
versions in MC and data. Another check is the comparison of the energy
spectrum of found conversions in data and MC. Checks performed in [19] in-
dicate good agreement. From this we derive an estimate of (AeR%r /e2%r)

= 10%.

sys

e % is the probability for the second track to be reconstructed. ¢* de-

pends on the tracking efficiency, which at low momenta is known to 1%
for GoodTracksLoose. We accept larger impact parameters for the second
track than specified in GoodTracksLoose, and we estimate (Aeg”‘ /egm'f)
= 1.5%.

trk

e ¥ is the probability that once both tracks are reconstructed, they also
pass the vertexing criteria listed in Table 4.17. We determine the uncer-
tainty in this procedure by comparing the distributions of Ay, 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 is observed. From this study we arrive at a relative systematic

uncertainty of (Aef**/el’%) = 8%.

In summary. by adding the relative uncertainties in the individual efficiency
factors in quadrature we arrive at a total uncertainty. Specifically, for conversion

background we obtain

(Ae") = 13%. (4.7)
sys

€c
Dalitz Decay Background

The electrons from the 70 — ete™+ 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
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of the 70 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 4 conversion and Dalitz electrons. The efficiency for detection of an e*e™ pair

from a w0 Dalitz decay is

€x0_eex = 22.3 + 4.8%(stat)

The main contributions to the inefficiency comes from the requirement on the
second track (mainly Np., > 12). This could be remedied by combining elec-
tron candidates with tracks from the ChargedTracks list, but this would result
in a significant increase in the systematic error associated with the track find-
ing efficiency and an increase in combinatoric background for the finder. Figure
4.13 shows a comparison of the detected (reconstructed, sideband-subtracted and
corrected for finder efficiency) yield in Monte-Carlo with the number of gener-
ated (and reconstructed) electrons from Dalitz decays (as determined from Monte
Carlo Truth). Figure 4.14 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 described above for conversions. For Dalitz decays, €5* is lower
compared to conversions, which results in a higher relative error, (Ae%= /¢5%) sus
= 16%. Furthermore, since we require a loose electron identification for the

second track, we have (Aefi"k/ef{k>sys = 2%. Combined with (Aeza"/eﬁa")sys
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= 10%, the systematic error on the Dalitz electron efficiency is

(ﬂ) = 19%. (4.8)
€d sys

J/v Background

Electrons from J/v decays are identified by combining each signal electron can-
didate with all tracks from the GoodTrackLoose list identified with the “tight”
electron selector. The mass of the J/v candidate is calculated after constraining
the two electron candidates to come from a common vertex. If multiple combi-
nations 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/% 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 < m.. < 3.14GeV. The effi-
ciency of detecting the electron from J/i decay is determined from Monte-Carlo
simulation by comparing the number of reconstructed electrons whose parent is

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

€J/h—ee = 68.3 £ 5.5%(stat).

Within the statistical error, the reconstruction efficiency is the same for all elec-
tron subsamples (positive and negative electrons in all event classes). Figure
4.15¢ compares the m,. distributions from reconstructed electrons in the Monte
Carlo sample with the generated distributions for electrons from J/+ 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 4.14).

The actual corrections for the pair backgrounds are shown on Figure 4.16
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Figure 4.13: Comparison of the detected (efficiency-corrected but not sideband
subtracted) momentum 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/.
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Figure 4.14: Comparison of the reconstructed (efficiency-corrected and sideband
subtracted) momentum spectrum of background electrons from: (a) - Converted
photons, (b) - Dalitz decays, (c) - J/¢, in DATA and Monte Carlo. The histogram
indicates the yield expected from Monte Carlo truth where as the solid markers

show the reconstructed yield from data.
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Figure 4.15: Invariant mass distribution for electron pairs (positrons included)
in Monte Carlo and Data for (a) - Conversion (b) - Dalitz and (c) - J/¥ candi-
dates. All distributions are sideband-subtracted but not adjusted for detection

efficiencies.

(for total electron spectrum) and Figure 4.17 (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 - Signal Box (a,b), Sideband (c.d),
Sideband-subtracted (e,f). Left side - subtraction of the combined pair back-
ground, Right side - background spectra.
123

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




N, tracks

N, tracks

~—— before: 4890.6 + 74.3 g e conv: 189.9 4+ 34.6
soof- { g, e b)
O after:4673.4 +- 839 s 80 © dalitzz 0.461 + 16.4
-
400 [a] 217.2-0—38.8 Z— o O jpsi:268+64
40
20 +

PP ErYS Y s
0 2 25
p*. GeV/c
350 before: 3350.9 + 61.8 2 wE(d e conv: 140.8+ 285
[£]
200 (c) O ater:31569+-703 s ) o dalitz: 31.3 +17.0
L
250 O com 19414336 = %0 O jpsi:22.0+5.7
S 40
200
30
150 +
20
100 10 +&
50 0 -t} r#‘t‘ﬂé‘#&n £
o llh I -L PP P S | P |
[} 0.5 1 1.5 2 25 [} 0.5 1 15 2 25
p*, GeV/c p*, GeV/c

Figure 4.17: Pair Background Subtraction from sideband-subtracted raw elec-
tron 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.
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Table 4.18: Comparison of Data and Monte Carlo yields of backgrounds from
converted photons, 7#° Dalitz decays, and J/« 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 elec-
trons 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/ 100+12 — 0.530 £ 0.060
€%, all event classes | Conversions | 1517 =67 — 39.9+1.9
sideband Dalitz 331+40 — 8.7+1.1
J/ 88+3.6 — 0.150 £ 0.060
e%, all event classes | Conversions | 592 = 62 616 £ 68 5.15 +0.54
sideband-subtracted Dalitz 86 =34 68 £ 35 0.74 £0.30
J/Y 97+ 12 107.5+6.9 0.570 £ 0.070
e%, class A Conversions | 19035 21138 3.88 +£0.71
sideband-subtracted Dalitz 0+16 8+14 0£0.33
J/b 2%6.8+64 | 342+39 0.370 £ 0.080
e*, class B Conversions | 140+ 34 180+ 35 9824
sideband-subtracted Dalitz 40 £ 20 30+21 28+1.4
J/ 20.1+6.8 33.0+38 1.39 £0.32
e, class C Conversions 141 £ 28 128 £ 33 4.20 £0.85
sideband-subtracted Dalitz 31+£17 -5+14 0.93 +£0.50
Jf 220£5.7 20.4 £3.0 0.44 £0.11 -
e%, class D Conversions | 12127 99 +31 6.7£1.5
sideband-subtracted Dalitz 16+£15 36+ 19 0.86 £0.82
J/ 186+5.3 20.0+ 3.0 0.70 £0.20
125
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to the statistical error.

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

Sample A B C D

Conversions | 19035 | 140+34 | 141£28 | 121£27

Dalitz 0+16 40 £20 31+17 16 +15

J/ 26.8+£64|29.1+£68|220+£5.7}|186+53

Total 217439 | 209+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 underestimation of -

the hadron misidentification when applying electron selectors on MC simulated
events. The remedy is to use specially generated efficiency tables (“Particle Iden-
tification 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 cru-
cial 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 prob-
abilities at low momenta, where they dominate the fake background. The high
fake rates of kaons and anti-protons are also due to their dE/dz 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
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'w=17(p,9,¢.q)= Z fi(P:97¢79)'77i(P79:¢.~9):

i=n,K,p
where 7; denotes the probability that a particle of type ¢ is misidentified as

an electron. f; is the fraction of particle ¢ relative to the sum of all charged

hadrons. The values of f; are taken from a Monte Carlo sample of generic B-

decays. Figure 4.18 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.

Sample | Hadron type | Positive Hadrons | Negative Hadrons
7t 0.7134 £+ 0.0037 0.7209 + 0.0038
B+ B | K* 0.2441 £0.0013 | 0.2421 +0.0013
D, D 0.04253 £ 0.00024 | 0.03702 + 0.00021
7t 0.6978 +0.0058 0.7047 £ 0.0059
B* K* 0.2567 + 0.0022 0.2567 £ 0.0022
2, 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
D, 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

Figure 4.19 shows the misidentification probability for pions, kaons and pro-
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tons 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 = (f7r777r+fK"7K+fp"7p)xNh

= <N>xNp

is determined from the measured hadron and electron samples without using

muon identification. The measured sample of tracks not identified as electrons

consists of

naga—i: = Np + Nu + (1 - fe)Ne: (4-9)

where Ny, 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):

Nﬂ = r#/eNe
N?eas = €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
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Figure 4.18: Hadron fractions as functions of momentum in the C.M.S. (a) neg-

ative 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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Figure 4.19: Hadron misidentification probability. (a) raw values from mis-ID

tables, negative hadron particles; (b) same for positive.

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 4.20.

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

1+T”/e—€e

Np = N, = (——2E—=) Npes. (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 underestimation 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 con-
tributions 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 4.21: Hadron Mis-ID subtraction, all event classes. From left to right: sub-

traction, 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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: - class B; (c) - class C; (d) - class D.
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Table 4.21: Hadron fake contributions to the electron spectra in the signal box.

Summary for data presented in Figure 4.21 (all event classes). The “fraction”

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
- 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 + 0.0013 0.00333 94.21 £0.38

p+ 492716 | 0.04253 £0.00024 | 0.00118 5.825 =0.024

w— 31275149 | 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 { 0.0057 9.745 £ 0.083

T+ 30669 = 147 | 0.6978 = 0.0058 | 0.000655 20.10£0.13
K+ 11281 £355 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

=+ 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
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column indicates the fraction of particle ¢ relative to the total hadron sample.
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