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Abstract

The precise determination of the CKM matrix element |V,,;| is crucial in testing the Stan-
dard Model mechanism for CP violation. From a sample of 88 million BB pairs collected
with the BABAR detector, charmless semileptonic B decays are selected using simultaneous
requirements on the electron energy, F., and the invariant mass squared of the electron-
neutrino pair, g>. The partial branching fraction, unfolded for detector effects, is determined
in a region of the ¢>-E, plane where the dominating semileptonic decays to charm mesons
are highly suppressed. Theoretical calculations based on the Heavy Quark Expansion allows
for a determination of |Vy;| = (3.95 £ 0.27 1335 +0.25) x 1073, where the errors represent

experimental, heavy quark parameters and theoretical uncertainties, respectively.
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Chapter 1

Introduction

Feliz qui potuit rerum cognoscere causas
—Virgil

One of the outstanding questions in cosmology pertains to the disappearance of
antimatter from the Universe. In modern theories of cosmology the net baryon number of
the early Universe is zero. Today it is clearly not the case, at least in our local region. Three
necessary conditions for generating such excess of matter in the evolution of the Universe
have been identified: thermal imbalance, baryon number violation and C'P violation [1].

The simultaneous violation of Charge conjugation (C) and Parity-symmetry (P)
was first observed in neutral kaon decays in 1964 [2]. It is an expected consequence of
the Standard Model (SM) of particle physics, and arises from the complex phase of the
Cabbibo-Kobayashi-Maskawa Matrix (CKM) which describes the weak couplings between
quarks. Calculations based on the SM show that this phase cannot produce enough matter-
antimatter imbalance to produce the current asymmetry [3]. Hence, a thorough experi-
mental investigation of C'P violation is needed to test the model predictions and search for
sources of C'P violation beyond the SM.

A plethora of C P-violation effects are expected in B-meson decays, some of which
are well predicted by the Standard Model. Hence, measurements of B mesons decaying into
CP eigenstates can provide a series of unique consistency tests of the quark sector of the

SM. The BABAR experiment was designed to study the millions of BB! pairs produced by

!B and anti- B mesons; mesons which contain an anti-bottom or bottom quark, respectively.
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the PEP-II eTe™ collider at the Stanford Linear Accelerator Center [4]. The increasingly
precise measurements of C'P asymmetries performed by BABAR allow stringent experimental
tests of the SM mechanism for CP violation [5]. Improved determinations of the CKM
element |V,;|, the weak coupling of the bottom quark to the up quark, directly improve the
sensitivity of these experimental tests.

From an experimental and theoretical point of view, inclusive charmless semileptonic
B decays, B — X, ev,, are the most accessible channel for measuring |V,;;|. Two observables
have been used to determine |V,;| from inclusive semileptonic B decays: the endpoint of
the lepton momentum spectrum [6] and the mass of the accompanying hadronic system [7].
In this dissertation, B — X, €7, decays are identified from a sample of 88 million BB pairs
collected by the BABAR detectorusing a novel approach based on simultaneous requirements
for the electron energy, E., and the invariant mass squared of the ev, pair, ¢* [8]. The
neutrino 4-momentum is reconstructed from the visible 4-momentum and knowledge of the
ete” initial state. The dominant charm background is suppressed by selecting a region of
the ¢>-E, phase space where correctly reconstructed B — X eV, events are kinematically
excluded. Background contamination in the signal region is due to resolution effects and
is evaluated in Monte Carlo simulations. Further selection criteria are imposed to ensure a
proper neutrino reconstruction. The total and partial B — X,e?, branching ratio is then
measured using the observed yield in data, and background estimates and signal efficien-
cies evaluated in Monte Carlo simulations. Finally, theoretical calculations based on the
Heavy Quark Expansion, an effective field theory, allow for the determination of the CKM
element |V,;| using the measured B-meson lifetime and B — X,e?, branching ratio. The

determination of |V is limited mostly by our knowledge of the b-quark mass.

1.1 Outline

A brief overview of the Standard Model of particle physics is made in chapter 2. In par-

ticular, the relationship between the element |V,;| of the CKM matrix and CP violation
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is discussed, and the theory of semileptonic B decays is developed in the framework of the
Heavy Quark Expansion into an expression for |V,;| in terms of the B-meson lifetime and
B — X, eV, branching ratio. In chapter 3, the experimental environment is presented. The
data and details of the Monte Carlo simulation samples used in this study are described in
chapter 4. In chapter 5, the analysis strategy is outlined, and the remainder of chapter 5 to
chapter 7 describe the various steps leading to the extraction of the B — X, eV, branching
ratio and the evaluation of the dominant systematic uncertainties. Results are presented in

chapter 8, where values for the CKM matrix element |V,;| are extracted.



Chapter 2

Theory

Ex nihilo nihil
—Lucrece

Elementary particle physics aims at the understanding of the fundamental con-
stituents of matter and the forces between them. Its roots may be traced back to 1897
with the discovery of the electron by J.J. Thomson. It was already known at the time that
cathode rays carried an electric charge since they could be deflected by a magnet. This
suggested that these rays were in fact charged particles. Thomson set up an experiment in
which a cathodic beam was sent through crossed electric and magnetic field. By tuning the
fields strength until the net deflection was zero, he was able to determine the velocity of
the particles as well as the ratio of their mass over their charge. He named these particles
corpuscles, and their charge the electron.

Over the last one hundred years, particle physics has tremendously evolved. Three
theories were united in what is now referred to as the Standard Model (SM). It describes
all of the known fundamental particles and their interactions via three forces: electromag-
netism, the weak and the strong forces. Quantum Electrodynamics (QED) was the first
theory developed and describes electromagnetic phenomena. Later, in the late 1960’s, the
weak and electromagnetic interactions were unified in the theory of electroweak interactions
proposed by Glashow, Weinberg and Salam [9, 10, 11]. The Glashow-Weinberg-Salam the-
ory incorporates QED processes and provides a description of the weak force. The third

theory, Quantum Chromodynamics (QCD), describes the interactions of quarks through

-
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| Families | charge I 1st generation [ 2nd generation | 3rd generation |

Quarks | +2/3 u c t
-1/3 d s b

Leptons -1 e 7 T
0 Ve Vy Vr

Table 2.1: The two fermion families.

the strong “colour” field. In the last thirty years, the SM has been intensively tested by nu-
merous experiments; so far, no experimental result has been conclusively shown to disagree
with the predictions of the SM.

In the following sections, an overview of the Standard Model elementary particles
and their interactions will be given, followed by a description of the CKM mechanism for
charged electroweak interactions. The relationship between C'P violation and the CKM
matrix will then be discussed, and the importance of obtaining a precise measurement of
the element |V,;| of the matrix, the goal of this dissertation, will be highlighted. Finally,
theoretical predictions for charmless semileptonic B decays will be developed into an ex-
pression for extracting |Vy;| from a measurement of the inclusive B — X,¢7, branching

ratio.

2.1 The elementary particles

The Standard Model is composed of three types of particles: the spin-1/2 fermions (leptons
and quarks) that constitute all matter, the spin-1 gauge bosons that mediate the forces
through which particles interact, and the spin-0 Higgs boson. As shown in table 2.1, there
are in total 12 fermions grouped in two families, each of which is divided into three gen-
erations. The electron (e), muon (u) and tau (7) are charged leptons, whereas all of their
neutrino partners (ve, v, and v;) are electrically neutral.

The quark family is composed of the up (u), charm (c¢) and top (f) quarks which
carry a charge of +%e each, whereas the down (d), strange (s), and bottom (b) quarks have

an electrical charge of —%—e. Furthermore, for each fermion there exists an anti-fermion of

g
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equal mass but with opposite charge and flavour number. For instance, the positron (e*)
is the anti-particle partner of the electron (e™).

Three of the four known forces are part of the SM: the strong, electromagnetic, and
weak forces; gravity is by far the weakest force and is not part of the Standard Model. The
electroweak force acts on both leptons and quarks via the exchange of vector gauge bosons:
v, WH, W~ or Z°. The unification of the electromagnetic and weak interactions to the
electroweak interaction is an essential part of the SM, and requires the existence of at least
one Higgs boson. The masses of fermions and gauge bosons are generated after spontaneous
symmetry breaking of the vacuum via the Higgs mechanism producing a massive neutral
scalar Higgs boson [10, 11]. With the discovery of the W= [12] and Z° [13] at CERN! in
1983, and of the top quark in 1995 at Fermilab [14], the Higgs boson is the only remaining
particle of the Standard Model which has not been experimentally observed. The discovery
of the Higgs boson is the goal of two experiments planned at the Large Hadron Collider,
which is currently under construction at CERN.

Leptons do not feel the strong force which acts only on quarks that carry one of
three “colour” charges. The strong force is mediated by the exchange of coloured gluons
(9), which bind quarks to produce colourless particles called hadrons. Each of the six
quarks comes in three different colours, denoted as “red”, “blue” and “green”. Quarks can
therefore combine in two different ways to produce a colourless state. A quark (red, blue or
green) can combine with an antiquark (antired, antiblue, or antigreen) to produce integer
spin particles called mesons, such as the 7+ (ud) and the 7~ (@d). It is also possible for
three quarks (red, blue and green) or three antiquarks (antired, antiblue and antigreen) to
combine and form a half-integer spin particle called a baryon such as the proton (uud) and
neutron (udd). A summary of the vector bosons and the forces they mediate is presented

in table 2.2.

!Conseil Européen pour la Recherche Nucléaire, now the European Center for Particle Physics.
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| Bosons | Force mediatedJ

o Electromagnetic
Z9 Neutral weak
w* Charged weak

g Strong

Table 2.2: The vector gauge bosons.

2.2 Weak interactions

Neutral and charged weak interactions are mediated through the exchange of massive vector
bosons: the Z° and the W=, respectively. In the neutral current, quark flavour is conserved.
On the other hand, quark flavour changes in charged current processes such as the decay of

a bottom quark to an up quark and a lepton anti-neutrino pair:
b— W* u, W — L1, (2.1)

where W*~ denotes a virtual W~ boson. At tree level,? this weak decay transition is

described by the Lagrangian

9 -
L=——"TJ'W] +h.c., 252
ﬁj . (2.2)
where J* is a V-A charged weak current operator coupling to the W boson,
e~ d
Jh = (T;e,vpa 77)'7“(1 = '75) ©o =t (E’E, z)')’“(l = VS)VCKM S . (2'3)
T b

The first term allows transitions between a charged lepton and its corresponding flavour

neutrino, and is governed by a universal coupling constant, g,,, often expressed as
(2.4)

where 6,, is the weak or Weinberg mixing angle and e is the electromagnetic charge. At
low energy, the charged weak-current interaction gives rise to local four-fermion couplings

of the form

Lo = —2V2GpT* T}, (2.5)

2The lowest order in a perturbation expansion.
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where G is the Fermi constant Gr = v/2¢2 /8M3,. The matrix VXM in the second term
of equation 2.3 is known as the Cabbibo-Kobayashi-Maskawa (CKM) matrix, and relates

weak interaction eigenstates to quark flavour eigenstates, and can be written explicitly as

Vud Vus Vaup
VM= Y Ve W |- (2.6)
Viae Vis Vi

Therefore, transitions between two quarks g, Q) are possible even between different
generations. The relative size of the charged current amplitude is then proportional to | Vo
In this dissertation, the magnitude of the element |V,;| of the matrix will be determined

using the process outline in equation 2.1.
2.2.1 The CKM matrix and CP violation

In quantum field theory, the Lagrangian is invariant under three operations: time reversal,

parity, and charge conjugation. Under time reversal (T'),

TY(t, Z) — P(—t, 7). (2.7)
The parity operator (P) reverses the handedness of space such‘that

Py(t,T) — ¥(t, —7). (2.8)

In other words, a symmetry through the origin of the reference system can be found, leaving
the spin the same. Finally, charge conjugation (C) is the operation which replaces all
particles by their antiparticles, but where all space-time properties remain the same. Hence,
the combination CP replaces a particle by its antiparticle and reverses momentum and
helicity.®> The strong and electromagnetic interactions have been shown experimentally to
respect C, P and T symmetries, whereas weak interactions have been observed to violate
both C and P. Although CP violation has been observed in neutral kaon [2] and B meson

decays [15], no experimental results have shown disagreement with exact CPT.

3The direction of the spin with respect to the particule momentum.
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Kobayashi and Maskawa realized that a 3x3 matrix has an irreducible complex phase
from which CP violation observed in neutral kaon decays can, in principle, be explained [5]-
This is what led them to propose a third generation of quarks even before the charm
quark was discovered. Nowadays, the “standard” parameterization of the CKM matrix is

expressed in terms of this complex phase and three real angles:

—i6
cxu c12€13 512€13 s13e— 18
_ ; is
|4 = | —s12c23 — C12523513€"1 12023 — S12523513€"13 523C13 ; (2.9)
: L
512523 — €12€23513€013  —c12523 — S12€23513€13  ea3c13

where 013 is the complex phase, and ¢;; = cosf;; and s;; = sinf);; for the 3 generations
i,j = 1,2,3 [16]. Experiments have shown that sj2 > so3 > si13, such that equation 2.9

may be expanded in terms of powers of s;9,

1A A AX(p—in)
yCKM _ X are AN? +0(\Y), (2.10)
AN(1—p—in) —AN? 1

where s12 = A & Vi, so3 = AX2 = V3, and s13e7%13 = AX3(p —in) = V,, [17]. Note
that written this way, all four parameters (A, A, p,n7) are real. C'P violation may then be
accounted fully by the CKM mechanism if  # 0 and 7 # . One of the goals of BABAR is

to test whether this model is valid.
2.2.2 The unitarity triangle

The unitarity of the CKM matrix, VV! = I, implies various relationships amongst its
elements. Three of them are very useful in understanding the Standard Model predictions

for CP violation:
VudVas + VedVes + VaaVis = 0,

VausVagp + VesVg + Vis Vi, = 0, (2.11)
VaudVyy + VeadVy + VidVy, = 0.
Each of these three relations requires the sum of three complex quantities to vanish and

may be represented graphically in the complex plane as a triangle. The third expression in

equation 2.11 is of particular interest as it is related to B physics as studied in BABAR and
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A
A
Nf=s=s=mss i
VudViib i VigVib
VeqVeb| ! VeqVebl
|
1
I
1
|
Y ! B
0 = P
0 P 1

Figure 2.1: The rescaled unitarity triangle. The phase convention is such that V4V is
real.

will be referred to as “the unitarity triangle” throughout this dissertation. Figure 2.1 depicts
this particular triangle. The phase convention chosen is such that V.4V is real. It is then
possible to normalize the triangle to the length of |V qV,;|. The coordinates of the remaining
vertex, where V4V, and V;4V}; meet, are denoted by the Wolfenstein parameters p and 7,
the later quantity, which dictates the openness of the triangle, reflects the amount of CP
asymmetries to expect. In fact, if there was no CP violation, the imaginary phase n would
be zero such that @ = f = =0, i.e, the triangle would collapse into a flat line. The same
procedure may also be applied for the leading K° and By decays, which correspond to the
first and second expression of equation 2.11, respectively. But measurements of the |V,q|
yield one side of these being much shorter than the other two, such that these triangles
almost collapse to flat lines. This explains the small C'P violation observed in neutral kaon

decays.

By defining p = (1 — A\2/2)p and 77 = (1 — A2/2)7, one can express the sides of the

unitarity triangle as

V;deJb -9 |, =92 _iy thVtZ — —2 i
Y oy o and —2 ~ —/(1 —p)2 2 o1,
VeaVs Ve +7 e VeaV VA -=p)2+7"e

The lengths of the two complex sides of the unitarity triangle in the (p,7) plane are then

== 1—-X/2
RﬂI\/02+n2=—T/—

Y

2.12
Vs (2.12)
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[Parameter | Amplitude |
Vid 0.9738 £+ 0.0005
Vs 0.2196 + 0.0023
Vb 0.00367 £ 0.00047
Ved 0.224 +£0.012
Ves 0.996 +£0.013
Veb 0.0413 £ 0.0015

Table 2.3: Current world average measurements of the CKM parameters as reported by
[18]. Measurements performed by the CDF and D@ experiments have set crude limits on

the CKM elements involving the top quark of r— +}‘V,:'|§ e = 0.94703% and (V| > 0.07.

and
th

Ry=y/l-p2+7=5

where the subscripts 8 and -y denote the angle opposite to that side. Table 2.3 summarizes

(2.13)

the latest measurement of the CKM parameters as reported by [18]. From these values, one
notices that the length R is accessible, whereas the current status on top quarks results in
a looser bound on R, o< [V3aVj5| = 0.0083 = 0.0016.

The same exercise may be applied to the angles o and f of the triangles such that

(1 - p)
7+ (1-p)*

2nm° + p(p — 1))

F+a-pm+7 O

(2.14)

sin 2 =

This is the parameterization used in BABAR. CP violation in the B meson system is
evaluated by measuring the angles o and 3 through specific decay channels. The Standard
Model description of C'P violation can then be tested by looking at the agreement or
non-agreement between the length Rg of the unitarity triangle and the angle 8 as will be

discussed in the following section.
2.2.3 Importance of measuring |V,

Recent measurements of sin 23 by the BABAR and Belle experiments yield an average value
of sin28 = 0.725 £ 0.037 [19]. Figure 2.2 displays the possible representation of this mea-

surement in the complex plane with £1¢ and +20 envelopes. Other constraints are also
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-0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Figure 2.2: Status of CP violation with respect to the Standard Model [20]. The unknown
apex (p,7) of the unitarity triangle is located in the ellipse-like shaded area. It is primarily
constrained by the measurements of sin23 and |Vy/Ves)-

displayed, such as the C' P-violating parameter |ex | in the neutral kaon system, and |Vy,/ Vs,
which determines the length Ry of the unitarity triangle. The (p,7) apex is then located
in the region contained by the uncertainty on sin23 and Rg. At present, the error on |Vy;|
is about 13% (see table 2.3), which dominates the uncertainty Rg displayed as the wide
420 circular region in figure 2.2. In order to further constrain the unitary triangle and test
the SM mechanism for C'P violation, the precision on |V,;| must be improved. Finally, by

measuring |Vy;|, one has the opportunity to test the CKM model of weak interactions itself.

2.3 Semileptonic B-meson decays

Different types of B-meson decay may lead to an extraction of |V,;|. Figure 2.3 shows the
first order Feynman diagrams for the weak decay of a B meson via semileptonic, hadronic

and purely leptonic channels. Some of these processes are harder to select experimentally
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a) b)
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B e s st -t e
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W %
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q q N _
g q

Figure 2.3: First order Feymann diagrams for the weak decay of a B meson (b7) via different
channels: a) semileptonic, b) leptonic, and ¢) and d) hadronic. The label g denotes a quark,
[ a lepton and v a neutrino.

whereas others have large theoretical uncertainties associated to them. For instance, the
weak interactions underlying the hadronic processes (¢ and d) are straightforward to de-
scribe theoretically, but complications arise because the quarks are bound inside the hadrons
by the strong force. Furthermore, hadrons in the final state can interact strongly with each
other. These interactions are impossible to predict using perturbative methods because the
strong coupling is large at the typical energies in these decays [21].

Semileptonic and leptonic decays (figure 2.3a and 2.3b, respectively) are relatively
much simpler to deal with since the effects of the strong interaction can be isolated. In

heavy quark decays, semileptonic modes are generally much more accessible experimentally



Chapter 2. Theory 14

simply because their branching fractions are larger.

In the following sections, the physics of charmless semileptonic B-meson decay
B — X, vy, (2.15)

where £ is either an electron or muon? and X,, denotes any meson containing an up-quark, is
developed into an expression where |V,;| can be extracted. Although strong interactions are
difficult to calculate, they are isolated to the hadronic current in semileptonic decays. As a
consequence, the effects of the strong interactions may be parameterized in terms of form
factors or of a shape function as will be described in sections 2.4 and 2.5.6, respectively. The
extraction of |V, is further complicated by the large background from B — X /Uy, which
has a rate about 100 times higher than that of charmless semileptonic decay. Therefore,
stringent kinematical constraints must be applied in order to differentiate between signal
and background as will be discussed in 2.5.6. In order to improve existing determinations of
|Vus|, a compromise between experimental and theoretical uncertainties must be considered.
Several methods have been used in the the past, but this work uses a novel approach which
consists of measuring the invariant-mass squared of the lepton-neutrino system and the

lepton energy described in section 2.7.

2.4 Exclusive measurement

To perform an exclusive measurement of |V,;|, one selects decays where X, is a particular

hadronic final state such as a pion. The B® — 7~ £+, branching fraction is defined as

0 —p+
LY 5 v =T(B° - 7~ f*y) B, (2.16)

" _
BB’ = 7Ty, = [(BY — anything)

where 7p is the B-meson lifetime. The amplitude of this decay is

_ G —
M(B® = 7 ttyy) = zfglvubl [P —P)w] F*, (2.17)

“Because the tau lepton is both harder to reconstruct and kinematically suppressed, it is ignored in
inclusive calculations.
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where F# = f.(q%) p# is the form factor describing the B — W*n~ process and includes
the underlying strong interactions. In the limit of a massless charged lepton, the differential

decay rate can be evaluated in terms of the form factor as

dF(BO — 71'—£+Vg) G%|Vub|2

dq2 = 2471'3 |f+(q2)|2lﬁ‘ﬂ|37 (218)

where ¢? is the invariant mass squared of the charged lepton-neutrino system. Note that
for vector meson final states such as p and w, three form factors are necessary [22, 23]. The-
oretical predictions for the normalized rate, [ = I' /|Vus|?, may then be used in conjunction
with measurements of the branching ratio to extract |Vy;| as

B(B® = n— ¢ty
Vgl = 1 2T Ev) (2.19)
F(BO =T e"'I/g) TB

Thus, it is possible to extract |V,;| by combining measurements of the B® — 7~ £* v, branch-
ing ratio and B’-meson lifetime. Unfortunately, current form-factor evaluations result in
large uncertainties in the computation of I', ranging from 15% to 50% [18]. Nevertheless,
recent improvements in unquenched lattice QCD yield preliminary calculations of |f(¢%)|
with much lower uncertainties [24]. Although limited to B® — 7 ¢y, at large ¢, these

calculations may open the way to a new era for |V,,;| extraction.

2.5 Inclusive measurement

2.5.1 Duality and the spectator model

In an inclusive approach, all possible final hadronic states X, are considered, ignoring the
detailed breakdown among the individual decay modes that contribute to the semileptonic
rate. This offers an advantage over the exclusive approach: the energy released into the
state by the decay of the heavy b-quark is large such that the final hadronic state is not
dominated by a few sharp resonances. If resonances are indeed unimportant, then there
is a factorization between the short distance part of the decay (the disappearance of the
b quark) and the long distance part (the eventual hadronization of the decay products).

This factorization implies that for sufficiently inclusive quantities it is enough to consider
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the short distance part of the process, with the subsequent hadronization taking place with
unit probability. This factorization is known as local parton-hadron duality.

The inclusive charmless semileptonic branching fraction may be defined as

I['(B — X, {7y)
I'(B — anything)

B = ['(B = Xutv,) 7

= ISl oy (2.20)

such that an expression similar to equation 2.19 may be obtained for |V,;|, but without
form factors. By ignoring the interactions between the b quark and the light quark, the
Spectator Model predicts the decay width of all hadrons containing a b quark and is the
simplest way to evaluate I'SL. Returning to the b — uf%; process outlined in equation 2.1
and the associated Lagrangian defined in equation 2.3, the matrix element factorises in a

leptonic and hadronic current

M(b — utwy) = % Vas [Bu7(1 = )] [Bevu(t =) ], (2:21)

where 1) denotes the individual Dirac spinors. Assuming the probability for subsequent
hadronization of the final X, state to be 100% (duality), the B — X, /v, decay rate can

then be obtain by integrating |M|? as

FEL = F(b—)’ue_l/'g)

GZm?
= 19F27r3b Vs |20 (meu /1), (2.22)

where zp(z) = 1 — 822 + 82°% — 28 — 247 Inz [22]. Unfortunately, large uncertainties in
the quark masses as well as the interactions between the b quark and the light degrees of
freedom in the meson have non-negligible effects [25]. These may be accounted for by an

expansion of the QCD Lagrangian as will be discussed below.

2.5.2 Heavy Quark Expansion

Figure 2.4 provides a more realistic view of a B — X, /7, semileptonic decay. As such, the

B meson can be considered as composed of one heavy b quark, a light antiquark, and a
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Figure 2.4: Higher order QCD interactions in a semileptonic B decay. Also represented are
the kinematic variables used to describe B — X e 7, decays.

gluon cloud containing light quark-antiquark pairs. This cloud of virtualities acts such that
it keeps all of the meson components together in a colourless bound state. One can then
visualize the light cloud as a soft medium in which the heavy b quark is submerged. Ignoring
hard gluon exchanges, the momentum which may be transferred from the virtualities to the
heavy antiquark is then of order Aqgcp. Hence, the b quark moves more or less with the
hadron, and the effects of soft gluon exchange may be evaluated in perturbation theory [26].
Historically, Bjorken was the first to discuss the effects due to the heavy quark motion
inside heavy hadrons in the problem of heavy quark fragmentation [27]. In application to
the heavy hadron decays similar ideas were laid in the basis of the ACCMM model designed
as a simple non-relativistic model of the heavy quark motion, which was referred to as the
Fermi Motion [28]. These ideas have been incorporated in the Heavy Quark Expansion
description of semileptonic B decays.

Effective field theories are based on the principle that in a given process, only cer-
tain degrees of freedom may be important for understanding the underlying physics. In
particular, kinematical constraints which limit the momenta of external particles effectively
restrict the momenta of virtual particles as well. As such, intermediate states of high vir-
tuality may be removed from the theory and replaced by effective interactions among the

remaining degrees of freedom. It is then possible to exploit systematically a small expansion
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parameter to obtain a prediction for a given process.

The Heavy Quark Expansion (HQE) is an effective field theory derived from the limit
Aqcp/mpy — 0, and the physics is characterized by virtualities at energy scales Aqcp <
p < my. The scale, p, is such that as(mp) /7 = 0.1 < 1, and Agep/mp < p/mp ~ 0.1 K 1.
Hence, one may exploit the presence of such small parameters in QCD perturbation theory.
Since the b quark inside the B meson is real, it cannot be integrated out. Instead, the b
quark interacts with the light degrees of freedom of typical energy ~ Aqcp, which drives
the b-quark mass off shell by virtualities only of order Agcp. What can then be integrated
out is not the heavy quark itself, but rather those parts of the field which take it far off
shell.

In HQE, the Lagrangian is expanded in terms of local operators, the expectation
value of which are properties of the b quark within the B meson. Processes with virtual hard
gluons which drive the heavy quark far off shell lead to calculable perturbative corrections
in the effective theory of order a;(my). Further power corrections are necessary and lead to
terms of order (Aqcp/ms)". These non-perturbative corrections are not calculable from first
principle and require the introduction of new phenomenological parameters whose values

must be determined experimentally.
2.5.3 Application of HQE

Using the Optical Theorem, the decay width of a B meson can be written in the form

1 =
[(B = X) = 5-—2m(B|T|B), (2.23)

where the transition operator T is given by the time-ordered product of two effective La-
grangians:

T =i [ d's T{Lar(@), LaO)}, (2.24)
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Figure 2.5: Perturbative contributions to the transition operator (left) and the correspond-
ing operators in HQE [31].

and the effective weak Lagrangian L.g is given in equation 2.5 [29, 30].> Hence, if all possible
semileptonic states X are considered, we obtain the inclusive charmless decay rate
IS = o 3(2m) 8 (o5 — px) [(X|Lanl B (225)
mp 5
Some contributions to the transition operator are given by the two-loop diagrams
shown on figure 2.5. It is then possible to construct an expansion of the transition operator,
in which T is represented as a series of local operators containing the heavy-quark fields.
The operator with lowest dimension is bb (d = 3). It arises from integrating over the
internal lines in the first diagram shown in the figure. The equations of motion imply that
the matrix elements of dimension-four operators vanish. Thus, the leading non-perturbative
corrections arise from d = 5 operators which contain the gluon field-strength tensor and are
of order (1/m?). It originates from diagrams in which a gluon is emitted from one of the
internal lines, such as the second diagram shown in figure 2.5.
At higher order, a large number of operators appear, but for dimensional reasons,

the matrix elements of these operators are suppressed by inverse powers of the b-quark

A comprehensive overview of the following calculations may be found in [31].
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mass. Therefore, the inclusive charmless semileptonic rate may be written as [29, 30]

Gim3 — (bg50 G ub)
SL _ YFTY 2 F\09s0 G 0) B
i _192—71,3|Vub| {Cg(bb)B'i'csT"'"' ; (2.26)

where ¢/ are calculable short-distance coefficient functions depending on the quantum num-
bers of the final states f, and (O)p are the normalized forward matrix elements of local

operators, written using the short-hand notation

1

(O)s = 2mp

(B|O|B). (2.27)

These matrix elements, which contain all of the long-distance contributions, can be system-

atically expanded in powers of 1/m; and yield

(b)) =14+ ===+ 0(1/m} (2.28)
2m§
and
(b950, G b)) = 6X2 + O(1/m3). (2.29)
The quantity
1 s
= — ;D)%b| B .
M = 5 (BIBGD)?B) (2:30)
is the average momentum squared of the b quark inside the B meson, whereas
3 = ——(B[5%.0,,, G*b| B) (2.31)
2mp 5

is the Lorentz invariant chromomagnetic interaction energy [29]. Note that the expectation
value of the kinetic operator is introduced in the literature also as pu2 = —\;, and the
expectation value of the chromomagnetic operator as l‘2c = 3X2 [30]. The latter may
be obtained experimentally from the mass splitting between B and B* as m%. — m2B =
4)g ~ 0.48 GeV? [18]. On the other hand, \; cannot be obtained from hadron spectroscopy.
Instead, one may use the photon energy spectrum from B — X+ decays or the lepton energy
and hadronic mass moments from B — X ¢, decays as will be discussed in section 4.2.2.

Combining equations 2.29 and 2.32 yields

GZm? A1+ 33X 6o
ISL = ZEZb |y 12 {cf (1 + A2 L S22 L0 /md) . (2.32)
® 19273 ' s 2m? 2 m? b
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2.5.4 Weak annihilation

The size of the contribution from four-quark operators of dimension six to the total B —
X, v, decay rate presented in the previous section has been shown to be non-negligible [32].
This contribution, or weak annihilation, corresponds to a small portion of the momentum
of order O(1/mj}) carried away by the final light quark, and all the momentum of the initial
heavy quark flowing through the lepton pair. Thus, this contribution appears only around
¢®> ~ m, and constitutes a fixed fraction of the total rate of the B — X, /v, decays,
about ~ 3% [33]. However, this effect may be enhanced since kinematic constraints must
be applied to remove charm background and typically result in selecting a portion of the

phase-space with higher g*-value.
2.5.5 Perturbative corrections and b-quark mass

As mentioned in section 2.5.3, the coefficients ¢/ appearing in equation 2.32 are purely

perturbative corrections. They are computed in a as(u)/7 expansion of the form

M 1+a; _‘157(:‘) + as (%) : o= & ] . (2.33)

FSL =
C 19273

|Vub|2

The important feature of the above, is that the b-quark mass as well as the strong coupling

are running: they depend on the normalization point p. At the scale p = my,

G2 m5 (8% (12 A1 — 92

SL F''"y Ir S 3 S 8 2 1 2

t‘ —_— IL 1 2-41 -22 I M - 2.34
192 7l3 | bl l 71 € 7'(2 e 2m§ ’ ( )

where fy = 11 — 2n/3 is the one-loop beta function of QCD, and € = 1 denotes the order
of the expansion [34].

Unfortunately, there is an ambuiguity of order ~ Aqcp in defining the b-quark mass.
In fact, the main uncertainty in theoretical predictions of T'S" arise from the poorly known
b-quark mass which defines the phase space, and cause a 20% uncertainty in the perturbative
corrections when it is written in terms of the pole mass [35]. Instead, various techniques
are used in order to obtain an expressions for extracting |V,;| from a measurement of the

charmless semileptonic branching fraction, but with reduced sensitivity to renormalization
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I Authors | Decay type | A (x107°) ]
Bigi, Shifman, Uraltsev [26] | B — X, e 7 | 4.48 £ 0.13
Hoang, Ligeti, Manohar [34] | B — X, e 7¢ | 429 £0.10
Bigi [36] B X, (7 | 895+0.25
Becher, Neubert [37] B— X, 75 | 9.76 £0.70

Table 2.4: Various theoretical results for |V,;| in terms of the semileptonic branching frac-

— 1/2
tion: |[Vip| = A x (B(B—()»i)((,),?e 7r) I'TBPS ) ¢ , where £ = e and p. Note that the dominant

theoretical error comes from the computation of BS", and is not included.

of my. Some of these results are shown in table 2.4. All of these predictions are in good

agreement and yield to an average of

B(B — X,ev,) 1.61 ps
0.0002 TB

|Vus| = 0.000424 \/ (140.048), (2.35)

after updating the HQE parameters to the latest values [18]. Hence, |V;;| may be determined

with a ~ 5% precision using a measurement of the inclusive B — X, /7, branching ratio.

2.5.6 Shape Function

Since the ratio |Vy|/|Vus| ~ 10, the B — X {7, rate is predicted to dominate over that
of the B — X,/7; by a ratio of about 100:1. Nonetheless, these background decays may
be discriminated from the signal B — X,¢7; by looking at the phase-space boundaries
for B — X v, transitions. In principle, three observables can be used to determine such

boundaries:
e The hadronic mass: myx = mpo = 1.865GeV /c?;
e The charged lepton energy: E; = (m% —m?,)c?/2mp ~ 2.3 GeV;
e The dilepton invariant mass squared: ¢2 = (mp —mp)? =~ 11.7GeV?/c*.

Of course, one could also use a combination of the above. Any measurement of |V
will therefore be restricted to a small portion of the phase space in order to suppress the

dominant charm background. A theoretical model must then be used in order to extrapolate
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the partial B — X,/v, branching fraction measurement to the full phase space, which
implies further theoretical uncertainties.

In an effort to provide such a model, De Fazio and Neubert [38] evaluated the triple
differential decay width dTS"/dzdzdp?; these three variables have the following meaning at

the parton level

— —_ —2
2F, 2 — A 2 _2Ex.A-A
o l,z: (Ex, ),andp2=mX" X

2.36
= - = , (2:36)

where Ex, and mx, are the energy and mass of the hadronic state X, and A=mp—myis
the binding energy. The effects of the Fermi motion on the partial decay width are important
when studying the prediction for inclusive decay on a scale smaller than my, especially in
the low mass region my = O(A). In this approach, these effects are parameterized using a
Shape Function (SF) which defines the momentum distribution of the heavy quark inside

the B meson. A model SF is given by the exponential form

F(ky) = N(1 — z)® eI+o)=, z = %* £1, (2.37)

where the b-quark mass, explicitely defined in the context of the SF, mj, = mp — 4, and the
dimensionless parameter a are the two free parameters. Other ansatze have been suggested
in the literature to describe the SF such as the Gaussian and Roman shape functions [30, 39].

The Gaussian SF is parameterized as

Fk) = N(-a9 07 -1 (2 r(55), (239)

where z is defined as per equation 2.37, whereas the Roman SF is defined as
a ~ 2
F(ky) = NEemi(iz—=0-2)" Kk = —e%2K;(a/2), (2.39)
1r 7r

where K refers to the modified Bessel equation of the first kind. These ansitze, including

the exponential form, must satisfy conditions imposed on the first three £, moments,

T
Ay = / dk K2 F (k) (2.40)
—00
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Figure 2.6: Fermi motion spectra obtained using various heavy quark parameters (top) and
ansitze (bottom). The nominal choice is displayed in black. The choice of HQE parameters
correspond to results presented in [40] and [41].

namely: Ag = 1, A; = 0, and Ay = —)\;/3. Figure 2.6 displays the momentum spectra
expected for various combinations of the HQE parameters or ansatze. In all cases, k, can
take values between —my and A, with a distribution centered around k, = 0. Cleary, one
can also see from figure 2.6, that the uncertainties on the mass of the b quark and parameter
a have non-negligible effects on F'(k,). The choice of HQE parameters will be discussed in
section 4.2.2.

The convolution of parton spectra with the function F(k.) requires that the b-quark
mass be replaced by the momentum dependent mass m+ k. in the expression for the shape

function, i.e.

dr = [ dks F(k)dTparton (s + k).
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Figure 2.7: Monte Carlo distribution for a) the lepton energy, b) ¢2, c¢) the hadronic mass
and d) sp'®* for B — X, ev, decays using various heavy quark parameters. The convolution
of the parton spectra with the shape function effectively smears out the various spectra.
The hadronic mass is most affected by the SF uncertainties, whereas ¢ is the least affected
quantity. The quantity s{*®* is defined in section 2.7.

The lepton energy, hadronic mass and ¢? spectra are effectively smeared out by the Fermi
motion [29, 30], and the error on this smearing is a function of the difference between the
various distribution shown on figure 2.7. In order to make an improved measurement of
[Visl, it is then crucial to use an observable (or set of observables) which both maximizes
the fraction of the B — X, /U, phase-space probed and minimizes the sensitivity to the
theoretical uncertainties. The choice of variable(s) is then a compromise between these two

ideals to minimize the overall uncertainty on |V,;|.
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2.6 Previous extractions of |V,

Prior to this analysis, two observables have been used to determine |V,;| from inclusive
semileptonic B decays: the endpoint of the lepton momentum spectrum [6] and the mass
of the accompanying hadronic system [7]. Until recently, endpoint studies were limited to
a small slice of the lepton momentum spectrum between 2.3 to 2.6 GeV/c. This represents
only ~ 10% of the B — X, {7, rate, the remaining 90% being hidden underneath the dom-
inant B — X ¢, transition. Hence, large extrapolations were required in order to obtain
the full B — X, /7, rate and a significant amount of background still remained. Further-
more, there was some skepticism regarding theoretical uncertainties as non-perturbative
QCD corrections were thought to affect the value of [V,;| by as much as 10% [42].

Measurements based on the reconstruction of the invariant mass m x of the hadronic
system in semileptonic B decays and on simultaneous requirements on myx and ¢ had also
been performed [7]. In order to determine mx with good resolution, a large sample of fully
reconstructed B mesons were used, thereby allowing the proper assignment of particles to
the hadronic and semileptonic B mesons in the event. This required large statistics, since
the efficiency to fully reconstruct the hadronic B decay is a few per mille. Requirements on
the hadronic mass of myx < 1.55 GeV/c? were made to select a clean sample of B — X, /7,
decays. As mentioned in [33], further requirements on q* were also imposed in order to
reduce theoretical uncertainties. Based on the above, a measurement was made using a
“simulated annealing” to determine which particles to associate with the semileptonic B.
This resulted in a rather poor resolution on both m, and ¢?.

Results based on the above methods are presented in figure 2.8. These were obtained
prior to the work shown in this dissertation. Hence, the goal of this study is to improve the
precision on |V,;| with respect to these determinations. New measurements have become
available while this work was nearing completion and are compared to the results obtained

in this work in chapter 8.
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Figure 2.8: Status of |V,;;| measurements prior to this work (winter 2002 [19]). An additional
5% error must be added to the above results to account for the determination of |V,,;| from
BSL (equation 2.35).

2.7 The ¢*-E; approach

The expected distribution for of ¢ vs E:% for B — X, 7, decays has been obtained through
generator-level Monte Carlo simulations and is displayed in figure 2.9. Also shown in fig-
ure 2.9 is the expected background from B — X Uy, where the beauty quark decays to
charm. As mentioned above, background events dominate over B — X, £7y events by a ratio
~ 100:1. Nonetheless, these events may be discriminated from the signal events by looking
at the phase-space boundaries of B — X /7, transitions in the ¢°>-E} plane. Semileptonic
decays are selected based on the presence of a high energy lepton, and the determination

of the #7, invariant mass squared, g2, by combining the measured charged lepton momen-

SE; is the charged lepton energy in the center-of-mass frame.
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Figure 2.9: Distribution of B — X 7, (left) and B — X,¢7, (right) decays in the ¢*-E;
plane. The energy of the charged lepton, Ej, is given in the center of mass frame, and 7
is the invariant of the lepton-neutrino system.

tum with an estimate of the neutrino momentum based on a measurement of the missing
momentum of the event. Ej and g’ are combined to compute the maximum kinematically
allowed invariant mass squared of the hadronic recoil system, s [8].7 In the case where

2
+E; > :1:32£ (%) .8 the maximum invariant hadronic mass squared is

1Fp8 ¢ 1+p4

max 2 2 *

=mp+q —2mpE;{| —— —2mp | — — 241
Sh B+q —2mpE; 1+5 B(4Ee 158 (2.41)

s = m% + ¢ — 2mpy/ 2

otherwise,

The above variables are all expressed in the 2°(4S) rest frame. Constant values of sj'®*
define the contour lines in the ¢?-E; plane as shown in figure 2.9. B — X,/7; events
are contained within the region defined by si"®* = 0 (diagonal contour), whereas events
containing B — X /7 decays can be removed by requiring s™* < m?% (blue contour).
Hence, no events with a true hadronic recoil mass above mp can enter the sample unless

¢? or E; is mis-reconstructed.

TA derivation of sP* is provided in appendix A.
8Where 3 = \/1 — (2mB/my4s))? =~ 0.06.
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2.8 Comparison with other approaches

The ¢?-E} analysis is complementaryl to analyses based on the lepton momentum endpoint
and myx reconstruction. The selection efficiency is higher for the ¢>-E; analysis than for
m, studies, while the signal to background ratio is better than for the endpoint method but
worse than studies based on m,. Although the q2-E;‘ analysis accepts a smaller fraction
of the B — X /v, phase space than the mx analyses, it is much less sensitive to shape
function uncertainties. This is shown in figure 2.7, where the region corresponding to
accepted B — X, £7; decays is below 1.55 GeV /¢? for the mx spectrum, and below 3.5 GeV?
for sy*®*. Hence, the uncertainty due to Fermi motion when extrapolating the fraction of
B decaying to X, v over the full spectrum will be smaller using s{***. On the other hand,
non-factorizable effects such as subleading SF's and weak annihilation lead to non-negligible
uncertainties. The latter has a larger impact on the determination of |V,;| from the ¢*-
Ej analysis than for the mx analyses due to the portion of the B — X, ¢v phase-space
probed. While a measurement of the separate charmless semileptonic branching fractions
for charged and neutral B mesons could address this uncertainty, this cannot be done in

this analysis.
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Chapter 3

The BABAR Experiment

Sapiens nihil affirmat quod non probet

The primary goal of the BABAR experiment is the systematic study of CP asym-
metries in the decays of neutral B mesons. The BABAR experiment also studies a range of
other B physics such as the search for rare B meson decays and the measurement of the
CKM element |V,3|. The physics of the charm quark and tau leptons as well as hadron
spectroscopy are also investigated at BABAR.

Several studies were conducted in the late 1980s and it was determined that an
asymmetric eTe™ collider operating at 1/s=10.58 GeV, the 7'(4S) resonance, would be best
to study CP violation in B mesons. Table 3.1 shows the various production cross-section for
ete™ collisions at /s=10.58 GeV. Accordingly, the cross-section for the production of the
bb state, eTe~™ — T (4S5), is 1.05 nb, which subsequently decays 50% of the time to B* B~
and 50% to B'BY. Furthermore, these B mesons are almost at rest and have no additional
particles associated with them, e.g. BB is kinematically suppressed. By optimizing the
colliding beams with asymmetric energies, it is then possible to distinguish between the
decay vertices of the B and B due to the longitudinal boost of the centre-of-mass in the
lab frame. Without this boost, the relative distance between the two B vertices would be
too small (~ 30 microns) to be measured by any vertex tracker. Finally, it was understood

that the machine must have an unprecedented luminosity! in order to provide enough B

!The luminosity is defined as the rate of particles per unit area.



Chapter 3. The BABAR Experiment 31

| Decay type | Cross-section (nb) |

ete” — bb 1.05
ete” = cc 1.30
ete™ — 55 0.35
ete” > um 1.39
ete” = dd 0.35
ete- o> 7t 0.89
ete” = utpu~ 1.16
ete” s ete” ~ 40

Table 3.1: Cross-section for eTe™ collisions at /s=10.58 GeV [43].

mesons. These characteristics were used in the design of the PEP-II collider.

The BABAR detector was optimized to study the millions of BB meson pairs pro-
duced by the PEP-II collider. Since the center-of-mass is boosted in the electron forward
direction, the detector needs to be asymmetric for maximum acceptance. In order to mea-
sure the C'P asymmetries in the decays of neutral B mesons, the detector needs an excellent
vertex resolution to accurately measure the difference in the decay times of the two B mesons
At. In fact, the B mesons travel in a direction almost parallel to the beam pipe (z-axis) such
that At is evaluated from the difference between the z-components of their decay positions.
The detector must perform a precise measurement of the charged particle trajectory and
photon momenta, and provide an excellent identification of electrons, muons and kaons in
order to determine the flavour of at least one B meson and to distinguish as many decay
channels as possible.

A longitudinal section of the BABAR detector is shown in figure 3.1. It can be

decomposed into five major subdetector systems:

e A silicon vertex tracker (SVT) which performs precision measurement on the position

information of charged tracks at the heart of BABAR;

e A drift chamber (DCH) which measures momentum and position of charged particles

and identifies particles via the measurement of the rate of energy loss (dE/dx);
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Figure 3.1: Longitudinal view of the BABAR detector. Unless referenced otherwise, all of
the figures appearing in this chapter have been obtained from [44].

e A detector of internally reflected Cherenkov light (DIRC) which is used in identifying

muons and charged hadrons, especially kaons;

o A Caesium Iodide electromagnetic calorimeter (EMC) which measures the energy and

identifies photons and electrons;

e And an instrumented flux return (IFR) used for muon and neutral hadron identifica-

tion.

There is also a superconducting coil located between the EMC and IFR which provides a

1.5 tesla solenoidal magnetic field needed for the proper operation of the SVT and DCH.
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The detector geometry is cylindrical for the tracking system and hexagonal for the
outer structures. It covers most of the 47 solid angle: between 350 mrad in the forward
region to 400 mrad in the backward direction. Note that the BABAR coordinate system is

used throughout this dissertation and is defined in the following way:

e The z axis is parallel to the magnetic field of the solenoid and in the direction of the

e~ beam:;
e The y axis points vertically upwards;
e The z axis points horizontally, away from the center of the PEP-II ring.

The origin, (0,0,0), corresponds to the interaction point. The angle @ is then the angular
displacement from the z axis, whereas the angle ¢ is defined as the angular displacement
from the z axis in the z-y plane.

A trigger system is used to separate collisions producing interesting events from
background such as beam interactions with residual gas. The trigger system is divided in
two consequent levels: the first level trigger is hardware based and is designed to have a
maximum output rate of about 2 kHz and a maximum time delay of 12 pus, while the other
level is software based and has a throughput rate limited to ~ 200 Hz in order to permit
an easy storage and processing of collected data.

In the following sections, a description of the PEP-II collider is first made and is
followed by an overview of the various BABAR detector components and their performance.

A more indepth description of the detector may be found in [44].

3.1 The PEP-II collider

Figure 3.2 gives a schematic representation of the linear accelerator and PEP-II collider,
located at the Stanford Linear Accelerator Center. In order to achieve eTe™ collisions
at /s=10.58 GeV, high momentum electrons and positrons are first extracted from the

linear accelerator and injected into PEP-II which consists of two independent storage rings,
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Figure 3.2: Schematic view of the linear accelerator and PEP-II collider at SLAC [44].

one located atop the other. In the high-energy ring (HER), 9 GeV electrons are stored
whereas in the low-energy ring (LER), 3.1 GeV positrons are kept traveling in a direction
opposite to the electrons. The counter-rotating beams are then collided at the experiment.
The asymmetry in the beam energies creates a center-of-mass boost of gy = 0.56 in the
direction of the electrons. The B meson lifetime is about 1.6 ps, such that the decay vertices
of the B mesons are on average about 270 microns apart, well within the resolution of the
vertex tracker. The relative B decay times may then be determined and used to measure
the time dependence of the decay rates.

The interaction region, where the two beams are focussed such that the e™ and e~
have head-on collisions, is realized using an array of quadrupole magnets acting near the
interaction point (IP). There is an offset of 20 mrad between the collision axis and the z-axis
of the BABAR detector in the horizontal plane to minimize the perturbation of the beams
by the solenoidal field. The two beams are then separated after the collision within 62 cm
of the IP by dipole magnets B1, located 21 cm away from either side of the IP, to avoid
spurious collisions between out of phase bunches.

The energy of the two particle beams is calculated from the total magnetic bending
strength and the average deviation of the accelerating frequency from the central value.

The systematic error on the PEP-II calculation of the absolute beam energies is estimated
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Figure 3.3: Integrated luminosity delivered by the PEP-II collider and recorded by the
BABAR detector. Note that this analysis is based on Run-1 and Run-2 data taking periods
(before November 2002), which contains about 88 million BB pairs.

to be 5-10 MeV, while the relative energy setting for each beams is accurate and stable to
about 1 MeV. Most of the data is recorded at the 7(4S) energy. In order to evaluate the
underlying continuum? listed in table 3.1, about 10% of the data is collected with a center
of mass energy 40 MeV below the 7°(4S) resonance.

The instanteneous luminosity is measured online by PEP-II using radiative Bhabha
scattering, whereas the absolute luminosity is derived offline from other QED processes. The
systematic uncertainty on the absolute value of the luminosity is estimated to be about 1.1%,
as discussed in section 7.13. PEP-II reached the designed peak luminosity of 3x10*3cm—2s~!
in its first year of running and in late 2004, an instanteneous luminosity ~ 103 cm=2s~! was
achieved. Figure 3.3 shows the luminosity delivered by the PEP-II collider and recorded

by the BABAR detector since the beginning of operation in November 1999. The data is

*Events other than e*e™ — 1'(45).
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divided in four runs, corresponding to data taken between extended shutdown periods. So
far, about 250 fb~! of data has been recorded by the BABAR detector, which corresponds
to ~ 230 million BB pairs. Note that the analysis presented in this dissertation is based
on Run-1 and Run-2 data taking periods (before November 2002).

3.2 The tracking system

The BABAR tracking system consists of two subdetectors: the silicon vertex tracker and
the drift chamber. The main purpose of this system is the detection of charged particles
and the measurement of their momentum and angles with high precision for the transverse
momentum range 60 MeV /¢ < p; < 4GeV /c. A superconducting solenoid, located between
the EMC and the IFR, provides the necessary magnetic field of 1.5 tesla. The DCH provides
most of the momentum measurements, but the SVT is the sole tracking device for very low-p;
charged particles. Fiducial information gathered by the tracking system is also important for
track extrapolations to the DIRC, EMC and IFR. Most critical are the angle measurements
at the DIRC, because the uncertainties in the charged particle track parameters add to
the uncertainty in the measurement of the Cerenkov angle. Thus, the resolution from the
combined SVT and DCH measurements should be of the order of 1 mrad, i.e. smaller than

the average DIRC Cerenkov angle measurement.
3.2.1 The silicon vertex tracker

The silicon vertex tracker is designed to provide the reconstruction of charged particle
trajectories and decay vertices near the interaction point. C'P violation studies require a
precise reconstruction of each B meson decay vertex along the z axis with a resolution of
better than 80 microns. The experiment also relies on vertexing to discriminate between
beauty, charm, and light-quark vertices. Because of the presence of the 1.5 tesla solenoidal
magnetic field, the SVT must provide stand-alone tracking for particles with a transverse
momentum less than 120 MeV /¢, the minimum that can be measured in the DCH alone. To

accomplish this requirement, the number of impact points of a single charged particle must
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Figure 3.4: Cross-section of the SVT in a plane perpendicular to the beam axis (z-y plane).
The first layer radius is 3.3 cm, and the maximum fifth layer radius is 14.4 cm [44].

be greater than three. This feature is critical in order to fully constrain the decay products
of the B mesons. Beyond the standalone tracking capability, the SVT must provide the
best measurement of track angles, which is critical to achieve the design resolution for the
Cerenkov angle for high momentum tracks.

Because of its proximity to the beam pipe, the SVT has been designed to withstand
high levels of radiation: an integtrated dose of about 2 MRad of ionizing radiation. The
expected radiation dose is 1 Rad/day in the horizontal plane immediately outside the beam
pipe, and 0.1 Rad/day on average otherwise. A radiation monitoring system capable of
aborting the beams ensures that the device is not exposed to radiation beyond the designed
tolerance. Since the SVT is inaccessible during normal detector operations, reliability and
robustness are essential.

These guidelines have led to the design of the silicon vertex tracker. The SVT,
located inside the support tube of the beam magnets, covers the polar angle region between
20.1° and 150.2° from the beam line, the region at smaller polar angles being occupied by
the B1 permanent dipole magnets as shown in figure 3.1. Figure 3.4 displays the layout

of the SVT in the z-y plane. It consists of five concentric cylindrical layers of double-
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Figure 3.5: Longitudinal view of the upper half of the SVT. The outer layers have an
arched structure to minimize the amount of silicon needed for the solid angle coverage and
to reduce large incidence angles [44].

side.d silicon strip sensors with radii between 32 mm for the innermost and 144 mm for the
outermost layer. The silicon strip sensors are double-sided to reduce the amount of material
the particles have to go through, and hence minimize energy loss and multiple scattering
probability compared to single-sided detectors.

As shown in figure 3.4, each layer is divided in azimuth into modules, which are
arranged in a way such that neighbouring ones overlap each other, ensuring a full azimuthal
coverage. The three inner layers comprise six barrel-shaped detector modules and are
critical in providing vertex information. The outer two layers consist of 16 and 18 modules,
respectively, and follow an arched structure to minimize the amount of silicon needed for the
solid angle coverage and to reduce large incidence angles. They provide tracking information
and pattern recognition which can be used in conjonction with other subdetectors or in
stand-alone mode.

The SVT five layers contain 340 silicon strip detectors, the equivalent of a total
silicon area of 0.94 m?, and count 150,000 readout channels. The inner sides of the detectors
have strips oriented perpendicular to the beam direction to measure the z coordinate,
whereas the outer sides, with longitudinal strips, allow the ¢ coordinate measurement. The

readout pitch in ¢ varies between 50-100 microns, and between 100-210 microns in z for
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Figure 3.6: Resolution in the parameters dy and z for tracks as a function of the transverse
momentum (left), and error distribution for the measurement of the separation between two
B meson decay vertices [45].

the inner/outer-most layer, respectively. These characteristics lead to an intrinsic one-point
resolution of about 10 microns in ¢ and 12-25 microns in z.

The SVT efficiency may be calculated by comparing the number of associated hits
to the number of tracks crossing the active area. The combined hardware and software
efficiency as a function of the track incident angle and for each of the five layer is about
97%, beyond the design goals [45]. Single hit resolutions are in excellent agreement with
Monte Carlo simulations. Figure 3.6 displays the resolution of the reconstructed track
parameter dy and zp, which represent the distances between the point of closest approach
to the z-axis and the origin of the z-y plane and along the z axis, respectively. Also shown
is the error distribution for the measurement of the separation between two B meson decay

vertices.
3.2.2 The drift chamber

The reconstruction of charged particles with transverse momenta greater than 120 MeV /¢
is the main task of the drift chamber. The DCH, displayed on figure 3.7, is a 280 cm

long cylinder with an inner radius of 26.6 cm and an outer radius of 80.9 cm. Due to
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Figure 3.7: Longitudinal cross-section of the DCH [44].

the asymmetric beam energies along the z axis, the center is offset by 37 cm from the
interaction point, leading to an asymetric polar angle coverage of 17° < 6 < 150°. The
chamber operates with a low density gas mixture of helium (80%) and isobutane (20%) to
reduce multiple scattering.

The sense wires consist of gold plated tungsten-rhenium wires with a diameter of 20
microns. Each of these is surrounded by six 80-120 pm field wires made of aluminum making
up a hexagonal structure called the drift cell. A schematic layout of the innermost drift
cells is shown in figure 3.8. The drift chamber contains 7104 cells arranged in 40 cylindrical
layers, with four layers being grouped into one superlayer. In order to reconstruct the 3
dimensional trajectory of a particle, the various superlayers have wires with different stereo
angles: axial (A), positive (U) and negative (V) stereo angles. The arrangement of the
ten superlayers follows the pattern AUVAUVAUVA, with stereo angles increasing radially
from £45 mrad to =76 mrad. The cells are designed to provide an average intrinsic spatial
resolution of about 40 microns.

The field wires are grounded while the sense wires were designed to operate at
1960 V. Unfortunately, an accident happened during the commissioning phase which re-
quired to lower the voltage to 1900 V out of concern for a small region of the chamber that

was damaged. Aging studies hinted that a voltage of 1930 V was acceptable and the drift
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Figure 3.8: Schematic layout of drift cells for the four innermost superlayers [44]. Lines
have been added between field wires to aid in visualization of the cell boundaries. On the
left are shown two sets of drift cell isochrones, i.e., countours of equal drift times of ion in
cells of layers 3 and 4. The isochrones are spaced by 100 ns.

chamber has been operating at this lower value since January 2001. Displayed on figure 3.8
is a diagram of two sets of drift cell isochrones for cells in layers 3 and 4. The isochrones are
circular near the sense wires, but deviate greatly from circles near the field wires. Ions orig-
inating in the gap between superlayers are collected by cells in the edge layers after a delay
of several microseconds. These lagging ions do not affect the drift times measurements, but
they contribute to the dE/dx measurement.

The drift chamber measurement of the energy loss per unit distance is performed
from the charge collected within each cell, and is an important information for particle
identification as shown in figure 3.9. The charge collected per signal cell is measured as
part of the feature extraction algorithm. The truncated mean of the specific energy loss of
a track is computed from the lowest 80% of the individual (hit) measurements. Corrections

need to be applied for:

1) Changes in gas pressure and/or temperature. Such changes can affect dE/dx by as
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Figure 3.9: Particle identification via dE/dx measurements in the drift chamber [44].

2)

5)

much as £9%. These changes are corrected by a single overall multiplicative constant

(referred to as the global gas gain) online;

Differences in cell geometry and charge collection. These lead to £8% variation and

are corrected by a set of multiplicative constants for each wire;

Charge saturation. The build up of charges within the drift cell cause screening and
lead to £11% variation in dE/dx. It is corrected by a second-order polynomial in the

dip angle, A;

Non-linearities at large dip angles. Corrections of about +2.5% are done using a

sixth-order Chebyshev polynomial as a function of A;

Non-linearities with respect to the entrance angle (¢) and the distance of closest ap-
proach (DOCA). In fact, experimental data shows a correlation between the variations

in dE/dx and ¢ and DOCA.

Correction for (1) is computed online whereas (2-5) must be studied offline. The

mean rate of energy loss of particles (dE/dx) travelling through the DCH is given by the
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Bethe-Bloch equation. In BABAR, it is parameterized as

O = Zh (e ™ —og(Py + (B)"™)), @.1)
where v is measured as p/m, and {P;, P, P, P4, P5} are free parameters; this function is
universal and is used for all particles. In order to parameterize dE/dx, the mean dE/dx is
computed in bins of v for different particle species: proton, pion, muon and electrons. The
resolution may then be computed from the difference between the measured and calculated
dE/dx and result in about 7.3% for electrons, in agreement with the design values. Details
concerning the dE/dx calibration may be found in [46].

When operating at the design luminosity, the PEP-II beam crossing rate is 4.2 ns
such that it is impossible to tell, in real time, which event in the detector arose from which
beam crossing. Information from the DCH is therefore used to determine this. Using track
segments found independently in each superlayer, it is possible to relate the ATO to the
time of the interaction producing the particle. The time-of-flight of the particle must be
accounted for in this procedure. The resulting resolution on the collision time is on the
order of ~ 1 ns for a typical event.

Overall, the DCH meets the design expectations. It contributes primarily to the

measurement of the transverse momentum with a resolution of

% = (0.13 £ 0.01)% - p; + (0.45 = 0.03)%,
Dt

where the momentum is measured in units of GeV/c.

3.3 The Cerenkov light detector

The detector of internally reflected Cerenkov light is designed to achieve hadronic particle
identification, in particular pion/kaon separation up to 4 GeV /c. It is based on the principle
that charged particles traversing a medium radiate if their velocity is greater than the local
phase velocity of light. The light is emitted at a certain Cerenkov angle, cosf, = 1/nf,

which depends on the index of refraction n of the medium and the velocity of the particle
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Figure 3.10: Schematic of the DIRC displaying a fused silica bar (grey), standoff box (white)
and imaging region (dashed line) [44].

B = v/c. The measurement of 6, can then be used in conjunction with tracking information
to identify particles.

The DIRC features a new type of ring imaging Cerenkov detector based on total
internal reflection. Figure 3.10 illustrates the principle of light production, transportation
and detection. The radiator is located between the drift chamber and the electromagnetic
calorimeter, and extends 178 cm forward from the interaction point. It consists of 144 thin
fused silica (quartz) bars arranged in a 12-sided polygon barrel of 84 ¢cm radius. Each bar
has dimension 1.76 cm X 3.5 cm X 1.225 m, and has a refractive index of about 1.47. The
bars are glued end-to-end in groups of 3 x 4 and are housed in bar boxes surrounded by
nitrogen of refractive index of ~ 1. At normal incidence, this corresponds to 19% of a
radiation length. Due to gaps between the boxes, the azimuthal coverage is 93%, and about
87% of the polar solid angle in the center-of-mass frame is covered.

Since the refractive index of the bars is larger than v/2, a fraction of the Cerenkov
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light emitted by charged particles traversing the radiator propagates via total internal re-
flection along the bar, regardless of the incidence angle of the tracks. Only the rear end of
the detector is instrumented, so a mirror of 92% reflectivity is located at the front end of
the bar. Hence, the light traveling through the radiator cannot leave the bars until the rear
end of the detector is reached after multiple internal reflections. Photons exciting the bars
at large angles in the radial direction are partly recovered into the instrumented area by a
prism at the readout end. The prism also reduces the required area for photon detection
by a factor of two.

The photons eventually exit the prism at the rear end of the bars into an expansion
region filled with 6,000 litres of purified water: the standoff box. At the backplane of the
standoff box, the photons are detected by a close packed array of 10,572 photomultiplier
tubes (PMTs) of approximately 25% detection efficiency at 400 nm, pointing to the exit of
a corresponding bar box. Each PMT has a.diameter of 2.82 cm and is operated directly in
water, with an average distance of 1.2 m to the end of the fused silica bars. Except for a
number of discrete ambiguities, the magnitude of the Cerenkov angle is preserved during
this process. To resolve these ambiguities, measurements of the photon arrival time and
pattern recognition algorithms are used.

The DIRC is primarily limited by track reconstruction. Nevertheless, it achieves a
single photon resolution of about 10.2 mrad. The resolution on a track scales as o,/\/N,,
where o, is the resolution of a single photon, and N, is the number of detected photons,
about 30 for tracks entering the radiator at normal incidence. Di-muon studies yield an
average track resolution of about 2.5 mrad, which corresponds to a 4.2¢ separation between

kaons and pions at 3 GeV/c.

3.4 The electromagnetic calorimeter

The electromagnetic calorimeter is designed to measure electromagnetic showers over a wide

energy range, from 20 MeV to 9 GeV. It is the principal device for electron/pion separation,
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Parameter Values
Radiation length 1.85 cm
Moliere radius 3.8 cm
Density 4.53 g/cm3
Light yield 50,000 v/ MeV
Peak emission (Amax) 565 nm

Refractive index at Apax 1.80

Table 3.2: Properties of CsI(T1).

photon and neutral pion reconstruction. The calorimeter consists of 6580 thallium-doped
caesium iodide (CsI(T1)) crystals which feature a small Moliére radius (R, = 3.8 cm) and a
short radiation length (1.85 cm) for precise angular measurements and which fully contain
showers with a relatively compact design. Furthermore, the high light yield of CsI(T1) and
the emission spectrum permit efficient use of silicon photodiodes which operate well in high
magnetic fields. Table 3.2 summarizes some of the physical properties of the material used
for the crystals.

As shown on figure 3.11, the EMC crystals are arranged in a cylindrical barrel section
(26.9° < @ < 140.8°) and a forward conic endcap (15.8° < 6 < 26.9°). Located within the
magnet cryostat, the barrel has an inner radius of 91 cm and an outer radius of 136 cm.
It consists of 48 polar angle rows, each having 120 identical crystals in azimuthal angle.
The arrangement is different in the endcap, where 820 crystals are divided into 8 polar
angle rows with a segmentation in ¢ varying between 80 and 120 crystals. To account for
the boost, which leads to higher energies at small polar angles, the crystal lengths increase
from 29.76 cm (15.1 Xj) in the backward direction to 32.55 cm (17.6 Xj) in the endcap.
The typical area of the front face is 4.7 x 4.7cm?, while the back face area is typically
6.1 x 6.0 cm?.

The crystals act not only as a total-absorption scintillating medium, but also as
a light guide to collect light at the photodiodes. Depicted in figure 3.12 is the assembly

of a crystal. Mounted at the back of the crystal are two silicon photodiodes collecting
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Figure 3.11: Longitudinal cross-section of the EMC showing the dimensions of the calorime-
ter barrel and forward endcap [44].

scintillation light. The crystal is surrounded by a reflector plate to prevent the loss of
photons missing the diodes. Preamplifiers are connected to each diode, and the whole
readout system is enclosed within aluminum housing to provide shielding against the RF
noise. At the polished surface of the crystal, the light is internally reflected and only a
small fraction of it is transmitted. The latter is partially recovered by two layers of a diffuse
white reflector (Tyvek) wrapped around each crystal. The crystal are held by modules
made of carbon-fiber composit with 300 micron walls between the individual compartments.
Althogether, the inactive material between the crystals leads to gaps of about 1.25 mm. To
minimize the loss of photons entering the EMC at those gaps, the crystal axes feature a
non-projectivity in 6. The average light yield is about 7300 photo-electrons/MeV.

Since the energy deposited by a particle is scattered over many crystals, a cluster-
ing algorithm is applied. Starting with a seed crystal whose energy measurement exceeds
a threshold of 5 MeV, all neighboring crystals with energy deposition above 1 MeV are
associated to the seed. This procedure is repeated iteratively for each of these neighbors,
leading to a set of adjacent clusters, which represents the energy deposited by one or more
particles. If the energy distribution within the cluster displays more than one local max-

imum, it is divided into as many “bumps”, with each “bump” assumed to represent the
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Figure 3.12: Schematic view of an EMC crystal assembly [44].

energy deposited by a single particle. Clusters with one local maximum are also referred to
as a bump.

The calorimeter has an efficiency of about 96% for detecting photons with energy
above 20 MeV, backgrounds and the amount of material between the IP and the calorime-
ter being the major limiting factors. The EMC angular resolution is determined by the
transverse crystal size and the distance from the interaction point. The photon resolution
was studied using 7° decays. As shown in figure 3.13, it varies between 12 mrad for low

energy photons, to 3 mrad for very energic photons. A fit to an emperical function yields

87x0.
09 =0y = (M ® (0.00 = 0.04)) mrad,

VE(GeV)

where E is the energy of the photon in GeV.

The EMC energy resolution was obtained using a radioactive source yielding o, /E =
(5.0 £ 0.8)% at 6.13 MeV. For high energies, the resolution was studied using Bhabha
scattering events, where the energy of the detected shower can be predicted from the polar

angle of the electrons. Figure 3.13 shows the energy resolution extracted from a variety of
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Figure 3.13: Electromagnetic calorimeter performance. The spatial (left) and energy (right)
resolutions are plotted as a function of the incident photon energy [44].

processes as a funcion of energy. A fit to the energy dependence results in

oE (2.32&0.30

'E \4/E(GeV)

At lower energies, the resolution is dominated by fluctuations in photon statistics and by

@ (1.85 + 0.12)) %.

beam generated backgrounds. Above 1GeV, the resolution depends mostly on the non-
uniformity in light collection from leakage or absorption in the material between or in front
of the crystals. Although the resolution parameters obtained are higher than the design
expectations, they agree well with Monte Carlo simulations which include the contributions
from electronic noise and beam background, as well as the impact of the material and the

energy thresholds.

3.5 The instrumented flux return

The instrumented flux return is designed to identify muons and to detect neutral hadrons
using the steel flux return of the magnet. The IFR, depicted on figure 3.14, consists of a
barrel and two endcaps made of iron, and covers the polar angle region between 17° and

157°. The steel is segmented into 18 plates, increasing in thickness from 2 cm in the inner



Chapter 3. The BABAR Experiment 50

432 RPC
Modules
End Doors

Figure 3.14: View of the IFR barrel and endcap wheels [44].

nine plates to 10 cm for the outermost plates. This feature was motivated by Monte Carlo
studies which demonstrated that thin absorber plates improve muon and Kg detection
during the first absorption length only, therefore allowing wider absorbers and less readout
layers at larger distances. The total thickness of the iron plates at normal incidence amount
to 65 cm (60 cm) in the barrel (endcaps).

The IFR is instrumented with 806 resistive plate chambers (RPCs) mounted in the
spaces between the steel plates. The gap beteen the steel plates is 3.5 cm in the inner layers
of the barrel and 3.2 cm elsewhere. There are 19 RPC layers in the barrel, and 18 in the
endcaps. The barrel contains two additional layers of cylindrical RPCs located between the
EMC and the magnet cryostat to detect particles exiting the EMC.

Although they differ in details, planar and cylindrical RPCs are based on the same
concept. They are gas chambers enclosed between bakelite (phenolic polymer) sheet 2 mm-
thick surrounding a 2 mm gap filled with a gas mixture of 56.7% argon, 38.8% Freon-134a
and 4.5% isobutane. A cross section of an RPC is shown schematically in figure 3.15.
The external surfaces of the bakelite are coated with graphite to achieve a high surface

resistivity, whereas the inner surfaces are treated with linseed oil. The two graphite surfaces
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Figure 3.15: Cross-section of a RPC from the IFR [44].

are connected to a high voltage of about 8 kV and to ground, and both are protected by
an insulating mylar film. Hence, ionizing particles crossing the gas gap will produce a
discharge. This ionization induces a pulse which is picked up by aluminum strip electrodes
running in perpendicular directions on the outside of the bakelite. The bakelite was chosen
for its resistive properties (10'!-10'? {2 cm) which localize the discharge.

IFR muon identification is based on measuring the number of traversed interaction
lengths in the entire detector and comparing it with the number of expected interaction
lengths for a muon of a given momentum. Moreover, the projected intersections of a track
with the RPC planes are computed and must be associated within a certain transverse
distance from the extrapolated trajectory of a reconstructed charged track. Finally, the
average number of excited strips per layer is expected to be larger for pions producing
a hadronic shower than for muons. Using the above observations, the muon identification
efficiency was measured using e"e™ — pu7 ™ (7y) events and two photon production of p+p~
pairs, and resulted in an overall efficiency of about 90% in 1999, 70% in 2000, and 60% in
2001.

The efficiency drop is caused by a large fraction of the RPC modules having suffered
high temperatures during the summer of 2000. In fact, the experimental hall does not have
a temperature regulation system and the temperature inside the steel rose to more than

37°C. Although the exact problem is not understood, it seems that high temperatures
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damaged the RPCs: change in the bakelite bulk resistivity, loosened spacers, gas flow, or
gas composition. A number of prototype RPCs developed similar efficiency problems after
being opeated above 36°C for a period of two weeks. A water cooling system was added on
the steel, stabilizing the temperature below 24°C throughout the IFR, but the efficiency of

some of the RPCs continued to deteriorate while others remained stable.

3.6 The trigger system

The trigger system is responsible for selecting events of interest while rejecting background
events, and keeping the event rate at a reasonable level, about 120 Hz at design luminosity.
The total trigger efficiency is required to exceed 99% for all BB events and at least 95%
for continuum events. The trigger is implemented as a two-level hierarchy: level 1 (L1) in
hardware followed by level 3 (L3) in software. The trigger system is designed to accom-
modate up to ten times the expected PEP-II background rates at design luminosity and to

degrade slowly above that level.
3.6.1 L1 trigger

The decision to read out the front-end data from the detector subsystems is made by the
fast control and timing system (FCTS) based primarily on information from the level 1
trigger system. The L1 trigger decision is based on charged tracks in the DCH above a
preset transverse momentum, showers in the EMC, and tracks detected in the IFR. As
.such, the L1 is broken into three trigger subsystems.

The input data to the drift chamber trigger consists of one bit for each of the 7104
DCH cells, updated every 269 ns. These bits convey time information derived from the sense
wire signal for that cell. Track segments are formed from clusters of cell hits, and their ¢
positions and drift time estimates are then used to assemble the segments into full tracks.
The drift chamber trigger then checks those tracks against preset transverse momentum
thresholds. For tracks originating from the IP, the efficiency for finding track segments is
97%. The DCH trigger efficiency is above 90% for tracks with p; > 1 GeV/e.



Chapter 3. The BABAR Experiment 53

2 1
% 8000 |- |
£
=
e
o
S 6000 |- R
Z |
4000 - i
2000 | |
o =T = .L/L-—
-80 -40 0 40 80

L3 Track z,, (cm)

Figure 3.16: Distribution of zp for tracks satisfying the L1 trigger as reconstructed by
L3 [44].

For trigger purposes, the EMC barrel is divided into 240 towers of 8 x 3 (0 x ¢)
crystals, whereas the endcap is divided into 40 towers, each forming a wedge in ¢ containing
19-22 crystals. For each tower, all crystal energies above a threshold of 20 MeV are summed
and sent to the calorimeter trigger every 269 ns. The trigger identifies energy deposits that
span two adjacent towers and combines them when necessary. The EMC trigger efficiency
is 99% for clusters of energy above 180 MeV, close to the average energy deposition of a
minimum ionizing particle at normal incidence.

The IFR trigger is used to identify decays to two ™~ and cosmic rays and will not
be discussed here since these events are mostly used for background and luminosity studies.
DCH and EMC subtriggers are produced and assembled within a fixed latency window of
11-12 ps after the collision, and are delivered to the FCTS where the final decision is made.
If necessary, FCTS inform the subsystems to send their information to the level 3 trigger.
Data used to form the trigger decision are preserved with each event for efficiency studies.

The L1 is configured to have an output rate of about 2 kHz at design luminosity.
Out of this total rate, about 10% is produced from Bhabha and annihilation physics events,

whereas cosmic ray and random beam crossing triggers contribute to another 10%. The



Chapter 3. The BABAR Experiment 54

remaining triggers are due to lost particles interacting with the beam ‘pipe or other com-
ponents. The zy distribution of all accepted L1 track as reconstructed by L3 is shown in
figure 3.16 and illustrates how a large fraction of the L1 tracks originate from backgrounds.
Tracks produced near the IP (z = 0) correspond to physics events, whereas the peaks

centered around z = 420 cm correspond to a flange joint on the beam pipe.
3.6.2 L3 trigger

The level 3 trigger is an online application that acts primarily as an event filter and is re-
sponsible for making a logging decision based on the output of the L1 hardware trigger. The
L3 trigger is performed in three stages using 32 Unix processors operating in parallel mode.
In the first stage, events are classified according to the DCH and EMC trigger information
from the FCTS. In the second stage, algorithms are applied to the complete event data to
provide a partial event reconstruction. Quantities of interest are then extracted, and filters
are applied to test whether these quantities satisfy specific criteria. The last stage creates
the L3 output, which identifies each event as either physics or flags the special categories

of events needed for luminosity determination, diagnostics, and calibration purposes.
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Chapter 4

Data and Monte Carlo Samples

In data veritas

4.1 On-peak and off-peak data

The analysis presented in this dissertation is based on the 2000 to 2002 data. This cor-
responds to an integrated luminosity of 81.38 fb~! recorded at the 7'(4S) resonance (“on-
peak” data) or 88.35 million BB events. An additional integrated luminosity of 9.58 fb~?
was recorded below the 7°(4S) resonance (“off-peak” data). This allows the study of the
underlying continuum events, ete™ — ff, where f may be any of the charged leptons or
lighter quarks u, d, s, or c. The breakdown of the integrated luminosity for each year is

listed in table 4.1.

4.2 Monte Carlo simulations

In order to understand the performance of the detector and evaluate backgrounds, Monte
Carlo simulations are produced by the BABAR Collaboration, typically in a ratio 3:1 with
respect to on-peak data. The various Monte Carlo samples used in this work are presented
in table 4.1. The production of the Monte Carlo is performed in three stages. First, phys-
ical processes are simulated by an event generator and particle four-vectors are recorded.
The generator simulates the spread of energies allowed in the PEP-II beam collisions to

determine the energy available to the resulting particles. The particles are then propagated
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| Data set | Ny x 10° [ £ (b)) |
2000 Data on-resonance 21.83 20.25
2000 Data off-resonance 2.60
2001 Data on-resonance 39.17 35.59
2001 Data off-resonance 3.79
2002 Data on-resonance 27.35 25.54
2002 Data off-resonance 3.19
Non-resonant signal MC 2.46 523.4
Resonant signal MC 3.95 840.4
B'B° MC 109 207.6
BTB~ MC 121 230.5

Table 4.1: Integrated luminosity and number of BB events for data and Monte Carlo
samples.

through a model of the material of the BABAR detector. Interactions between these particles
and the material are simulated using the GEANT4 simulation package [47]. The energy,
charge and angular information are used to calculate positions and idealized energy deposits
in the detector, and the information is stored in a database. Note that while GEANT4 pro-
vides particle algorithms, the BABAR Collaboration developed the routines specific to the
simulation of its detector response. Finally, the information from the database is retrieved
and digitized, i.e. it is transformed into realistic signals which mimic those collected from
the detector electronics. Real background events are stored in the database and are mixed
with simulated events to more closely reproduce the data. Level 1 and level 3 triggers are
then applied to the event. The end result is an event analogous to real data recorded by

the BABAR detector.
4.2.1 Simulation of signal events

Two different B — X, 7, signal Monte Carlo samples are used in this analysis. In the first
sample, non-resonant B — X, ¢, events are simulated according to the triple differential
decay width dI'S"/dm xdE¢dq? model defined in section 2.5.6, such that final state hadrons

are produced with a continuous invariant mass spectrum. Subsequent hadronization of the
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X, system is handled by JETSET [48]. This generator has the advantage that it allows
studies of the change in the fraction of signal events as input parameters are varied, but it
cannot produce hadronic states with mass below 2m,, and does not produce any resonant
structure in the hadronic mass spectrum.

A resonant signal sample is therefore used in conjunction to the non-resonant sam-
ple. In this case, exclusive charmless semileptonic decays are generated using the ISGW2
model [23]. The branching fractions for the various resonant decay modes are listed in Ta-
ble 4.2. These branching fractions were set to reflect the latest world average values [18] and
to enforce isospin conservation which dictates relations amongst the decays to pseudo-scalar
and vector final states, and requires that the B¥/B? branching fractions be in the same
ratio as the B* /B lifetimes, namely 1.08. The mass spectra of the X, particle produced

by both generators are displayed in figure 4.1.

I B mode [ BF x10° | BT mode | BF x10° |
B’ -ty 133 +£22 || Bt -2y 72 +12
Bt s ety 84 +36
B = p~ tty 269 t71 || Bt = p0¢tv 115 30
Bt 5wttty 145 *P
Bt - q'tty 84 +84
Hybrid inclusive | 2271 Hybrid inclusive | 2357
| Total | 2673 | Total | 2887 |

Table 4.2: Branching fractions used in the hybrid model for B —+ X, e7, decays. The total
branching fraction appearing in this table was determined in preliminary results.

Neither the non-resonant nor the exclusive generator provides a realistic simulation
of B — X,¢v; decays, since the former lacks important resonant structure at low mass
and the latter is incomplete and contains no non-resonant decays. Therefore, these two
samples are mixed to provide a more realistic simulation. The resulting model, which will
be referred to as the hybrid sample throughout this dissertation, is constructed as follows.
First, the phase space in my, ¢? and Ej is divided into a 8 x 8 x 8 array. The segmentation

of the phase-space is presented in table 4.3. The hybrid model is then a combination of the
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Figure 4.1: Mass spectra of the generated X,, from B? and B* decays using the non-resonant
(top row) and resonant (bottom row) generators.
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[Kinematicvariable | 1 2 3 4 5 6 7 8 |
mx (GeV/?) J00 14 16 18 20 25 30 35
q (GevZ/c*) [ 00 25 50 7.5 100 125 150 20.0
Ey (Gev) [0.00 050 1.00 1.25 150 1.75 200 2.25

Table 4.3: Segmentation of the signal B — X,ew, hybrid phase-space in my, ¢*> and Ej.
The values shown correspond to the lower edge of a given bin. Overall, the phase-space is
divided into 8 x 8 x 8 = 512 bins.

exclusive and inclusive models, such that for each bin ¢
H;=R; +w; N; (4.1)

where H;, R; and N; represent the bin content from hybrid, resonant and non-resonant
samples, respectively. The determination of the weight w; is discussed below.

The overall normalization of the non-resonant component of the hybrid is first ad-
justed to give the proper total B — X, 7, branching fraction (see table 4.2). The resonant
and non-resonant samples are then mixed such that the fraction of hybrid events for a given
bin i, H;/ >_; Hj, is the same as for the non-resonant sample, N;/ > Nj, resulting in a
weight w; for each bin. If the w; obtained from this procedure is negative it is then set
to w; = 0. Finally, a global normalization factor is applied to the weights to maintain the
proper normalization. This is necessary to account for setting negative w; to zero. In prac-
tice, this factor is never larger than 1.00-1.02. The kinematic distributions of the hybrid
model are shown and compared with those of the non-resonant sample in figures 4.2 to 4.5.

As expected, the hybrid E, and ¢? spectra match well the non-resonant model.
4.2.2 HQE parameters

Precise measurements of the HQE parameters A and \; from moments of the electron
momentum and hadronic mass spectra in B — X.ev, decays [25] have recently become
available. Unfortunately, these values cannot be used directly in the theoretical model used
throughout the development of this analysis [49]. For the purpose of estimating signal effi-

ciencies, the above non-resonant B — X,y model of [38] is used and the shape function
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Figure 4.2: MC X, mass spectrum for B® and BT decays. The resulting hybrid signal
sample can be compared with the ideal non-resonant model described in [38].
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(HQE) parameters are extracted from the measurements of the first and second energy
moments in B — X,y which allows a constraint on the parameters m; and a. Such mea-
surements were first performed by the CLEO collaboration [50]. The two-dimensional 1-¢
contour measured in this study can be described by a set of discrete points from which the

following points were selected:

{my,a} = {4.845,2.55}, {4.48,0.574},{4.785,1.15}, {4.785,3.59}, {4.735,0.896},

{4.69,0.68}, {4.69,2.05}, {4.58,0.55}, {4.58, 1.13}, {4.53,0.56}

with the central value located at {4.735,1.6}.) A more recent study of B — Xy has been

performed and yields

{my,a} = {4.68,2.87},{4.64,3.89},{4.64,1.45}, {4.62,2.27}, {4.60,1.23},

{4.60,3.20}, {4.57,2.44}, {4.57,2.45}, {4.53,1.53}

with the central point now located at {4.62,2.27} [40]. From a general consensus within

the BABAR Collaboration, the latter set of parameters are considered for this analysis [51].
4.2.3 Simulation of backgrounds

Monte Carlo samples were used to provide background estimates for BB and B*B~
events. The number of events generated and the equivalent integrated luminosity are listed
in table 4.1. These backgrounds may be classified into two categories: charm and other
backgrounds.

Charm backgrounds are produced in semileptonic B — X ¢7; decays, and will often
be referred to as b — c events. The other backgrounds consist of events where the charged
leptons are produced in secondary decays (cascades), or more rarely, are charged tracks that
have been misidentified as leptons (fakes). These events will be referred to as non-b — ¢
events.

The branching fraction for semileptonic B decays to D mesons were initially set to

the values listed in table 4.4. If a particular B® or BT branching fraction measurement was

'The b-quark mass is expressed in units of GeV/c>.
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| Decay type | B (BY) B (BY) |
B—Dlv 207+0.15 | 224701
B—D*lv 5701953 6i7+4%
B—Dyfv | 052+ 0.15 | 0.56=+ 0.16
B—D3;fv | 023+ 023 | 0.30=+ 0.30
B D}ty 045+%41 | (.49+048
B— D, tv 083 o | 090+ 2%
B—Dfv X |1021 % 0.17 | 11.04 £ 0.18

Table 4.4: Branching fractions for semileptonic B decays to D meson. The inclusive rate is
saturated with decays of the type B — D n(w) £ v. These branching fractions correspond
to the latest world average values [18] and results reported in [52] and [53].

unavailable, the branching fraction was set based on isospin symmetry and the measured
B* /B lifetime ratio. The total B — X £7; rate was finally obtained by adding decays of
the type B — Dn(r)ev, based on the model of Goity and Roberts [54]. This contribution
amounts to 0.41% for B and 0.38% for B™. The above branching ratios were eventually

adjusted to match the data more closely as will be discussed in section 6.2.
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Chapter 5

Selection of Semileptonic Decays

Labor omnia vincit improbus
~Virgil

5.1 Analysis strategy

In order to measure the inclusive B — X, ev, branching fraction, data and Monte Carlo
yields are extracted for the selected portion of the B — X,eD. phase-space. The signal
yield is computed as the number of candidates within the signal region in data, Ng;fg,
minus the number of background events estimated from the Monte Carlo simulation, Npy,.

The branching fraction is then measured as

Ndata — N,
SL _ ‘Ycand bkg 5.1
B‘U. Cu NB 7 ( - )

where €, is the B — X, f7, efficiency evaluated using the signal simulation and Np is the
total number of B mesons within the data sample. Therefore, to reduce the above measure-
ment sensitivity to uncertainties in the modeling of background decays, it is imperative to
suppress backgrounds, in particular B — X ¢7; events, as much as possible.

In this analysis, semileptonic B decays are first selected using the criteria outlined
in section 5.2, which consist of an event shape selection and the presence of a high energy
electron. The discrimination from charm backgrounds is based on the determination of the
invariant mass squared of the electron-neutrino system. It is obtained by combining the

measured electron momentum with an estimate of the neutrino inferred from a measurement
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of the missing momentum of the event.

Hence, the particle selection described in section 5.3 is designed to provide an excel-
lent total energy and momentum reconstruction while eliminating regions where data and
Monte Carlo simulations do not agree well. The adequacy of this selection is demonstrated
in section 5.3.6 in terms of the improvements seen in the neutrino reconstruction.

Further criteria are applied to the events to guarantee a proper neutrino reconstruc-
tion and to optimize the signal to background ratio. The event selection must also define
a region of the phase-space where the simulation follows closely the data. Section 5.5 will
describe the optimization procedure and the criteria adopted for this analysis.

Since the evaluation of the background content in the signal extraction relies on the
simulation, a B — D%7, control sample is used to reduce this dependence. This control
sample may also be used to adjust the background normalization and to study the neutrino
reconstruction as will be discussed in chapter 6.

Once the agreement between data and Monte Carlo is satisfactory for both the
signal and control samples, systematic uncertainties on the measurement of BS“ will be
evaluated (chapter 7). Note that in order to avoid possible biases, this analysis was originally
performed blind: the event selection and the evaluation of the systematic uncertainties were
performed using Monte Carlo simulation and off-peak data only. The extraction of the
signal yield in data and comparisons between data and the simulation within the signal
region were performed only in the final stage of the analysis. Preliminary studies based on
blinded data may be obtained in [55], but no blinding has been applied to the data shown

in this dissertation.
5.1.1 Continuum subtraction

In order to study the properties of underlying continuum events, e*e~ — ff events were
also simulated. Unfortunately, studies have shown a rather poor agreement with continuum
data. To circumvent this problem, the data presented in this analysis is shown after the

continuum component has been removed. This is done by subtracting from the on-peak
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sample the off-peak data scaled to on-peak luminosity for any quantity z; studied in data,

x?ata — wgn — . .’ZJ?H
2
_ on Lon (Eoff off
= o2 2, (5.2)
Lot \ Eon

where E,g and F,, are the off-peak and on-peak center of mass energies, respectively, and
r =~ 8.41. In order to reduce the statistical uncertainties brought about by subtracting
the scaled off-peak data, the selection described in section 5.5 includes criteria designed to
suppress continuum events. Furthermore, the momenta of particles from off-peak data are
scaled to account for the difference between off-peak and on-peak center of mass energies

according to

10.58 GeV
Esca.led = EmeasuredT
E2 aled — m2
Pscaled = I—"measuredjc; (5.3)
Ipmeasuredl

where m is the mass hypothesis assigned to the particle. Unless specified otherwise, this

procedure will be used to obtain the results presented throughout this dissertation.

5.2 Event preselection

Events enter the analysis if they survive the requirements described in this section. Each
event must satisfy the L3 trigger and the background filter criteria: Niracks > 3 and Ry <
0.98, where R is the ratio of the second to first Fox-Wolfram moments defined in [56]. The
latter is a powerful method for discriminating BB events from lepton-pair backgrounds. In
a true signal event, the primary eTe™ pair produces a BB pair via the 7(4S) resonance.
In the 7' (4S) rest frame, the B mesons have low momenta, such that the decay of each
B meson is nearly isotropic. As such, there are negligible correlations between the decay
products coming from each of the two B mesons.

However, in light-quark (u, d, s) continuum events, the event shape has a pro-

nounced two-jet structure, so there is a strongly preferred direction characterizing the whole
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event. These events therefore tend to have less isotropic decay shapes in the 1°(4S) rest
frame. In a cC event, the jet structure is still present, but is less pronounced, and event
shape variables provide less discriminating power for this type of background.

Since this analysis is based on semileptonic decays, the event must also contain an
identified electron with energy E* > 1.4 GeV in the center of mass frame to be retained.!
Because of the larger uncertainties associated with muon reconstruction, only semileptonic
B decays to electrons are considered. In addition, the event must survive a Bhabha veto,

developed in [57], that requires the event to have a multiplicity greater than 5 objects
Niracks + N /2 > 5,

where N{,, . is the number of tracks not being part of identified v — e*e™ pairs, and N

is the sum of photons with energy > 80 MeV and identified ¥y — e*e™ pairs.

5.3 Particle selection

5.3.1 General philosophy

In order to reconstruct g2, this analysis depends on the total event momentum and en-
ergy measurements. Hence, a particular approach to charged particles (tracks) and neutral
particles (neutrals) selection is required. Criteria are applied to particles to discriminate
between “primary particles”,? and particles produced by interactions with the detector ma-
terial and artefacts from the reconstruction algorithms. This selection must also maintain
a high efficiency and acceptance for primary particles while eliminating regions that are
poorly simulated. Finally, the selection aims at improving the missing 4-momentum re-
construction. Clearly, the selection criteria chosen are a compromise to fulfill all of these

requirements.

'The star, *, denotes quantities measured in the 7(4S) frame. This notation will be used throughout
this dissertation.
2Particles produced from e¥e™ interactions.
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5.3.2 Charged track selection

Charged tracks are reconstructed in the drift chamber and/or silicon vertex tracker with
parameters determined using a 7% mass hypothesis. Selection criteria were obtained by
comparing qualitatively data and Monte Carlo distributions. Regions where the agreement
between generated and reconstructed MC quantities was poor, and regions with large dis-
crepancies between data and MC simulation were removed. The charged track selection

procedure is detailed in [58] and is summarized below. Requirements are made for:
1. The angle of the track in the lab frame, 0.41 < 6}, < 2.54 (radians);
2. The momentum of the track in the lab frame, pi.;, < 10 GeV:;3
3. The transverse momentum of the track,

3a. For tracks with DCH hits, py jap, > 0.06 GeV;

3b. For tracks with SVT hits only, 0.06 GeV < p; jap < 0.2 GeV;
4. The distance of closest approach of the track, [DOCA| < 1.5 cm;
5. The z-position of the track at the point of closest approach, |zp| < 5 cm;
6. Loopers and ghost candidates are vetoed using cuts specified below.

Loopers are produced by low momentum tracks trapped by the solenoidal magnetic
field and looping in the tracking devices. As a result they are reconstructed as two or more
tracks, depending on the momentum of the charged particle. Loopers are identified when a

set of tracks satisfies the following:
1. The tranverse momentum is p; jap < 0.25 GeV for each track;

2. Close angular separation between pairs of tracks corresponding to

3To simplify the notation, ¢ was set to 1 throughout this dissertation such that GeV/e = GeV.
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2a. |Adpap| < 0.18, |7 — 61 1ab — O2.1ab| < 0.16 if the charges associated with the pair
of tracks are opposite;
2b. |Ad¢uap| < 0.20, |Ab),p| < 0.18 if the charges associated with the pair of tracks

are equal;

3. Similar tranverse momenta, |Ap; jap| < 0.12 GeV.

For such a set of tracks, only the one produced closest to the interaction point is kept,
i.e. the track with the smallest |zp|, whereas the remaining tracks é.re marked as loopers
and are not used further in the analysis.

Ghosts are artefacts from the tracking algorithms: multiple tracks are reconstructed
from a set of DCH hits left by only one charged particle. Such tracks are identified as pairs
of tracks for which:

1. Ptlab < 0.35 GeV;
2. |A¢lab| < 0.3;
3. |ABi| < 0.3;

4. |Aptjab| < 0.15GeV;
5. NDCH(track i) + NPSH (track j) < 45.
In this case, only the track with the greatest number of DCH hits is used in the analysis.
As can be seen in figure 5.1, the above selection improves the overall agreement
between the data and simulation in terms of the charged track multiplicity and total energy
reconstruction from the tracking system. Note that in this figure and all similar figures,
the top plot features the data after continuum subtraction and the contribution from signal
and background Monte Carlo simulations, and the bottom plot displays the comparison
between data and complete (signal + background) simulation as yf2 /yMC — 1 where y;
denotes the number of entries for a given bin 7. Also provided in the lower plot is the x2,
4 (yMC — ydata)2

X = —~ 07(MC) + 07 (data)’
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based purely on statistical uncertainties, and the number of bins (d.o.f.) used. The dom-
inant systematic uncertainties will be discussed later in chapter 7. In order to enter the
x? computation, a bin i had to satisfy M — 3¢;(MC) > 0. Clearly, the x? improves after

applying the charged track selection.
5.3.3 Neutral energy selection

All EMC bumps not matched to any charged track are considered suitable to be clusters and
are contained in a neutral cluster list. The criteria for neutral energy (photons) selection
were determined using the same philosophy used for the charged track selection and a

detailed study may be found in [58]. Selection criteria are applied for:
1. The number of crystals in the cluster, Nerystal > 2;
2. The energy of the cluster in the lab frame, Ejster > 50 MeV;
3. The cluster lateral moment, LAT < 0.6;
4. The angle 6 of the cluster in the lab frame, 0.32 < Oqyster < 2.44 (radians);

5. The angle between the positions of the cluster and the impact point of the nearest
charged track at the EMC surface for tracks that do not satisfy the charged track
selection,

Aa = cos™[co8s Ocjus €S Oyri + Sin Oiys sin Oy coS(Perus — Pirk)] < 0.08.4

Note that all of the above kinematic variables are measured in the laboratory frame. The
lateral shower shape, LAT, was first used by the ARGUS Collaboration and is described in
detail elsewhere [59]. Neutral objects not satisfying the above selection were excluded from
the analysis.

The agreement between data and the simulation improves for both the neutral

multiplicity and the total energy reconstructed, as can be seen in figure 5.2. The x?/d.o.f.

“No cut is made on this variable if the closest track is identified as an electron to enable bremsstrahlung
photons to be retained.
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Figure 5.1: Distributions for the charged track multiplicity a) before and b) after applying
the track selection; and the total energy reconstructed from the charged tracks c) before
and after applying the selection criteria. The upper plots show the distributions from data
after off-peak continuum subtraction as well as the Monte Carlo. Non-b — ¢ events are
either secondary electrons from charm decays or hadrons misidentified as electrons (see
section 4.2.3). The lower plots show the relative comparison between data and MC as
ydata /yMC _ 1. The simulation is scaled to the number of BB pairs in the data. The events

plotted satisfy the preselection described in section 5.2.
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Figure 5.2: Distributions for the neutral deposits multiplicity a) before and b) after applying
the neutral selection; and the total energy reconstructed from these EMC energy deposits
c) before and d) after the applying the selection criteria. These plots follow the same
conventions as those of figure 5.1.

is reduced by about a factor 3 in terms of the multiplicity and total energy reconstructed

in the EMC.
5.3.4 Composite particles

Standard BABAR tools are used to reconstruct the following composite particles: K9 —
ntm~, A — pr~ and 7 — eTe” [60]. The K selection requires a decay length > 2mm
and an invariant mass satisfying 0.4906 GeV < m,, < 0.5047 GeV. The A selection

requires a decay length > 5mm and a mass satisfying 1.112 GeV < m,,- < 1.120 GeV.
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Conversion photons must satisfy me, < 0.030 GeV. The standard J/v sequence is also used
to reconstruct J/v — £t~ decays. Note that particles that were excluded by the charged
track cuts when forming composites.

The set of composite particles produced by these selectors is then examined. If two
or more composite candidates are found to share a common daughter track(s), then these
composites are rejected. Similarly, if the association between a daughter track making a
composite particle to a track in the charged track list was lost® the composite candidate is
rejected. All charged track daughters from the final set of accepted composite particles are
removed from the charged track list.

The lepton daughters of reconstructed J/v decays are not considered as leptons for
the remainder of the analysis, neither as the signal electron nor as additional leptons, on

which a veto will be placed.
5.3.5 Particle identification

Electrons are identified using a selector described in reference [61]. The need to reconstruct
the total visible energy in this analysis also requires a best mass hypothesis to be defined
for each accepted charged track. This is done by the following algorithm, where the first

positive response determines the particle hypothesis to be used:
e Does the track satisfy the electron selection [61] ?‘
e Does the track satisfy the kaon selection [62] ?
e Does the track satisfy the muon selection [63] 7
e Does the track satisfy the proton selection ?

If all responses are negative, the particle is assumed to be a pion. A brief overview of

particle identification is made in appendix ?7?.

®This is the case for electron daughters of J/v on which bremsstrahlung recovery was performed.
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5.3.6 Validation from missing momentum reconstruction

The missing energy and momentum resolutions obtained after applying the particle selec-
tions defined in the previous sections are compared to the resolutions obtained prior to these
selections. Note that the figures appearing in this section contain all data surviving the
preselection criteria. Figure 5.3 shows the missing energy, E ., and missing momentum,
|P > iss|» distributions in the 7°(4S) frame for both data and Monte Carlo simulation. A net
improvement in the agreement between data and the simulation is observed after applying
the refined particle selection. The E}; distribution is more affected by the selection re-
quirements. This is not surprising as | P*; | is less sensitive than EZ . to mis-reconstructed
particles since it involves the vector sum of the true missing momentum vector and the
momentum vectors of additional missing particles, in which some cancellations occur that

do not happen in the scalar sum (E? The energy component of the reconstructed

miss)-

neutrino 4-vector is therefore replaced with the magnitude of the missing momentum in
calculating ¢2, as will be discussed in section 5.4. Also shown in figure 5.3 is the quantity

| iss|, an indicator of the quality of the neutrino reconstruction; since neutrinos
are (nea.rly) massless, B} — IP;iSS| should be zero within detector resolution. Missing par-
ticles, such as additional neutrinos, K 2 or particles lost due to detector acceptance, cause

a positive bias in B, — |P=,|- Hence, negative E > iss] values can only come from

mlSS |

mis-reconstruction. The particle selection clearly improves the agreement between the data
and Monte Carlo simulation.

In figure 5.4, the signal Monte Carlo resolutions for the missing energy, E*

miss

E;

v,

irue’> and the missing momentum, |P true|, are shown prior to and after applying

ISSI l

the particle selection criteria. Since the new selection has more stringent requirements, the

mean of the E* . . distribution is shifted to the positive side by ~ 600 MeV, but the r.m.s. of

miss

the distribution remains about the same. The effect is less noticeable for |[P*; | and only

a small ~ 24 MeV bias is introduced while the r.m.s. stays the same within a few MeV.

5Throughout this dissertation, the subscript v, true refers to the generated neutrino quantity.
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Figure 5.3: Data and Monte Carlo kinematical distributions prior to (left) and after (right)
applying the particle selection described in sections 5.3.2 and 5.3. 3. Displayed are distri-
butions for the mjssing energy E}... (top), missing momentum [P} | (center) and the
difference E} ;. — |Px;ss| (bottom). Note that the above quantities were computed in the
Y (4S) frame. The plots follow the same conventions as those of figure 5.1.
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Figure 5.4: Signal Monte Carlo resolutions for the missing energy (top) and missing mo-
mentum (bottom) prior to (left) and after (right) applying the particle selection criteria.
The quantities were computed in the 7°(4S) frame.

Hence, the revised track and neutral selection improves the agreement between data and

Monte Carlo and does not degrade the missing momentum resolution.

5.4 Neutrino and ¢? reconstruction

The electron energy, E, is directly measured by the detector whereas the neutrino mo-
mentum and g need to be reconstructed from all of the decay products of the 7'(4S). The

procedure used to measure the neutrino momentum and ¢? is as follows:

e The visible 4-momentum, p,;;, is computed by summing the 4-momenta from all

accepted charged tracks, neutral EMC bumps and composite particles passing the
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selection described in 5.3;

e The 7(4S) 4-momentum, Pr(4s)> has a zero 3-momentum and an energy equal to the

/s of the eTe™ initial state;
e The missing 4-momentum is then computed as p; ;. = p}( 48) ~ Duis’

e The magnitude of the missing momentum is used in place of the missing energy when
calculating an estimator for the neutrino 4-vector in order to improve the neutrino

energy resolution;

e The expected bias in |}3,f,tme| = |ﬁ;iss| is corrected as a function of |13H‘;,SS| to derive an

estimate of the neutrino momentum (discussed below);
e Finally, ¢2 is calculated by computing the electron-neutrino invariant ¢> = (p} +p,)>.

Hence, the “observed” missing momentum in the detector is used to calculate the momentum
of the “unseen” neutrino.

Based on the fact that neutrinos are nearly massless, one can remove some events
where the neutrino momentum is not well determined by requiring the missing energy and

the missing momentum to have similar magnitudes; accordingly, constraints are applied on

B = |13[’;1i58|. Note that the selection is not based on the missing invariant mass squared,
m2., because it involves both physics (B + |P*.|) and resolution (E*;  — |ﬁr;1$')

If the direction of the missing momentum vector points toward uninstrumented regions
of the detector (i.e. near the beamline) one cannot distinguish between neutrinos and

inherently detectable particles that are outside the acceptance; as a result, events for which

*
miss

|cos 6| ~ 1 are removed. The requirements made on these variables are part of the signal
optimization described in section 5.5.

The missing momentum vector is a biased estimator of the true neutrino momentum.
Studies performed on Monte Carlo simulations show that this bias arises principally from

the presence of K? or additional neutrinos in an event, each of which account for about 45%
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Figure 5.5: Da.ta and Monte Ca.rlo simulation distributions for a) the missing invariant

mass squared m2, and b) E&, — |Prs| for events sa.tlsfymg the requirements listed in
section 5.2 only. No requlrements are apphed to mmlss because it involves both physics
(B%iss + | Piissl) and resolution (B} ;e — |Pmiss|)- The plots follow the same conventions as

those of figure 5.1.

of the bias. No dedicated K veto is used since the efficiency in identifying these particles
is very low. Secondary neutrinos are partially removed by requiring that the signal electron
is the only identified lepton in the event. The remaining bias originates from sources such
as shower leakage out of the EMC, misreconstructed particles, etc. The observed bias from
Monte Carlo studies is shown in figures 5.6 and 5.7 for signal B — X,er, events after
applying the selection requirements outlined in section 5.5. A linear function is fitted in
the region |P. > iss] < 2.125GeV where about ~ 75% of the events lie. This linear function
is used to remove this bias and obtain an improved neutrino 4-vector estimate. The vector

momentum is corrected according to

(5.4)

0.078 GeV
B _P,;;,SS( —0. 196+—e)

I I’TllSSl

and the 4-vector is constructed as

v = (BB (5.5)
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Figure 5.6: Generated B — X, eV, neutrino momentum 13,,* true INUS |1-5,;,SS| as a function
of |Px;| (top) and P, . as a function of |P};| (bottom). In the latter plot, the mean
P i rue value for 100 MeV bin in |P};| is overlaid. The region 0GeV < |Pj; | < 2.125 GeV

v true iss
where a linear fit applied is used to correct for the observed bias. Note that the selection

requirements discussed in section 5.5 were applied to the events entering these plots.

As can be seen in figure 5.6, there is very little sensitivity to the true neutrino
momentum for |13,juss| > 2.125 GeV, which is why this region is ignored in computing the
correction. Figure 5.7 displays the resolution on the neutrino reconstruction and ¢ for
the signal simulation; clearly, the bias correction improves the ¢ resolution. Hence, the
bias correction is used in computing ¢ and s"® and results in the distributions shown in
figure 5.8. Note that only the preselection requirements listed in section 5.2 were applied

to the events entering these distributions. At this stage, the simulation appears to follow
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Figure 5.7: Signal B — X, e, distributions for a) the missing momentum resolution and
b) the corrected neutrino momentum resolution; and g2 resolution ¢) without and d) with
the correction applied for the neutrino estimator. The resolution is computed as the recon-
structed quantity minus the generated one. Note that these quantities were computed in
the 7(4S) frame.

closely the data. A control sample will be used to further assess the quality of the neutrino

reconstruction in section 6.3.

5.5 Refinement of the event selection

Further requirements are applied to the events to reduce the amount of background, ensure
a reasonable event reconstruction and hence improve the quality of the neutrino momentum
measurement. To avoid introducing any bias in the analysis, the event selection is performed

blind: only continuum (off-peak) data and BB Monte Carlo were used in optimizing the
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Figure 5.8: Comparison between data and Monte Carlo for the reconstructed a) electron
energy,b) corrected neutrino momentum,c) ¢?, and d) s, No further criteria than those
listed in section 5.2 were applied to the events entering this figure. The plots follow the

same conventions as those of figure 5.1.
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selection criteria. Selection requirements are applied for:

e A limit on the number of charged leptons in the event, Niepions- This requirement
aims at improving the neutrino resolution by reducing the number of events for which

more than one neutrino is produced;

e A limit on the the magnitude of the missing momentum in the CM frame, |P*. |, to

remove events where |Py. | is a poor estimate of the neutrino momentum;

e A limit on E}; — |F;1i$|, to improve the neutrino reconstruction and provide a

m

reasonable agreement between the data and simulation (section 5.4);

e A fiducial limit on the missing energy vector in the 1°(4S) frame, cosfy;,. This

variable is also useful in suppressing continuum events as shown in figure 5.9;

e A limit on the angle between the thrust axis and the semileptonic electron momentum,
cosf - in the Y (4S) frame. Similarly to the variable Ry defined in section 5.2, the
thrust is an event shape variable which makes use of the BB topology to discriminate
against continuum events as shown in figure 5.9. The thrust is generally defined as

n . n
i=1 i=1 Jmax
where T is the thrust axis. In this case, the semileptonic electron was not included in

the computation of the thrust;

e A limit on the energy of the electron in the 1°(4S) frame, E;. An upper bound
corresponding to the physical limit is set at 2.8 GeV. Furthermore, a lower bound was

determined such that the statistical error on the measured B5" is optimal;

e Finally, a limit on sy is applied to further reduce the amount of B — X .ev, back-

grounds.

The selection criteria were optimized by finding a set of values for which the over-

all uncertainty on the extracted signal yield was minimal. The extracted signal in data,
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off-peak data was scaled using the prescription described in section 5.1.1. The distributions
sharply peak at +1 for both variables. This property is used for suppressing continuum
background events.

Figure 5.9: Distribution for a) cos 6. and b) cos 0 for on-peak and off-peak data. The

corrected for efficiency and acceptance, is

§= M:LO, (5.6)

€
where
e N =¢€S+ B+r-0 is the measured yield after the cuts;
e B is the estimated background component (B — X {7, events, cascades and fakes);
e 7 -0 is the off-peak (continuum) data yield scaled to on-peak luminosity;
e ¢ is the efficiency times acceptance for B — X, /7 signal events.

In the optimization procedure thé yields corresponding to signal and BB background are
taken from Monte Carlo (scaled to the number of BB pairs in data) while the off-peak data
are used for evaluating the continuum yield. The systematic uncertainty in the predicted
background is accounted for in the optimization by assigning an uncertainty 0Bsys = p- B

where p is a fixed parameter (discussed below). Hence, the overall uncertainty on the signal
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is approximately

AS? SN2 +0B2+6(r-0)% 6

s - “@W-B-r0f &
N+B+(p-B?+7r2-0 &€
- N-B—r-02 & )

where 7 = 8.41 (defined in section 5.1.1), O is the measured yield from off-peak data, B
is the estimated background from the simulation, p is the fractional uncertainty in the
background B and N — B — r - O is the signal yield from the simulation. The fractional
uncertainty on the signal yield due to p is AS/S = p- B/S. The ratio B/S in this analysis
is approximately 1.2, so choosing p = 0.05 corresponds to a 6% uncertainty on AS/S, which
is roughly what is found in chapter 7.

Figures 5.10 and 5.11 display the yield and relative uncertainty AS/S as a function
of the selection criteria studied. For each plot, all selection criteria are held fixed except for
the variable studied. The contributions from the statistical, background systematics and
theoretical uncertainties are shown individually, and their sum computed in quadrature is
also shown. Hence, the selection was optimized by adjusting each of the criteria and iterating
the procedure until stable values were obtained. A description of the computation of the
theoretical uncertainty is given in section 7.3. At this stage the theoretical uncertainties due
to varying the two HQE parameters m; and a are added in quadrature to the systematic
and statistical uncertainties. The resulting selection criteria are presented in table 5.1. It’s
worth nothing that the upper bound obtained for s{*** using the optimization procedure is
3.5GeV? ~ m%o. The effect of charge imbalance was also studied but no improvement was

found by requiring an overall event charge of zero.”

"The sum of the charge from all tracks should be zero.
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Figure 5.10: Optimization of event selection using the magnitude of the missing momentum
(top) and the cosine of the missing momentum angle calculated in the 7°(4S) frame. The
vertical lines denote the lower (left) and upper (right) bounds chosen for the selection
criteria. The upper plots display the yields for background, signal and continuum events,
where as the lower plots display the total fractional uncertaintiy AS/S due to statistical,
background systematics and theoretical uncertainties. Note that all selection criteria are
held fixed except for the variable studied.
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Figure 5.11: Optimization of the event selection using a) EX, — [P, b) cos 0 €) EZ
and d) sp'®*. The vertical lines denote the requirement chosen for the selection criteria. The
upper plots display the yields for background, signal and continuum events, where as the
lower plots display the total fractional uncertaintiy AS/S due to statistical, background
systematics and theoretical uncertainties. Note that all selection criteria are held fixed

except for the variable studied.
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Quantity | lower bound | upper bound
N leptons 1 1

| Priss| 0.0 GeV 2.5GeV
Bjiss — |Prissl | 0.0GeV 0.8 GeV
€0S Opniss ~0.95 0.80

cos Be:-T" —0.75 0.75

E; 2.1GeV 2.8 GeV
Sy none 3.5GeV?

Table 5.1: Refined event selection requirements as obtained by the optimization procedure.

Criteria | B— Xuev. | B — X.ev, | Cascades Fakes |

Preselection 97685 =+ 181 | 2739770 + 1048 | 121953 £221 | 7033 =53
Bhabha veto 96227 + 180 | 2716443 + 1044 | 120955 £ 220 | 7000 £ 52
Nieptons 73598 =157 | 1937310 + 881 70851 £ 168 | 3283 + 36
|P;; 68068 =151 | 1854040 £ 862 | 68741 £ 165 | 3123 £35

iss|

En. — Pt | 11486+£61 | 215227+293 | 8443+58 | 35411
cos 0.2 8999+54 | 161996 +255 | 535046 | 209+9
cos 0% 5358 +41 | 95373+195 | 2457+31| 94+6
E; 133919 5033 £ 44 60 £4 9+1
o 1022 + 16 1435 + 23 23+3 9+1

Table 5.2: Residual yields for B? decays after applying successively the selection require-
ments. The events of the simulation are scaled to the number of BB in data. Note that
the last two requriements define the so-called signal region.

The impact of the selection and the resulting yields after applying successively the
selection criteria to the simulation is illustrated in tables 5.2 and 5.3 for neutral and charged
B decays, respectively. Thus, about 2300 signal B — X,eV, events and 3200 background
events are expected to be selected from BB data. The difference in yields between BTB~
and BBY at the preselection level is due to the difference in semileptonic branching fractions
(see tables 4.2 and 4.4). The selection requirements amplifies this asymmetry slightly, since
the efficiency for B’B° events is 10% smaller than for BT B~ events. This is caused by the
higher D content in B? decays. In fact, D* decays more often than D° to neutrinos and K?
(see table 7.4), and such events are therefore more likely to fail the neutrino reconstruction

requirements.



Chapter 5. Selection of Semileptonic Decays 90

| Criteria B — X,ev, B — X.ev, Cascades Fakes |
Preselection 109295 + 187 | 2917330 £ 1028 | 103114 £ 193 | 6786 =49
Bhabha veto 107977 + 186 | 2896460 £+ 1024 | 102587 =192 | 6763 =49

Misscais 84167 +£164 | 2133490 £ 879 | 61126 + 148 | 3561+ 35
|P| 78071 + 158 | 2044380 +£860 | 59175+ 146 | 3396 =+ 35
Bl —|Phil | 14557+67 | 288078 +£323 | 9082+57 | 55914
C08 0% 11396 +£59 | 217863 +280 | 5720+45 | 337+11
cos 62 6825+46 | 1205524216 | 2677431 | 141+7
E; 1684 + 21 6628 + 49 68 =4 0+0
smax 1274 + 17 1678 + 24 30+3 0+0

Table 5.3: Residual yields for BT decays after applying successively the selection require-
ments. The events of the simulation are scaled to the number of BB in data. Note that
the last two requriements define the so-called signal region.

5.6 Comparison between data and simulation

In this section, kinematical distributions for data and Monte Carlo are compared to validate
the simulation. Since the dominant systematic uncertainties are not included in these
comparisons, the following is mostly a qualitative crosscheck. Figures 5.12 to 5.14 present
spectra for various quantities satisfying the refined event selection listed in section 5.5; all of
the criteria listed therein were applied in producing the plots except when a cut corresponded
to the variable plotted, in which case the selected region is denoted by an arrow. As shown
in figure 5.12, the event requirements do not introduce any discrepancy between data and
the simulation in terms of the event multiplicity and energy reconstruction when comparing
with the results shown in figures 5.1 and 5.2. The particle selection also results in a net
improvement in y? probability.

Similarly, reasonable agreement between the data and Monte Carlo simulation is
achieved for the neutrino reconstruction in terms of the missing energy and momentum,
B — ]IE’;;‘HSSL and m2 ., as presented in figure 5.13. The sharpness of the latter quan-
tity is a result of the E* . — |P%;| and |P%, | requirements. The variables cos. . and
cos 0; 7 used in suppressing continuum events also display a reasonable agreement within

the selected region, and yield x? probabilities of 19% and 32%, respectively. Figure 5.14
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| Criteria | On-peak data | Off-peak data | BB data | BB Monte Carlo |
Preselection 9794431 4+ 3129 | 3854240 £+ 5693 | 5940190 £ 6497 6102970 + 1521
Bhabha veto 7722665 + 2778 | 1844300 + 3938 | 5878370 + 4820 6054420 + 1515
Nieptons 5992187 + 2447 | 1591610 & 3658 | 4400572 + 4402 4367390 + 1286
IP;LSS| 5538573 + 2353 | 1347200 + 3366 | 4191370 4107 4179002 + 1258
B —|Pn.|| 825651908 | 290524 +1563 | 535127 £1808 | 547788 + 453
cos 0 s 608556 =780 | 206114 + 1316 | 402442 + 1530 411874 £+ 393
cos 0;7-; 261854 £ 511 21724 + 427 240129 + 666 242480 + 301
E; 17446 + 132 3524 £ 172 13921 + 216 14824 =72
gpx 6989 + 83 1858 £ 125 5130 £ 150 5473 + 42

Table 5.4: Yields after applying the event requirements successively for data and Monte
Carlo simulation. Note that the errors shown are purely statistical.

displays the electron energy spectrum, the corrected neutrino momentum and the resulting

¢? and sp@* distributions. In the latter, the signal sj®* < 3.5 GeV? as well as the sideband

sy

> 4.25GeV? regions are denoted by the arrows, and separate x> probabilities are
computed for each region. Overall, a reasonable agreement is achieved between data and
simulation within the selected phase-space regions, with x? probabilities of 29% or better.
The apparent discrepancies observed at E; < 1.9 GeV are well within background system-
atics as will be discussed in section 8.1. Furthermore, large theoretical uncertainties reside
in the signal simulation which affect the details of the spectra displayed in this section.
Table 5.4 summarizes the yields for data prior to and after continuum subtraction, and
compares these results with the expected yields from Monte Carlo. For each selection crite-
ria, comparable yields and relative efficiencies are obtained for BB data and Monte Carlo.

Note that there is a 1.1% uncertainty in the number of BB events from our knowledge of

the luminosity and BB cross-section, which will be discussed in section 7.13.
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Figure 5.12: Data and MC distributions displaying the raw multiplicity for a) charged
tracks and b) neutral clusters; also shown in c) and d) are the corresponding multiplicities
after applying the particle selection described in section 5.3.2 and section 5.3.3, respectively.
The resulting total energy distributions reconstructed from e) charged track and f) neutral
clusters in the laboratory frame are displayed. The events satisfy the refined selection
described in section 5.5. The plots follow the same conventions as those of figure 5.1.
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Figure 5.13: Data and Monte Carlo distributions computed in the 7°(4S) frame for a) E;;

b) [Prigels ©) Bliiss — |Plissely d) m2 2

miss €) €os 6

miss

miss?

and f) cos@ ;T for events satisfying the

refined selection described in section 5.5. The plots follow the same conventions as those of

figure 5.1.
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d) sp*®* for events satisfying the refined selection described in section 5.5. The plots follow
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Chapter 6

Control Sample Studies

Testis unus, testis nullus

The event selection requirements listed in the previous sections make the efficiency
predictions sensitive to the details of the Monte Carlo simulation. It is thereful useful to
consider an independent control sample for which the effects of the selection criteria on
the agreement between data and simulation can be studied. The Monte Carlo efficiency
can then be corrected using this control sample such that it reproduces the data selection
efficiency more accurately.

For these purposes the decay chain B — D%, X, where the D° is reconstructed
in the K~7" decay mode, is studied. The kinematic requirements outlined in section 6.1
are applied to improve the purity of the sample and result in X typically being null or a
soft pion or photon from a D*. These decays have a topology similar to the B — X, ev,

signal events:
e No additional neutrinos or neutral hadrons are present in the decay chain;

e The decay of the other B is unbiased by the B — D%%,X selection procedure and

thus identical to the other B in B — X, ev, signal events.

The latter item is particularly important. It means that this control sample can be used

to correct for deficiencies in the simulation of the decay of the other B meson, and in the
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simulation of the reconstruction of the tracks and clusters that come from it.

Section 6.2 describes how the control sample is also used to improve the modeling
of the B — X_.ev, decays. The updated Monte Carlo is compared to data following the
procedure used in section 5.6. The quality of the neutrino reconstruction is then investigated
using the D%, decays in section 6.3. Finally, a detailed study of the selection efficiency is

presented in section 6.5 and a correction factor for the signal simulation is obtained.

6.1 Selecting B — D'v, events

The selection of B — D%7, decays is based on an earlier study [64] and is summarized
below. D° mesons are first reconstructed by studying all possible combinations of charged
tracks consistent with the decay of a D° to a K~ pair. A vertex fit is performed and
combinations for which the x? probability is above 0.1% are retained. The pairs of tracks
are then required to have an invariant mass within 40 MeV of the nominal D° mass of
1865 MeV [18]. This rather wide acceptance region within the invariant mass is applied to
allow events to populate the “sideband” regions of the D° mass spectrum. These sideband
samples are then used in order to study background contributions from both continuum
and B decays. Finally, the D meson is required to have a momentum [p%,| > 0.5 GeV.
Candidate B — D%, decays are identified by combining reconstructed D° with
the signal electron. Further criteria are imposed to the D% combination to ensure they

originated from B — D%v.X decays:

1. The electron energy must be > 2.0 GeV. Note that this requirement is relaxed to

E? > 1.4GeV in sections 6.2 and 6.3 in order to have sufficent statistics;
2. The vertex fit probability is > 0.1%;
3. The invariant mass of the D% system is mpo, > 3.0 GeV;

4. Finally, the angle between the B and the D% combination is required to satisfy

—2.5 < cos g po < 1.1
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Note that the event preselection described in section 5.2 is also applied to the control sample.
The quantity cosfp po, is not measured directly since there is no handle on the direction of
the B meson. Instead, it is calculated under the assumption that the only unreconstructed
particle from the B is a massless neutrino. The energy Ej and magnitude of the momentum
|p3| of the B meson are determined in the center-of-mass frame using the invariant mass of

the ete~ beams and the B meson mass as

Ep = (Pe+ +pe—)2 (6.1)

DO | =

and
lps| =/ Ej — mp, (6.2)

respectively. The angle between the D% and the B meson is defined as

Cos OB,DOe =pB- ﬁDOe/lﬁBl lﬁD°e|' (63)

If one asumes that the only particle missing is a neutrino, it follows that

2ELEY,, — m — m2,,
2|pg!lPpo,|

cos O poe = (6.4)

If this is truly the case, then cos g po, should lie in the physical +1 range. The asymmetry
in the cos@p po, requirement is designed to provide a good efficiency for both the direct
B — D, decay and for decays of the type B — X .ev, where X, is a relatively low-mass
charm system, such as a D*, that produces a DY. The latter tend to produce lower negative
values, as can be seen in figure 6.1. The unphysical upper constraint on cos g po, of 1.1
is to account for any reconstruction and detector effects that may feed into the calculation.
The limits on cos @ po, are further relaxed in section 6.2 to adjust the B — X ev, in the
simulation.

The control sample cannot be expected to correct for deficiencies in the simulation
of the semileptonically decaying B meson, since it is biased (the daughters of the D° are
required to be reconstructed). However, to the extent that the multiplicity of the control

sample is similar to that for signal B — X,ev, decays, as shown in figure 6.2), detector
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Figure 6.1: The distribution of cosfpy (where Y refers to the D% system) in the D%w,
control sample for candidates in the D° mass window, showing the contributions from
direct B — D%, decays and feeddown from higher mass charm states. The combinatorial
component can be subtracted using D° mass sidebands.

modeling uncertainties are similar between the signal and control sample even for B mesons

decaying semileptonically.
6.2 Adjusting background branching ratios

The B — D%, X control sample consists of partially reconstructed semileptonic decays
where what is missing is typically nothing or a soft transition particle. In relaxing the cuts
on cosfg po. the sample then includes feeddown from all higher mass B — X ev, decays,
allowing its use in tuning the modeling of semileptonic b — ¢ decays to the data. The three
variables E}, p}, and cos @ po, provide useful discrimination between the direct B — D7,
decays, the B — D*ep, decays, and other sources of D%%, combinations, namely cases
where the electron comes from a B — D**ev, or B — D(x)mer, decay (~ 80% of the
cases), is a fake or non-primary electron (~ 15%) or where the electron and D don’t come
from the same semileptonic B decay (~ 5%). For this purpose, a 3-dimensional distribution

is formed with binning:
e pp: 0.5, 1.0, 1.5, 2.0, 2.5 GeV

e EX: 14,16, 18, 2.0, 2.2, 2.5GeV
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Figure 6.2: Multiplicity, defined as Neng + Npeut/2, for the B — D%, X control sample
(points), for B — X,ev, decays (solid histogram) and for B — X e¥, decays (dashed
histogram), all normalized to equal area.

e cosfp po.: —10, —2.5, —1.1, 1.1, 5

This 80 bin array is chosen to exploit the features of the underlying components while
keeping the overall number of bins small enough to allow meaningful statistics in each bin.

The Monte Carlo distributions! are shown in figure 6.3 for D%7, candidates sat-
isfying the event preselection cuts. The 3-d information is represented as a 1-dimensional
histogram of 80 bins with structure i + j * 5 + k * 20, where 7, j and k are the bin indices
for p}, E; and cosfp po,, respectively. As can be seen in Figure 6.4, the B — D7,
B — D*ev, and remaining components differ in shape, and the sum of these histograms
is compared with the data. Note that the overall normalization in this plot is irrelevant;
it is the bin-to-bin differences that carry information about the relative contributions from

different B — X .ev, decays.

'Recall that all plots of kinematic quantities from the B — D%, X control sample have been subtracted
for combinatorial background using the D° mass sidebands and for continuum background using the off-peak
data.
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Figure 6.3: Data and Monte Carlo distributions for a) E7, c) cosfp po. and e) p}, prior to

the B — D((***)ep, tuning, and corresponding distributions after applying the tuning (b,
d, f, respectively). Events entering these distributions satisfy the preselection requirements

listed in section 5.2.



Chapter 6. Control Sample Studies 101

a) b)
7000F 7000F
@ Data (on-off) ©® Data (on-off)
6000{® wc:Dex |i ] 60005 ® wcpey lll
F MC:Dex ﬁ' i £ MC:Dex ?‘ 1
50005 mc:oex 5000+ B MC:Dex -
t® MC:D7xey E # wMC:D7xeyx
4000;7 Lo i‘ . 4000 i 1 g
3000- 2 30005 ——
e g
2000 " L 2000¢ 'ﬁ !
1000} . L] . 1000& . i 5
0 e PR o oLq— T | SR, . P R
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
0.5 0.5
.| TN ¥ 1.0 9. o 'f
0~ 03 = ;
_05. 2 L o e 1 1 i1} _05 ...*l P I 1 1 | P Y P | il
0 2 4 6 8 10 12 14 16 18 20 o 2 4 6 8 10 12 14 16 18 20
Py /E,/cosByp, Py /E,/ cosbgp,

Figure 6.4: Three-dimensional distribution for data and Monte Carlo a) prior to and b) after
applying the B — D(**")ep, correction. The text provides a description of the variables
shown.

The distribution shown figure 6.4 is fitted to three components: B — Dev,, B —
D*ev, and “other”. The fit determines a scale factor for each component by minimizing

(Ndata _ Z?:l xiNiMC)2

Ndata 4= 0’% (6'5)

Xz(m17$27x3) - Z

goodbins

where UIZVIC is the statistical uncertainty on the nominal MC yields. Only bins for which the
MC yield is positive by > 3¢ are considered. The change in 02 with z; is ignored in the x?
formula; this is dealt with by iterating the fit twice. Before the fit, a x* of 155 for 63 d.o.f.

is obtained. The first iteration of the fit returns the following information:

21 = 0.994 +0.045 (6.6)
2o = 0.944 +0.020
g3 = 0.717+0.033

x> = 121 for 63 d.o.f.

A second iteration, in which the 3 scale factors are 0.90, 0.91 and 0.88, reduces the x? to 118,
and a third iteration gives 0.90 for each scale factor and x? = 116, indicating that the fit

has converged. The correlations are manageable: —0.73 between z; and z2, —0.59 between
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| Decay type BY [ Bt o |
B — Dev, 2.294 +0.104 | 2.481 +£0.113
B — D*ev, 6.024 +0.128 | 6.520 = 0.139
B — D**ev, || 1.892 +0.087 | 2.039 £+ 0.094
B — X ev, 10.21 +0.17 11.04 +£0.18

Table 6.1: Branching fractions for semileptonic B — D®***)ep, decays resulting from the
tuning procedure described in the text.

75 and z3 and —0.11 between z; and z3; none is dangerously close to unity, as would be
the case if only information on E} were used. The scale factors determined in the fit are
used to calculate branching fractions under the constraint that the inclusive B — X ev,

branching fractions for B® and BT equal the values given in table 4.4:

B(Dev)pew = z1B(Dev)odG (6.7)
B(D*ev)new = z2B(D%ev)oqG (6.8)
B(D** or D(*)Treu)new = z3B(D* or D(*)'/rez/)oldg (6.9)
Z B(i)old
G = =0.90,
>z (Z)OId

The relative branching fractions of the B — D**ev, modes and B — D™ rew, are kept fixed
in this procedure; they are varied when assessing systematic uncertainties. The resulting
branching fractions listed in table 6.1.

The fitted values of the B — D%%, and B — D*ev, branching fractions are sub-
stantially higher than measured values for these decays. To understand whether the fit
results are reasonable, the agreement between data and the simulation is compared using
the nominal and fitted branching fractions on the inclusive B — D%, X sample. These
distributions are shown in figures 6.5 and 6.6. The agreement between data and the sim-
ulation for the recons'tructed missing momentum is improved by using the B — D7, fit
as shown by the smaller x?/d.o.f., and the resulting E7 . —|P > iss| shows some slight im-

provement as well. The agreement in terms of the electron momentum is slightly worse and

result in s{"®* being overall slightly worse after the correction. The precise determination of
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Figure 6.5: Comparison between data and Monte Carlo simulation for a) |ﬁ;u$| and

c) E* . — |P%;|reconstruction with nominal B — D((***)e% branching fractions and corre-

sponding distributions (b and d, respectively) after adjusting the B — D(***)¢x contribu-
tions. Only events satisfying the requirements listed in section 6.1 enter these distributions.

the overall scale factor, G, is not critical for this analysis due to the sideband normalization

used in the signal extraction (see section 7.1).

6.3 Study of neutrino reconstruction

The control sample selection makes no requirements on the other B in the event, and can
therefore be used to study the impact of the modeling of the other B on the neutrino

reconstruction. The neutrino momentum may be evaluated in two different ways. First,
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Figure 6.6: Comparison between data and Monte Carlo simulation for a) E} and c) sp'®*
reconstruction with nominal B — D((***)ep, branching fractions and corresponding distri-
butions (b and d, respectively) after adjusting the B — De¥ contributions. Only events
satisfying the requirements listed in section 6.1 enter these distributions.
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one can consider the neutrino momentum P based on the missing momentum in the event
as described in section 5.4. Assuming the only missing particle in the B — D7, X decay
is the neutrino, one can also use the energies of the D and e to infer the momentum of the
neutrino:

ED% = g3 — E} — E, (6.10)
where the above estimators are computed in the center-of-mass frame. By construction,
most D* decays into D° feed into the control sample. The small g-value in the decay means
that the 4-momentum of the D* can be estimated based on the D° as

mp+

He =~ DY 1 6.11
Pp- =Pp mp ( )
For each D7, candidate, a compatibility test is performed by computing cos g, p-¢, where
the D*e combination is formed using the 4-momentum given above. If cosfp p-. < 1, then

the D* hypothesis is taken and EP"¢ is computed as

D * * % mp+
ES ¢ =Fp—E; —Epo- — (6.12)
otherwise,
BEPe = — B — B (6.13)

In figure 6.7 the resolution for E;, from Monte Carlo is plotted using the above definitions.
Note the significantly better resolution when using EP “Je to estimate the neutrino momen-
tum. As a result, the width of the distribution of the difference between these estimators
is dominated by the | P,*| resolution, allowing a comparison between data and Monte Carlo
for this “pseudo-resolution” quantity.

Figure 6.8 shows comparison between data and Monte Carlo for the missing momen-

tum and energy, and for the two neutrino estimates |B*| and ngs; €. Reasonable agreement

is achieved for all of the quantities. The resulting pseudo-resolutions |13;nss| = Egl(ss) € and

|Br| — Erlgi(s';e are also shown in figure 6.8. In both cases, a good agreement is found

between data and MC before and after applying the refined selection but the neutrino cor-

rection offers a much better estimate of the true neutrino momentum. The average (r.m.s.)
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Figure 6.7: Resolution plots using the simulation for the two neutrino estimators, a) |Pr| -
|13,,,t,.ue| and b) E,l,)(')e — E, true for the D%, X control sample for events satisfying the
refined selection defined in section 5.5 (but not sy'®*).

|B| — El?ﬁ(; ¢ for events satisfying the refined selection is 0.101 GeV (0.472 GeV) for data
and 0.101 GeV (0.474 GeV) for simulated events. In comparison, the |13;1]SS| - Ergi(s-s) € average
(r.m.s.) is about 0.700 GeV (0.40 GeV) for events satisfying the refined selection for both
data and Monte Carlo. The |13,,‘| is therefore a better estimate of the true neutrino momen-
tum, as designed. The good agreement between data and the simulation in the | P | —Egj(s's) .

also demonstrates that the simulation of the other B in the event is adequate.

6.4 Additional tests

The validation of the neutrino resolution on the B — D%, X control sample, where the D°
from the semileptonic B decay is fully reconstructed, is not nearly as sensitive to missing
energy from D decays as is the signal sample, in which the D and v both recoil against
the high energy signal electron and are more likely to survive the E7 ;. — |ﬁr;1$| cut. To
further investigate the modeling of D decays, the distributions of electrons and K in the
hemisphere opposite to the signal electron are considered. The electrons are associated
with additional neutrinos, and the K2 are studied as they should have the same rate and
distribution as the potentially problematic K. The relevant distributions are shown in

figure 6.9. The data and Monte Carlo are in each case in reasonable agreement using both
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the signal and B — D%#.X control samples.

As expected, more opposite-sign electrons than like-sign electrons are observed since
there is either a semileptonic B decay followed by a semileptonic charm decay, or there is
a hadronic B decay, b — c¢q where both charm quarks decay semileptonically or there are
semileptonic decays of both B mesons (the opposite lepton charge correlation is diluted
in case of neutral B-decays). Combinations leading to like-sign electrons are possible with
other configurations but less frequent. However, they preferably occur in background rather
than in B — X,e¥, since in this case secondary electrons from the same side are highly
suppressed.

These comparisons do not address possible uncertainties due to form factors in
D — K*) e 7, decay or the energy deposition of K? in the EMC, which will be evaluated in
chaper 7. They also have contributions from sources other than the D from the semileptonic
B decay that produced the high energy electron, i.e. their sensitivity to the modeling of D

decays is somewhat limited.

6.5 Adjusting Monte Carlo efficiencies

The event selection requirements listed in section 5.5 render the efficiency predictions sen-
sitive to the details of the Monte Carlo simulation. To reduce this sensitivity, the ratio
of the B — D%, X sample efficiencies for data and Monte Carlo is used. In order to
compute these efficiencies, the yields are determined by first counting the number of entries
in the signal region, defined as within 2.5¢ (~ 15 MeV) of the fitted D° mass peak after
subtracting from them the number of combinatorial background events estimated from the
sideband regions, defined as within 3.75¢ to 6.250 (22.5 to 37.5 MeV) of the fitted D° mass.

As such, the fit consists of a Gaussian distribution plus a constant:

- 2
f(m) = Py exp (m\/ﬁPI:"’) + Py, (6.14)

where the P;’s are the parameters being fitted for. Figure 6.10 displays the D° mass spectra

for both data and Monte Carlo after applying the DY requirements and the refined event
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Figure 6.9: Data and Monte Carlo comparison for a) opposite-sign and c) same-sign elec-
tron energy distributions, and ¢) K? momentum for particles in the hemisphere opposite
the signal electron for the signal sample and B — D%7.X control sample (b, d, and f,
respectively).
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Figure 6.10: D° Mass spectrum for a) data and b) Monte Carlo after applying the selection
cuts (except s{"®*). The signal region is defined as within 2.50 (~ 15 MeV) of the fitted
DY mass peak, whereas continuum is estimated from the sideband regions taken within
3.750 to 6.250 (22.5 MeV to 37.5 MeV) of the fitted D° mass peak.

selection (section 5.5) except on sp*®*. The fits do not attempt to account for peaking
backgrounds, e.g. from B — D™ D™ where one of the D mesons decays semileptonically
and the other to K~ 7", as their contribution is small and is relevant only to the extent that
they differ in data and Monte Carlo. There is a small 3 MeV (2MeV) difference between
the fitted mean in data (Monte Carlo) and the average D° mass measurement.

The yields after each selection requirement can be used to form relative and cumula-
tive efficiencies. These are listed in table 6.2, where the sample satisfying the B — D7, X
selection requirements defined the denominator in computing the efficiencies. Notice that
comparable efficiencies are obtained for data and the simulation. These are used to adjust

the Monte Carlo prediction for the B — X, /7, signal efficiency according to

b—u — €b—u | MC
DYev,

tEdaota_
edata MC ( D euc) : (6.15)

where the above efficiencies are taken from table 6.2, and correspond to the cumulative

efficiencies before applying the s'®* requirement. The latter selection criterion is omitted
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Applied cut | Data MC B
D¢v 8785 + 218 10509 + 106
Requirements € cumul. € € | cumul. €
Bhabha veto 0.9954 +0.0201 | 0.9954 £+ 0.0201 | 0.9946 + 0.0089 | 0.9946 + 0.0089
Nieptons 0.7869 +0.0159 | 0.7834 + 0.0158 | 0.7731 £ 0.0068 | 0.7692 + 0.0068
W 0.9811 +0.0198 | 0.7720 £ 0.0156 | 0.9820 £ 0.0088 | 0.7560 + 0.0067
E} s — |Priss| | 0.2914 £0.0086 | 0.2313 £ 0.0075 | 0.2910 + 0.0037 | 0.2217 £ 0.0034
cos 0} ;s 0.7847 +0.0157 | 0.1713 £ 0.0064 | 0.7860 £ 0.0069 | 0.1666 + 0.0027
cos 9;1_7-, 0.5464 +0.0118 | 0.0902 + 0.0039 | 0.5484 4+ 0.0053 | 0.0906 £ 0.0019

Table 6.2: Marginal and cumulative efficiency for the B — D%7.X control sample. The
first row provides the data and Monte Carlo yields for events satisfying the D%, selection
outline in section 6.1: selection efficiencies are calculated with respect to these yields. Note

that €922 and eMC_ correspond to the cumulative efficiencies in the last line.
DV, DOv, p

since it is designed to remove semileptonic B — X /7, decays and would suppress our

control sample. The efficiency correction factor is
(902 £ 39)/(906 £ 19) = (0.996 £ 0.048).

While this correction factor is unity within error, applying it allows the efficiency to be
far less sensitive to changes in the simulation. When the systematic studies are performed
this correction factor is also taken into account; without it some effects from the system-
atic uncertainties would be much larger as this factor is not unity when considering some

systematic variations as will be demonstrated in chapter 7.

6.6 Comparison between data and simulation

Figures 6.11 to 6.14 diplay various kinematical distributions for events satisfying the D%,
selection and events satisfying the refined selection listed in section 5.5; all of the criteria
listed therein were applied in producing the latter plots except when a cut corresponded
to the variable plotted, in which case the selected region is denoted by an arrow. The
selection excludes the requirements on E} and sp'®* in order to have a reasonable rate. The

distributions of events with K~7 invariant masses in the D° mass sideband regions are
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subtracted from the corresponding distributions of events within the D’ mass window.?
As shown in figure 6.11, the event requirements do not introduce any discrepancy
between data and the simulation in terms of the event multiplicity and energy reconstruction
when comparing with the results shown in figures 5.1 and 5.2. The particle selection also
results in a net improvement of the x? probability . Note that the latter was computed
only in the selected region of the phase-space, and the associated x? probability is also
displayed. Similarly, reasonable agreement between the data and Monte Carlo simulation is
achieved for the neutrino reconstruction in terms of the missing momentum and energy, and
Bl |P*.| and cos 8%, as presented in figures 6.12 and 6.13, respectively. Figure 6.14
displays the ¢2, electron energy and s[*®* distributions. Overall, a reasonable agreement
is achieved between data and simulation within the selected phase-space regions, with x?
probabilities of 13% or better even though the (larger) systematic uncertainties were not
included in calculating the x2. Therefore, the simulation appears adequate for both the

control sample and the other B in the event and the analysis may proceed to the branching

fraction measurement and the evaluation of the systematics.

2The Monte Carlo yield was scaled to the area of the data. This scale factor (0.9) was discussed in
section 6.2.
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Figure 6.11: Data and Monte Carlo distributions for a) charged track and c) neutral cluster
multiplicity for events satisfying the D°/7; selection, and the corresponding distributions (b
and d) for events satisfying the refined selection described in section 5.5 (excluding si'#*).

The plots follow the same conventions as those of figure 5.1.
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Figure 6.12: Data and Monte Carlo distributions for a) | P%. |, ¢) B and e) B — 1Bl
for events satisfying the D%/, selection, and the corresponding distributions (c, d and f,
respectively) for events satisfying the refined selection described in section 5.5 (excluding
s{@X). The plots follow the same conventions as those of figure 5.1.
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Figure 6.13: Data and Monte Carlo distributions for a) cos 7, and b) cos @’ ; for events
satisfying the D°/7; selection, and the corresponding distributions (¢ and d) for events
satisfying the refined selection described in section 5.5 (excluding si*®*). The plots follow
the same conventions as those of figure 5.1.
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Figure 6.14: Data and Monte Carlo distributions for a) ¢2, ¢) E} and e) s for events

satisfying the D%, selection, and the corresponding distributions (b, d and f, respectively)
for events satisfying the refined selection described in section 5.5 (excluding si'**). The
plots follow the same conventions as those of figure 5.1.
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Chapter 7

Systematics Studies

Errare humanum est

7.1 Signal extraction

No major discrepancies were found between data and Monte Carlo simulations in terms of
the signal sample (chapter 5) and B — D%w.X control sample (chapter 6). Hence, the
simulation of background events and the other B decay in the event appears to be adequate
and one may proceed to the next stage of the analysis. In order to extract the signal
B(B — Xuev,), the yield for events satisfying the event selection outlined in section 5.5
is extracted for both data and the simulation. The B — X,ev, yield is computed as the
number of candidates in data within the signal region minus the number of background

events estimated from the Monte Carlo simulation. Equation 5.1 may then be rewritten as

BEL = Ng:;g — kag’ (71)
2Ng5 €u

where N7z = 88.35 X 10% is the number of 7(4S) — BB decays analyzed. Relying solely on
the Monte Carlo for the quantities €, and Npys would lead to a complete dependence on the
simulation of the background and of the decay of the other B meson in the event, resulting
in large systematic uncertainties. These are substantially reduced by the use of two control

samples. First, the D%%, X control sample is used to reduce the B3 extraction sensitivity
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[ Variable | Definition

€u Selection efficiency for B — X, eV, events (data)

aie Selection efficiency for B — X, eV, events (MC)

fu Selected fraction of B — X, eV, phase-space (target region in MC)
Esig Selection efficiency for target B — X, ev, events (MC)

2 Selection efficiency for non-target B — X,ev, events (MC)
e‘li)a}}:,, Selection efficiency for B — D%, X events* (data)

N, Selection efficiency for B — D%w, X events* (MC)

NI Total yield for signal region (data)

Mll)\ﬁgc Background yield for signal region (MC)

Nisa Yield for s > 4.25 GeV? sideband region (data)

MMC Yield for s > 4.25 GeV? sideband region (MC)

Table 7.1: Summary of the variables used to extract BS" and ABSL.

to the signal efficiency prediction, as discussed in section 6.5. Furthermore, the Monte

Carlo background estimate is adjusted by comparing the yields in data and Monte Carlo

for the sideband region sj'®* > 4.25 GeV? displayed in figure 5.14, as most of the events

entering this sideband are background events. In fact, B — X,eV, decays contribute to

only ~ 2% of the total sideband yield computed from the simulation. Hence, the efficiency

and background estimates are adjusted as

Vc Do ve Nede:

— ev — g\ side

Cu =i MO and Npgg = My MG
DY%v side

such that equation 7.1 may be rewritten as

data
data Mc N, 51‘3%
SL N, cand Mbkg MV
B — side
u MC Edaga”
2N BB (2 J%@‘—EN e
DVev

(7.2)

(7.3)

Table 7.1 summarizes the variables used in the above equations and provides a brief de-

scription of their origin.

As the theoretical community is very active and new results are being published

on a monthly basis, it is important to provide an experimental measurement with little

sensitivity to theoretical models such that this result may be used in the context of an
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improved theory. The determination of a partial branching ratio, AB,S‘L, unfolded for the
detector efficiency and the boost of the B meson fulfill this need. For this purpose, the

signal efficiency may be expanded as
€y = 6sigfu Ea fﬁ(l o fu)a (7-4)

where eg is the efficiency for reconstructing a target event in the selected signal region, =
is the efficiency for reconstructing a non-target event iﬁ the selected signal region, and f, is
the fraction of B = X, ¢, decays that fall in the true signal region as obtained in theoretical
calculations. The target is the region defined in terms of the unsmeared kinematic variables
s and F, in the B-meson rest frame. The unfolded partial branching ratio is then

extracted as

ABSL - BSqu

_ Nehd — Nog
e« NB o
Ngag — Nokg s
(esigfu‘l'eﬁ(l _fu)) Np g
- ML () E] 5
&igNB fu Esig . .

Since the ratio eﬁ/esig is small, AB,SLL depends only weakly on the model used, ie. it

depends only weakly on f,. The unfolded partial branching ratio described in equation 7.5

is adjusted similarly using the quantity listed in equation 7.2 such that

data
Nda.tg _ MbI\ﬁCN' 11
e 1 €=
ABSL = 22 e |1+ <f— - 1) ﬂ] . (7.6)
2Ny 5 €sig ewp‘cwiz " Esig
DVev

Figure 7.1 displays the ¢?-E} signal region for reconstructed events satisfying the event
selection; also shown are the generated quantities for these events. Hence, a small fraction
of events generated outside the signal (target) region feeds into the signal region due to the
resolution on E* and, more likely, due to a mis-reconstruction of g>. The target region is
E, > 2.0GeV and P < 3.5 GeV?, a choice that roughly minimizes e%/ €sig and thus the

dependence of the unfolding on the theoretical model used to determine f,.
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Figure 7.1: Generated B — X, /7 events which have been reconstructed in the ¢>-E} signal
region. As can be seen, events generated outside the signal (target) region may feed into
the signal region due to poor E or, more likely, ¢*> reconstruction.

Prior to performing a measurement of the (partial) B — X7, branching ratio,
systematic uncertainties must be evaluated to validate the above extraction procedure. The
following sections discuss the various source of systematics and their effect on the signal
extraction. The evaluation of the branching ratio is performed in chapter 8 once these

effects are well understood.

7.2 Procedure for evaluating uncertainties

The nominal Monte Carlo yields and efficiencies used for the measurement of the (partial)
B(B — X,{v;) branching fraction are listed in table 7.2. Various uncertainties may af-
fect one or many of the quantities used to compute BEL and ABSL such as the choice of
HQE parameters used in signal modeling, uncertainties in the charm background branching
ratios and modeling of the detector. Therefore, the simulation is adjusted to reflect the

effect of each systematic uncertainty. For instance, in order to study the systematics due
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Nz Fux107% [esig x 1075 [ ez x 107 [ /€ x 1073
5473+42 | 140.140.5 | 30.1+0.3 | 0.56 % 0.020 | 4.68 +0.05
o o T~ | M g BEL x 1078 | ABSL x 1074
90.6+1.9 |3176+35 |6423+£49 [2.78+0.20 |3.88+0.28

Table 7.2: Nominal Monte Carlo yields and efficiencies. The uncertainties are purely sta-
tistical and the branching fraction uncertainty includes uncertainties from off-peak data.

to uncertainties in the simulation of the tracking efficiency, Monte Carlo simulations are re-

processed, randomly discarding tracks to simulate a reduced efficiency. This changes M&g,

MMC. MC and e¥C . The signal extraction procedure is then reapplied and a measurement

of an alternative BS",

nomi _  pasMCNIg
. cand bkg MM
B> (alternative) = e side | (7.7)
2 e_{‘fc;ﬁ% Ngg
Dev
is performed, where C;’n"(}i, gggﬁ, and e’l‘)"gﬂi correspond to the yields and efficiencies

computed with the nominal Monte Carlo simulation as appearing in table 7.2. The difference

observed in the extracted branching ratio with respect to the nominal value,

=

k)

BSL (alternative) — By~

is taken as the systematic uncertainty. This procedure is repeated for each source of sys-
tematic error. The total uncertainty is then computed as the quadratic sum of all of the

individual uncertainties.

7.3 Modeling of B — X,ev, signal events

The systematic uncertainties inherent to the hybrid model are first evaluated by consid-
ering the uncertainty from the HQE parameters, m; and a, which affect the non-resonant
component of the hybrid model as discussed in sections 2.5.6 and 4.2.2. As mentioned in
section 2.5.6, three ansatze are available in the literature to parameterize the shape function.

The nominal ansatz in this analysis follows the exponential form. A systematic uncertainty
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is therefore assigned to the branching ratio measurement from the difference observed in
the extracted value using the alternative shape functions. These ansatze, including the ex-
ponential form, must satisfy the conditions imposed on the first three k. moments, namely:
Ag =1, A; =0, and A3 = —)\;/3. Using the B — X result from [40], these criteria are
used to solve for the parameters m; and a of the various shape functions [41]. The list of
extracted parameters and corresponding BS" and ABS" extracted values are presented in
table 7.3. The maximum deviations (&) observed on the extracted BS" and ABSL using
the various HQE parameter ellipses are defined as the SF systematic uncertainties. For
instance, the largest deviations observed on the extraction of BS are observed using the
Exponential SF with parameters {m;,a} = {4.57 GeV/c?,2.44} and Gaussian SF with pa-
rameters {my,a} = {4.701 GeV/c?,1.04}. Accordingly, the systematic uncertainty on B3
is evaluated to be 10.1%. As expected, the SF uncertainty on ABS" is much lower, about
+1.3% even though f, varies by (+11.2/ — 8.9)%. This is a feature of the unfolding pro-
cedure: eﬁ/ €sig is small (about 0.019), such that the dependence on f, is suppressed (see
equation 7.6).

Further systematic uncertainties arise from to the modeling of the resonant B —
X,€7, sample. To evaluate the corresponding error on BSY, the branching fractions for the
resonant component (see table 4.2) of the hybrid model are scaled by their uncertainties
coherently for charged and neutral B decays. New hybrid models corresponding to the
revised exclusive branching fractions are computed using the usual prescription, and are used
to evaluate the systematic uncertainty on the B — X, ev, branching fraction. Uncertainties
due to the hybridization of the signal simulation are then evaluated by comparing the fully
non-resonant signal Monte Carlo with the nominal hybrid. The B — X, eV, simulation
results in uncertainties of 4.1% on BSL, and 4.4% on ABSL.

The modeling of the hadronization process from the breaking of the X, particle in
JETSET was also investigated. To do so, the branching ratio obtained using the purely

non-resonant signal sample was compared with the result obtained using the hybrid and
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| MC signal type | fu Jeesig [ ez [ | Bx107° | AB x 107 |
Nominal 0.1401 | 30.1 | 0.56 | 4.68 2.78 3.88
{mb,a} = {4.62,2.27}

Non-resonant only 0.1394 | 30.4 | 0.51 | 4.66 2.76 3.84
B(B — wev,) (-30%) 0.1401 | 30.7 | 0.57 | 4.76 2.73 3.81
B(B — wev.) (+30%) 0.1402 | 29.5 | 0.55 | 4.59 2.83 3.95
B(B — pev.) (-30%) 0.1404 | 29.4 | 0.56 | 4.59 2.83 3.96
B(B — pev.) (+30%) 0.1399 | 30.7 | 0.56 | 4.76 2.73 3.80
B(B — wew,) (-40%) 0.1402 | 29.6 | 0.56 | 4.62 2.81 3.93
B(B — wev,) (+40%) 0.1400 | 30.5 | 0.56 | 4.73 2.75 3.83
B(B — n()ew,) (-100%) | 0.1404 | 29.0 | 0.54 | 4.53 2.86 4.00
B(B = new.) (+100%) | 0.1398 | 31.1 | 0.57 | 4.82 2.70 3.76
{mb,a} = {4.68,2.87} 0.1518 | 30.2 [ 0.60 | 5.08 2.57 3.89
{mb,a} = {4.64,3.89} 0.1399 | 29.6 | 0.59 | 4.63 2.82 3.92
{mb,a} = {4.64,1.45} 0.1486 | 30.6 | 0.56 | 5.01 2.60 3.84
{mb,a} = {4.60,1.23} 0.1328 | 29.5 | 0.56 | 4.39 2.96 3.91
{mb,a} = {4.60,3.20} 0.1428 | 30.6 | 0.54 | 4.81 2.70 3.83
{mb,a} = {4.57,2.44} 0.1281 | 29.7 | 0.53 | 4.24 3.05 3.89
{mb,a} = {4.57,2.45} 0.1365 | 30.5 | 0.52 | 4.60 2.82 3.83
{mb,a} = {4.53,1.53} 0.1276 | 30.1 | 0.50 | 4.26 3.03 3.85
{mb,a} = {4.65,0.64} 0.1443° 30.1 | 0.57 | 4.82 2.71 3.90
{mb,a} = {4.701,1.04} | 0.1561 | 30.4 | 0.61 | 5.24 2.50 3.89
{mb,a} = {4.66,1.72} 0.1438 | 29.7 | 0.60 | 4.77 2.75 3.93
{mb,a} = {4.66,0.46} 0.1495 | 30.6 | 0.56 | 5.04 2.59 3.86
{mb,a} = {4.64,1.61} 0.1393 | 29.6 | 0.58 | 4.61 2.84 3.93
{mb,a} = {4.64,0.43} 0.1457 | 30.6 | 0.55 | 4.90 2.66 3.86
{mb,a} = {4.62,1.41} 0.1352 | 29.6 | 0.57 | 4.47 2.92 3.93
{mb,a} = {4.62,0.44} 0.1417 | 30.5 | 0.54 | 4.76 2.73 3.86
{mb,a} = {4.584,0.74} | 0.1319 | 30.0 | 0.53 | 4.39 2.96 3.88
{mb,a} = {4.62,0.78)} 0.1400 | 30.1 | 0.55 | 4.67 2.79 3.89
{mb,a} = {4.682,1.01} | 0.1524 | 30.3 | 0.60 | 5.10 2.57 3.90
{mb,a} = {4.655,1.46} | 0.1441 | 29.8 | 0.59 | 4.78 2.74 3.93
{mb,a} = {4.655,0.47} | 0.1504 | 30.6 | 0.56 | 5.07 2.58 3.86
{mb,a} = {4.61,1.27} 0.1345 | 29.6 | 0.56 | 4.45 2.93 3.93
{mb,a} = {4.61,0.35} 0.1428 | 30.6 | 0.54 | 4.81 2.71 3.85
{mb,a} = {4.58,1.00} 0.1298 | 29.7 | 0.54 | 4.30 3.03 3.91
{mb,a} = {4.58,0.35} 0.1372 | 30.5 | 0.52 | 4.61 2.82 3.85
{mb,a} = {4.548,1.80} | 0.1283 | 30.0 | 0.51 | 4.28 3.03 3.88

Table 7.3: Systematic effects due to uncertainties within the signal simulation. Negligible
variations are observed in the evaluation of Mg’"ﬁg and MYC. Hence, these values are not
displayed in the above table. The last three blocks of values refer to the shape function
uncertainties using Exponential, Gaussian, or Roman ansatz, respectively. Note that all of
the above efficiencies are expressed in units of x1073.
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Figure 7.2: Number of particles per event for the a) signal and b) D%, control sample.
After removing the D*) daughters, the multiplicity from the other B-meson decay is found
to be on average ~ 7.

only a small difference was found, as shown in table 7.3. As the signal efficiency decreases
with more particles produced in a given event, the multiplicity of the signal events was also
taken into account. The event multiplicity was first evaluated in both data and MC using
the control sample as shown in figure 7.2. Under the assumption that the multiplicity of the
B — D"v,. X was properly modeled, the multipliciy of the other B meson decay appears to
be reasonable, on average about ~ 7 for both data and simulation. A good agreement was
also found for the total event multiplicity based on the signal sample. Hence the multiplicity
from B — X, eV, decays appears to be properly modeled, and systematic uncertainties due

to the hadronization process are assumed to be negligible.

7.4 Background simulation

In simulating background events, several decay channels must be considered. Tables 6.1
and 7.4 summarizes the principal beauty to charm and charm decay modes, respectively,
along with the corresponding branching fractions. The uncertainties listed in these tables

correspond to current world average measurements [18], or to measurements performed at
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rDecay type | Branching ratio

DY -5 K9X | 0.42+0.05

Dt — KX | 0.59 £0.07

D; - K°X |0.39+0.28

DY 5 eX 0.0687 + 0.0028
Dt s eX |0.17240.019
D, —»eX 0.08 + 0.06

Table 7.4: Branching ratio for inclusive D decay modes [18].

BABAR, and affect background estimates. In order to evaluate the resulting systematic
effects on the signal branching ratio, the procedure outlined in section 7.2 is followed.
In computing the alternative BSY, the Monte Carlo is adjusted such that the branching
fraction of the decay type studied, e.g. the inclusive D° — K, matches the value + the
uncertainty on this measurement. Figure 7.3 display various kinematical distributions after
modifying the inclusive D? — K branching ratio accordingly. Although only small changes
are observed in these distributions, a 3% variation is obtained on the extracted (partial)
branching ratio. In fact, the extraction procedure has no handle on the modeling of charm
meson decays and results in an overall uncertainty of about 4.5% for both Bjand ABy".

In reweighting the exclusive B — D(***)¢7, channels, the overall semileptonic B —
X.ev, branching ratio is kept constant by modifying the non-resonant B — Dn(m)ev,
branching ratio accordingly. If this constraint necessitates setting the branching fraction of
the non-resonant decays to a negative value, the contribution from B — Dn(m)ev, is set
to zero and the branching fraction for the broad B — D**e7, is adjusted. To evaluate an
uncertainty from the B — D**ev, simulation, the composition of the sample is modified
such that all of the D** states are either: narrow Dy and D3 (N), broad D§ and D (B), or
non-resonant Goity-Robert (GR) types. The changes on the extracted B5" and ABS" due
to the variations in the background branching fractions are presented in table 7.5.

The impact of varying the form factors for B — D®ew, decays has been evaluated

as well and the corresponding systematic uncertainties are listed in table 7.5. In the case
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| Decay [A [MCx103[MC x103 [ M, [ MMC [Bx1073 [ ABx10~* |
[Nominal MC | | 4675 | 905 | 3176 | 6423 | 278 | 388 |

D" 5 K° I 4766 915 3207 | 6673 | 2.86 4.00
incl. 1 4.585 89.5 3143 | 6171 | 2.69 3.75
DFSK° |4 4708 91.2 3183 | 6492 | 2.82 3.93
incl. it 4.642 89.8 3168 | 6350 | 2.74 3.83
DFoK° |4 43833 915 3200 | 6640 | 2.71 3.78
incl. f 4.518 89.5 3068 | 6198 | 2.84 3.96
D’ Sepn |4 4678 90.7 3168 | 6434 | 2.80 3.91
incl. 1 4.672 90.3 3184 | 6412 | 2.76 3.85
DT Sep |4 4680 91.0 3107 | 6388 | 2.86 3.99
incl. i 4.668 90.2 3185 | 6405 | 2.75 3.84
Df Sep |4 4678 90.6 3178 | 6426 | 2.78 3.88
incl. t 4.672 90.4 3175 | 6420 | 278 3.88
B — Dev, | ! 4675 90.6 3156 | 6383 | 2.78 3.88

1 4675 90.5 3197 | 6463 | 278 3.87
B—Dev. |4 4675 90.5 3122 | 6324 | 2.79 3.89

1 4.675 90.5 3230 | 6522 | 2.77 3.87
B— D" ev, | N 4675 90.7 3181 | 6458 | 2.80 3.91

B 4.675 90.3 3169 | 6396 | 2.77 3.86
Composition | GR | 4.675 90.2 3174 | 6364 | 274 3.82
B— X.ev, |1 4684 90.5 3125 | 6324 | 2.8 3.87

1 4.666 90.5 3228 | 6521 | 278 3.88
B — Dev, |4 4675 90.5 3173 | 6398 | 2.77 3.86
Form factor | 1 4.675 90.5 3180 | 6444 | 279 3.89

P1 4675 90.4 3197 | 6476 | 2.8 _ 388
B - D*ev. | P2 4675 90.6 3182 | 6429 | 278 3.88

P3 4675 90.5 3168 | 6414 | 278 3.88
Form factors | P4 4.675 90.4 3198 | 6472 2.78 3.88

P5 4.675 90.6 3154 | 6377 | 278 3.88

P6 4675 90.6 3145 | 6356 | 2.78 3.88

Table 7.5: Systematics due to charm and beauty to charm uncertainties in background
modeling. A =t indicates the upward and downward variation of the branching fraction
and the B — Dev, form factor, respectively. P1 - P6 indicate the six points on the 1-o
ellipsoid in the (p?, Ry, R2) space as described in the text. The statistical uncertainties
obtained on the above values are comparables to the ones listed in table 7.2.
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of B — Deb, decays, the Monte Carlo simulation relies on the ISGW2 model [23]. A pole
form factor F(w) = 1 — p? - (w — 1), where w = (m% + m% — ¢%)/(2mpmp), is used to
describe the B — Deb, form factor based on the measured value of p> = 0.76+0.16 [65]. To
evaluate the systematics due to the uncertainties on p?, B — Dev, events are reweighted in
the simulation by a factor F(w, p>+0)/F(w, p?) using a technique developed in Ref. [66]. In
the case of B — D*ev, decays, the uncertainty is evaluated similarly using recent form factor
measurements [67]: p? = 0.769 £ 0.039 +0.019 £+ 0.032, R; = 1.328 +0.055 £ 0.025 % 0.025,
and Ry = 0.920 & 0.044 £ 0.020 £ 0.013. From the correlation matrix, six points (P1 -
P6) were defined along the 1-o ellipsoid in the (p?, Ry, R2) phase-space in order to vary the
HQET form factors in the simulation.

As a feature of the B — D(***)ep, fit and sP2* sideband calculations, the mea-
surement of the (partial) branching ratio has reduced sensitivity to the uncertainties in
the B — D***)¢ep, simulation, about +1.5%, much less than the uncertainty due to the

modeling of the subsequent D-meson decays.

7.5 Tracking efficiency

The tracking efficiencies for data and Monte Carlo simulations were evaluated in [68], where
a track selection similar to the one used in this analysis was applied (see section 5.3.2).
Charged tracks with transverse momentum p; > 0.2GeV in the laboratory frame were
studied using 7F decays. Comparison between data and Monte Carlo showed that the
simulation overestimated the efficiency by a factor €M<, /eda2 — 0.5 + 0.5%. As such, a
systematic uncertainty is evaluated by removing an additional 0.5% of the tracks from the
simulation. Efficiency study at low p; < 0.2 GeV were based on slow pion produced in D*
decays and yield e{‘fa(ék /e?ra;cak = 1.000 £ 0.016. The systematic uncertainty for these low
p; tracks is thus computed by removing randomly —1.6% of the tracks in the simulation.

Overall, these changes affect the extraction of the signal branching ratio by a factor —1.8%

when coherent changes are considered. The systematic uncertainty is symmetrized to £1.8%
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[ Type [ A [MCx 1073 [ eMC x 103 [ M3, [ MMC [ Bx 1073 [ ABx 1074 |
[ Nominal MC | [ 4675 | 905 [ 3176 [ 6423 [ 278 [ 388 |
Tracking eff. 4.587 89.3 3124 | 6230 | 2.74 3.83
K eff. 4675 90.8 3166 | 6408 | 2.79 3.90
Electron ID | —e 4642 90.5 3153 | 6379 | 2.80 3.91
+e 4.708 90.5 3200 | 6470 | 2.76 3.85
K*1D 4575 89.0 3043 | 6240 | 2.85 3.98
7= mis-1D 4671 90.6 3165 | 6406 | 2.79 3.90
Neutral 1 4724 90.5 3238 | 6364 | 2.76 3.86
2 4.502 87.3 3061 | 6043 | 2.69 3.76
K} energy —a 4.686 90.7 3178 | 6445 2.79 3.90
+o | 4669 90.4 3166 | 6394 | 2.78 3.88
K7 off. —€ 4715 912 3148 | 6517 | 2.87 4.00
+e 4.634 89.9 3178 | 6324 | 2.72 3.80
Bremss. I+ 4698 90.9 3219 | 6470 | 2.76 3.86
1- 4653 90.5 3123 | 6377 | 2.83 3.97
(shift in E7) | 2+ 4.693 91.0 3205 | 6468 | 2.78 3.89
2— 4.661 90.6 3135 | 6379 | 281 3.94
PHOTOS I+ 4787 91.0 3233 | 6499 | 271 3.79
1- 4.587 90.3 3111 | 6363 | 2.87 4.02
(vs Ginsberg) | 2+ 4.757 91.0 3215 | 6494 | 2.74 3.84
92— 4.609 90.5 3125 | 6360 | 2.85 3.99

Table 7.6: Systematic effects due to uncertainties in the modeling of the detector perfor-
mance such as tracking efficiency and EMC modeling.

since track killing cannot simulate the effect of improving the tracking efficiency. The
results shown in table 7.6 demonstrate the benefit of the adjustments made on the signal
extraction procedure given in section 7.1. In fact, using equation 7.1, the above changes
in the tracking efficiency would lead to a +3.6% variation on BST, whereas the adjusted

extraction of equation 7.3 lead to a -1.8% change only.

7.6 Reconstruction of K?

The difference in the tracking reconstruction efficiencies between data and simulations has
also an impact on the reconstruction efficiency of K2 mesons in the decay K? — ntm.
According to [68], the ratio of data and Monte Carlo efficiencies for K2 mesons reconstructed
is unity, but a systematic uncertainty of —2.6% needs to be assigned to the simulation.

Hence, K 2 candidates are removed at random from the simulation with a probability of
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2.6%. The daughter tracks are kept if they satisfy the charged track selection outlined in
section 5.3.2. The effect on the extracted BSL is negligible, as shown in table 7.6. The
change would be tiny even if the daughter tracks were always rejected, since the ratio of
the K2 to charged track multiplicity is about 1/40 and the total number of tracks would
be lowered by 2.6% x 2an /Tiracks =~ 0.1%. The variation taken in the overall tracking

efficiency (section 7.5) is much larger than this.

7.7 Electron identification

The primary event selection requirement in this analysis is the presence of an identified
electron with momentum above 1.4 GeV. Since the simulation is used to determine the
efficiency of the selection, any difference in the performance of the electron identification
between the simulation and data will cause a bias in the overall event selection. Therefore,
the ratio of the electron identification efficiency in data to that in Monte Carlo was evaluated
in bins of p!2? (100 MeV wide) and #'?® for electrons and positrons based on bhabha events.
Using these tables, the simulated electron identification efficiency was adjusted to that of
the data.

The uncertainty on the relative efficiencies was calculated from the statistical un-
certainties on the electron/positron selection efficiency in data and in the simulation. The
total uncertainty on BS" is then computed as the quadratic sum of the statistical error from
each {p!2",#'2*} bin and the systematic error on to the correction factor. The latter was
evaluated by comparing effiencies for simulated bhabha and BB events: 0.9925 + 0.0078.
Also note that the statiscal error for each {p!2®, 6'3} bin was computed independently. This
procedure results in the uncertainty on the branching fraction given in table 7.6.

The contribution of hadrons mis-identified as electrons is small, about 0.5% which
comes from taking the product of the misidentification probabilities and the number of
hadron tracks in the momentum region of interest and dividing by the number of identified

signal electrons. Unfortunately, it is not well simulated, so while non-semileptonic events
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sometimes pass the event selection due to hadron mis-identification in the data, they rarely
do so in the Monte Carlo and so are not in the analysis sample in sufficient numbers to
be useful. Therefore, the full 0.5% is taken as a additional systematic uncertainty for the
effect of hadron misidentification on B and ABS and is added in quadrature to the above

uncertainty from electron identification uncertainty.

7.8 Charged particle identification

As discussed in section 5.3.5, the determination of the visible 4-momentum of the event
requires a mass hypothesis to be assigned to each particle. Imperfect simulation of the
performance of the particle identification can lead to systematic uncertainties in the visible
4-momentum reconstruction and affect the extracted signal. In order to test the sensitivity
of BSL with respect to particle identification!, the mass of all charged tracks were set to
the 7+ mass. The resulting branching fraction obtained was within 3.1% of the nominal
value. In a more realistic approach, the kaon identification efficiency and misidentification
probabilities were varied, since kaons are the most common charged particles after pions
(and signal electrons) in the selected events, about 8% of the total. According to [62], the
kaon identification efficiency was varied by —20%, resulting in the changes listed in table 7.6.

Setting the rate for the mis-identification of pions as kaons to zero produced a
tiny change in the branching fraction. Given that these uncertainties are already small,
uncertainties due to the modeling of the efficiency and misidentification for protons and
muons, which comprise only less than 2% of charged tracks in selected events, are neglected.
The uncertainties described in this section are added in quadrature to obtain an overall 2.2%

particle identification uncertainty on BjL.

!This excludes the identification of the signal electron listed in section 7.7.
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7.9 Neutrals corrections and systematics

There are differences in the detection of photons in the electromagnetic calorimeter between
data and the simulations. Studies have been performed to adjust the simulation for these
discrepencies [69] and corrections, which consist of an energy correction and a smearing
of the photon energy, were implemented accordingly. The amount of smearing is energy-
dependent in order to reproduce the energy resolution as measured in data. Hence, two

additional uncertainties must be considered:

1. First, the photon efficiency is varied following a Gaussian probability density function
with parameters depending on the photon energy. Photons are reweighted according to
this PDF, and each event is assigned a weight equal to the product of the weights of all
photons in the event. The difference observed in the extracted BS" with respect to the
one obtained using the nominal neutral simulation provides the so-called uncorrelated

uncertainty.

2. In the second case, 2.5% of the photons are randomly removed from the simulation.
This killing is independent of the photon energy. This provides the so-called correlated

uncertainty.

The effects of the correlated uncertainty are shown in figure 7.6 in terms of the neutral
multiplicity, total energy reconstructed in the EMC, and EZ, — |P%;|- A much better
agreement in terms of the neutral multiplicity is achieved after applying this extra 2.5%

killing, but the simulation of the total (neutral) energy reconstruction and EZX, — |P%.|

are clearly inadequate. The resulting uncertainties on the branching fraction are presented

in table 7.6. These two errors are then added in quadrature to provide the total neutral

systematic uncertainty.
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Figure 7.4: Effects of the correlated uncertainty in energy reconstruction in terms of a)

neutral multiplicity, ¢) total neutral energy reconstruction and e)

* —
miss

|131:ms| prior to

and after the 2.5% neutral killing (b, d and f, respectively). These plots follow the same

conventions as those of figure ?77.
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7.10 K9 reconstruction

Although the neutrals selection criteria suppresses the selection of K9 mesons, a non-
negligible amount of these mesons are used in the reconstruction of the visible energy.
As a consequence, ¢2 is sensitive to the modeling of the K? energy deposition in the elec-
tromagnetic calorimeter.

Many studies have shown that the momentum distribution for K? is adequately
generated in Monte Carlo (e.g. [70]). In this analysis, a reasonable agreement was found
between data and Monte Carlo when comparing the Kg momentum distribution, which
also suggests a proper simulation of K? momentum (section 6.4). Under the assumption
that K are well modeled in the event generator, the remaining question is how well the
energy deposition in the EMC is simulated. In [70], K? mesons were selected using radiative
return events, ete™ — ¢y where ¢ — KgKg. Unfortunately, the K 2 selected this way are
high-energetic mesons whereas the ones most influencing this analysis are produced in D
meson decays and have significantly less energy.

Instead, the energy deposition was evaluated using kinematically identified K
mesons produced in the decay chain D* — DOW;&, where the D meson decayed to a
K?7 7~ final state. Based on this selector, the ratio of the K} energy deposition between
data and the simulation was parameterized as a function of the momentum of the particle

as

data
cal

MC
E cal

=ao+a 'PKg+02'P§(2+03'P§<2; (7.8)

for the momentum range 0.5GeV < pgo < 2GeV [71]. Using the error matrix shown in
table 7.7), a systematic uncertainty on this correction factor was determined from the 1o
envelope and alternative Bo" were computed accordingly, as shown in table 7.6.
Furthermore, studies based on the comparison between D — K} 7m and D — Kgnm
have shown that the number of K} depositing energy in the EMC was overestimated, and
an additional —30 & 20% efficiency correction was applied to the simulation. The effect of

the above uncertainties on BS" are shown in table 7.6. Hence, the overall error uncertainty
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| Parameters " ag | aq I as | as J
[ Fitted values || -0.8883 [ 5.274 [-3.436 | 0.6476 |

0.0829 | -0.128 | 0.046 | -0.00101
Error -0.1280 | 0.265 |-0.157 | 0.0266

Matrix 0.0460 | -0.157 | 0.148 | -0.0400

-0.00101 | 0.0266 | -0.040 | 0.0139

Table 7.7: Parameterization results to adjust the ratio of K? energy deposition between
data and Monte Carlo as a function of p k9~ The fitted function is outlined in equation 7.8.

from the modeling of the Kg energy deposition in the EMC is about 3% for both the partial

and total branching ratio measurements.

7.11 Bremsstrahlung emission

Due to emission of bremsstrahlung photons, electrons lose energy when traversing the de-
tector material. It has been shown that the bremsstrahlung modeling in the detector sim-
ulation agrees within statistical uncertainties with what has been observed on data using
a Bhabha control sample [57]. According to this study, the difference in the amount of
detector material between the interaction point and the EMC implemented in the detec-
tor simulation, (X/Xo)MC, and installed in reality, (X/X()9®, does not exceed the 3 %
level: A(X/Xo) = (X/Xo)% — (X/Xo)MC < 0.0014 with an average material thickness of
X/ X = 0.045.

The systematic uncertainty on the measured branching fraction was thus evaluated
by comparing electron energy spectra in toy Monte Carlo simulations using three different
material thicknesses, X/Xy = 0.0435, X/Xy = 0.045 (nominal) and X/X, = 0.0465. The
electrons were intially generated with uniform angular distribution and energy distribution
following the probability density functions (PDF’s) g(E.,) for each relevant semileptonic
B decay channel: B — D, D*, D**, D, and X,ev.. The generated electrons were boosted
into the lab frame, and electrons lying outside the geometrical detector acceptance were

rejected. Each spectrum was then distorted by simulating bremsstrahlung emission.
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Figure 7.5: Effects of the uncertainty in the modeling of the K9

of a) total neutral energy reconstruction, ¢) Elfi — |Phiss|s

energy deposition in terms

and e) sp®* for a -20% and

+20% efficiency change (b, d and f, respectively). These plots follow the same conventions

as those of figure 5.2.
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To do so, each detector volume was subdivided in thin slices of 6.X;/X( such that
3;0X;/ Xy = X/Xy. For a given electron energy E.o, a bremsstrahlung photon with a

random energy k; was produced in the ith detector slice according to the PDF

2
(SX,‘ 1 2 k‘i ki
fk:) = 5 l1 5 (1 —~ E) - (1 Ee,;-) ] ,

where E, ; = Ee ;1 —ki—1 and 0 < k; < E,; [72]. After having traversed the detector mate-

rial the final electron energy was calculated as E, finat = Ee o — >_; ki- Finally, the resulting
four-momentum vector was boosted back to the center-of-mass system. The procedure was
repeated 50,000 times for each semileptonic B decay channels to obtain the corresponding
E7 a1 SPectra. By comparing E¢ final With E, o, it was found that by applying an energy-
dependent shift AE = AE(E}) on the spectrum for the default material thickness, one
could effectively adjust the electron spectra for the above changes in the material thick-
nesses. This shift can approximately be described by AE = F0.00125 E}( GeV) £ 0.00425
and holds for all semileptonic decay types B — D, D*, D**, D, or X,ev,.

The electron energy in the Monte Carlo simulation was then varied by this energy
shift and the full set of kinematical variables used in the analysis such as [P, Bl —
|P%.|, ¢ and s were recomputed. Since many photons have very low energies and
closely follow the electron or positron, one must assume that not all of these photons are

actually detected as visible neutral energy in the EMC. Therefore two extreme scenarios

were considered:

1. None of the bremsstrahlung photons generated from thicker (+) or thinner (-) detec-
tor material were detected as neutral EMC clusters. As a consequence, |ﬁ,;,ss| and

dependent variables were modified due to the change in the electron energy.

2. All bremsstrahlung photons generated from thicker (+) or thinner (-) detector material

were detected as neutral EMC clusters, such that |ﬁ,;lss| remained unchanged.

The resulting changes on the extraction parameters are outlined in table 7.6. Scenario 1)
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Figure 7.6: Effects of the uncertainty in simulating bremsstrahlung emission (top) and final
state radiation (bottom) in terms of E}. Shown are the 1- (left) and 1+ (right) cases. The
above spectra should be compared with the nominal E} spectrum displayed in figure 5.8.

produced a larger variation than 2) and hence is taken as the bremsstrahlung systematic

uncertainty.

7.12 Radiative corrections

Within the Monte Carlo simulation, final state radiation is modeled using the PHOTOS

generator package [73]. To estimate the systematic uncertainty in the simulation results

based using PHOTOS are compared with an analytical calculation for the radiative correc-

tions provided by Ginsberg [74]. The decay B — De™ 1, was originally used to study the
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| Decay type [ AE? (MeV) ]
B — Dev, —2.0 E;(GeV) +5.2
B — D*ev, | —2.0 E;(GeV) +5.2
B — Drev, | —1.5 EZ(GeV) +4.0
)
)

B — D**ev, | —5.0 E2(GeV) + 1.7
B - Xyev. | —0.7 E:(GeV) + 17

Table 7.8: Final state radiation uncertainty and resulting E for various semileptonic B-
meson decays.

performance of the PHOTOS generator by measuring the quantity

AT' ATy
& dn (r9)

where AT'/dz is the lepton energy spectrum corrected for single photon emission, AT'g/dz
is the lepton energy spectrum without radiative corrections and z = E./Emax, and com-
paring results with the analytical calculations. For each semileptonic decay type, B —
D, D*, D**, Dr, and X,ev,, equation 7.9 was evaluated using the PHOTOS and Ginsberg

approach from the electron energy spectrum in the simulation. The difference

AT

ATy
. Ginsberg — E

B = ] s [£
Ginsberg N dz

- dz

dz

[AI‘

AI‘O] AT

pHOTOS 4T PHOTOS

was translated into an electron energy shift between the PHOTOS and Ginsberg spectrum.
This shift was found to be different for the various semileptonic B-decay types and the
results are listed in table 7.8. The £AE] shift is therefore taken as the uncertainty from
the final state radiation.

As in the case of bremsstrahlung, two extreme scenarios are considered to evaluate

the systematic uncertainties on B(B — X,ev,):

1. The photon from the final state radiation (%) is not detected. As a consequence,

P*. | and dependent variables are modified due to the change in the electron energy.
miss & gy.

2. The photon from the final state radiation (%) is detected as a separate neutral EMC

cluster such that lﬁ; | remains unchanged..

iss
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As shown in table 7.6, scenario 1) yields the larger variation and is therefore taken as the

systematic uncertainty due to the simulation of the final state radiation.

7.13 B-meson counting and continuum scaling

The techniques used in extracting the luminosity and N5 are described in detail in [75]
and [76]. Accordingly, the number of BB pairs is evaluated using [76] and yields (88.35 &
0.97) x 105. Although the uncertainty on N g is evaluated to be 1.1%, the relative uncer-
tainty between on-peak and off-peak luminosity is only 0.25%. Since 1867 + 125 off-peak
events are observed to be within the signal region, this corresponds to an additional system-
atics of +4.7 events. This uncertainty is negligible with respect to the statistical uncertainty
and is ignored. If the energy scaling of off-peak data to on-peak energy is not performed,
the off-peak contribution in the signal region decreases by 8 events. The uncertainty on the
energy scaling is therefore negligible. Therefore, a 1.1% uncertainty on BSY ABSL due to

the measurement of N BB

7.14 Summary of uncertainties

Table 7.9 summarizes the dominant systematic uncertainties associated with the measure-
ment of the B — X, eV, branching ratio. Due to the technique used, some of the systematics
could only be evaluated in one direction (+ or -). For instance, it was possible to apply track
killing to the simulation, but new tracks cannot be created. Therefore, for the tracking effi-
ciency, neutrals reconstruction and charged particle ID, the uncertainties are symmetrized.
Furthermore, in the case where uncertainties were evaluated in both direction but yielded
different values, the largest discrepancy (+ or -) was taken as the systematic error (+).
This results in a systematic uncertainty from detector modeling of 5.9% on BS' to add
in quadrature with the £5.9% systematic effect observed from background uncertainties

and 10.8% from the modeling of the signal B — X,e?, simulation. Therefore, the total
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| Source of Systematics I ops.(%) | oapsL(%) |
la) Tracking efficiency 14 1.3
2a) Electron ID efficiency 0.9 0.9
3a) Charged particle ID 2.5 2.6
4a) Neutrals reconstruction 3.3 3.1
5a) K energy deposition 3.3 3.1
6a) Bremsstrahlung 1.8 2.3
7a) B counting 1.1 1.1
| A) Detector modeling [ 59 [ 59 |
1b) B — X fv simulation 5.0 5.0
2b) Radiative corrections 3.2 3.6
| B) Background simulation | 59 | 62 |
1c)B — X, fv simulation 4.0 4.4
2c) Shape function uncertainties 10.0 1.3
| C) Signal simulation | 108 | 46 |
| Total (A® Ba C) | 136 | 97 |

Table 7.9: Summary of systematic uncertainties. The systematics on the signal simulation
also include the theoretical uncertainties associated with the uncertainty on the HQE pa-
rameters m; and a. The total systematical uncertainty was computed as the quadratic sum
of the uncertainties. In the case where a variation was taken only in one direction, the
corresponding uncertainty was symmetrized.

systematic uncertainty on the measurement of the inclusive B — X, ev, branching ratio is
opst = 5.9%get) = 5.9%(bkg) + 10.8%sig) = £13.6%.

Similar uncertainties were obtained on the partial branching ratio and yield
oasst = 5.9%(det) * 6.2%big) + 4.6% sig) = £9.7%.

As expected, the unfolding procedure reduces the systematics due to HQE parameter uncer-
tainties in signal modeling. The uncertainties were also evaluated for different requirements
on the E*. The overall uncertainty on BS" is minimal for E¥ > 2.1 GeV, although similar

results were obtained at 2.0 and 2.2 GeV, as shown in appendix C.
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Chapter 8

Results

Varium et mutabile...

~Virgil
8.1 Measurements of B and AB

Since the dominant systematic uncertainties have been evaluated, the (partial) B — X, e7,
branching ratio may now be extracted in the signal region using the procedure described in
section 7.1. A summary of the yields and efficiencies obtained for both data and Monte Carlo
simulation is provided in table 8.1. Using equation 7.1 and the uncertainties summarized

in table 7.9, the inclusive B — X, eV, branching ratio is measured to be

BSL = (2.54 % 0.24(g1ar) £ 0.35(syst)) X 1073, (8.1)
| Inputs from data I Inputs from MC |
Ndata 1 5130 + 150 MHC | 3176 + 35
Ndata | 6152 + 130 MMC | 6423 +49

edata | (90.0+£3.9) x 1073 | HC | (90.5+1.9) x 1073
eMC | (4.765 £ 0.050) x 1073
¥ 0.1401 =+ 0.0004

Esig (30.1 £0.3) x 1073
o (0.558 +£0.021) x 1073

sig

Table 8.1: Data and Monte Carlo yields and efficiencies used for computing signal branching
ratio. The uncertainties are purely statistical.
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Figure 8.1: Changes in the B — X,ev, branching fraction measurement (solid points) as
a function of a) the lower bound on E} and b) the upper bound on si***. The behavior of
the partial branching ratio is also displayed (stars) and the appropriate scale is provided on
the right hand side of the plots. The lower plots display the relative difference with respect
to the nominal requirements: BSU(E: > z)/BSY(E: > 2.1GeV) — 1, and ABSY(E; >
z)/ABSY(E: > 2.1GeV) — 1. The errors shown are purely statistical.

where the above errors correspond to the total statistical and systematic uncertainties,
respectively. Similarly, the unfolded partial branching ratio is evaluated using equation 7.6
to be

ABSL(E,, sP™) = (3.54 + 0.33(51a1) + 0.34(syst)) x 107 (8.2)

for the portion of the phase-space contained within E > 2.0 GeV and s < 3.5 GeV2.
The stability in extracting B and ABEL as a function of the important analysis

requirements was considered; the results are shown in figures 8.1 and 8.3. In these figures,

the upper plots show the absolute measurements for the given requirements, whereas the

lower plots display the relative difference with respect to the nominal values, i.e.

SL - SL =
B.*(cut=x) 1 and ABS®(cut = x)

BSL (nomi) ABSL(nomi) L

All of the errors shown are statistical, and in the case of the relative difference, the errors

were computed from the residual difference in the yields with respect to the nominal values.
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Figure 8.2: The branching fraction evaluated in bins of E; is shown for the nominal back-
ground (solid points) and for a 6% increase in the background (stars). The errors shown
are purely statistical. Hence, the apparent discrepancy observed in the B,S‘L extraction as
a function of the lower bond on E7}is within the background systematic uncertainties listed
in table 7.9.

The scans versus E and sj'** are sensitive to mis-modeling of backgrounds and also
to the modeling of B — X,ev, decays. The E scan suggests that the background model-
ing is imperfect. In fact, the variation seen between 1.9 GeV and 2.1 GeV is too large to be
attributed to signal modeling; it is the background fraction that is changing rapidly in this
region. Since this analysis is dominated by systematic uncertainties, a proper understanding
of this scan requires a calculation of the systematics at each scan point. Given the complex-
ity of interpreting the scan deviations and uncertainties, a set of branching fraction values
determined in distinct bins of E} were computed and are shown in figure 8.2. The solid
points are the results obtained with the nominal background estimates, and the uncertain-
ties are purely statistical. Also displayed are the results when the background is increased
by 6%, which corresponds to the systematic uncertainties assigned to the modeling of the
background (see table 7.9). The variation observed in the branching fraction as a function

of E} is clearly consistent with the systematic uncertainty assigned to the background: a
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x%/d.o.f. consistency test was performed and yield 5.8/4. Hence, no additional systematic
uncertainties are required to account for the E behavior.

Scans taken as functions of other kinematical requirements show only small varia-
tions. The E} ;.. — |I3;nSS| scan is sensitive to the simulation of the missing energy-momentum

reconstruction, as is the scan versus | Py |; as mentioned in section 5.4, events with | P} | >

SS
2.1 GeV carry little information about the true neutrino momentum. While the optimiza-
tion scans show only a small improvement from removing events with |13;ﬁss| > 2.5GeV, the

scan shows whether the data and Monte Carlo simulations are consistent in this region.

8.2 Classic extraction of |V

Given the measured branching fraction, one can determine |V,;| by comparing with theo-
retical predictions [26, 34, 36, 37]. If the inclusive branching fraction is used to extract the

total charmless semileptonic decay width I'(B — X,e7,), the relation

B(B — X,ev,) 1.61 ps
0.002 B

|Vias| = 0.00424\/ (14 0.048)

described in section 2.5.5 can be used to determine |V,,;| with modest theoretical uncertainty.
Incorporating the measurement of the branching ratio and the world average B-lifetime

measurement’ into equation 2.35, a measurement of
[Vap| = (4.79 % 0.40(expty £ 0.23 sty v, ) X 1072

is obtained, where the errors correspond to experimental and theoretical uncertainties,
respectively. As discussed in appendix C, alternative BS“ measurements were performed

for different E; requirements and yield
|Vas| = (493 £ 0.44(expt) £ 0.24(551)v7,,) X 1072,
for E} > 2.0GeV, and

Vol = (4.84 = 0.45 ey £ 0.24 (g5t 1v7,1) X 1072,

'From the average of 750 = (1.536 = 0.014) ps and 75+ = (1.671 £ 0.018) ps.

.
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Figure 8.3: Changes in the B — X,ev, branching fraction and partial branching ratio
measurements as a function of a) the lower and b) upper bound on |P%;_|, c) the lower and
d) upper bound on E*.  — |P*._|, ) the upper bound on cos 8., and f) the bound on
cosf ;T' These plots follow the same convention as those of figure 8.1.
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for E; > 2.2GeV.

The above results for |V,;| are in good agreement for the various E requirements,
and in good agreement with the world average of (4.70 & 0.44 £+ 0.23) x 1073 [19]. These
results are based upon original HQE calculations performed to order 1/m? including order
a corrections [38], but recent theoretical results including higher order corrections have
appeared in the litterature [77], and the evaluated ratio of the partial branching fraction to
the total charmless semileptonic branching fraction (f,) has changed dramatically, mostly
due to changes in the HQE parameters. Results based on these higher order calculations

are presented in the following section.

8.3 Improved theory and |V,;| extraction

The new theoretical computations have recently become available in which the leading terms
in the HQE of the B — Xy and B — X,ev, spectra are computed at next-to-leading
order, and power corrections are included at O(a;) for the leading SF and at tree level for
subleading SFs [77]. The values used for the heavy quark parameters, m, = 4.61+0.08 GeV
and p2 = 0.15 + 0.07 GeV are based on fits to B — X eV, moments [25], translated to the
shape-function scheme [78].

In this new context, |Vi;| is extracted from the partial rate, AT = ABY"/7p, as

AT 1/2
i - [

AC

ABSL]Y?
[ =

where A( is the normalized theoretical rate, AT'/|V,|?. The theoretical rate for s <
3.5 GeV? and corresponding heavy quark parameter uncertainties are listed in table 8.2. Also
outlined are the theoretical uncertainties due to subleading SFs [79], weak annihilation [80]
and variations in the matching scales used in the calculation.

After substituting the unfolded partial branching ratio obtained above into equa-
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[ Requirement | A¢ (ps~!) [ ouge (%) | otheo (%) |

E.>19GeV | 16.09 b~ +11.8
E.>20GeV | 1419 i+ +12.6
E.>21GeV | 1109 i +14.7

Table 8.2: Theoretical rates for various E? requirements and associated theoretical un-
certainties [77]. The SF uncertainty is computed at tree level and depends on the HQE
parameter my and u2, whereas the theoretical error contains uncertainties from subleading
SFs and weak annihilation.

tion 8.3, |Vys| is determined to be
[Vaio| = (3.95 % 0.27 (expt) 7035 (mrQE) & 0-25(theo)) X 1072,

where the first error is experimental (from ABSL), the second due to heavy quark parameters
uncertainties and the third due to theory. No uncertainty is assigned for possible quark-
hadron duality violation.

Similar results are obtained from the measurements of the partial branching fraction

for two different E, cuts:

[Vaub| = (4.07 % 0.32(expr) T0 35 (QE) & 0-24(theo)) X 1073
for E’e > 1.9GeV, and

V| = (4.09 % 0.31 (expr) 1052 (1qE) % 0-30(the)) X 107°

for E, > 2.1 GeV (see appendix C). These results are consistent for all three different E?
requirements, but differ from the |V,;| values obtained in section 8.2, mostly because of the
changes in the interpretation of the HQE parameters.

The determination of |V| is limited primarily by our knowledge of the b-quark
mass. Otherwise, the sensitivity to higher moments of the SF is weak. In fact, the change
in |Vy| when varying —\; from 0.03 to 0.35GeV with m; fixed is 2%, and the impact of

using alternative SF parameterizations is < 2% (see section 7.3).
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Figure 8.4: Comparison between inclusive |V,;| determinations as presented at the 2005
European Physical Society meeting [19]. In order to compare the various results, the heavy
quark parameters input are set using a global fit to both the B — X /vy and B — Xy
which yields my = 4.60 & 0.04 GeV and —); = 0.20 & 0.04 GeV>.

Shown in figure 8.4 are the results from recent inclusive |V,;| determinations based
on the B — X,ev, model described in Ref. [77]. In order to compare the various results,
the heavy quark parameters input are set using a global fit to both the B — X v, and
B — Xy which yields mj = 4.60 +0.04 GeV and —); = 0.20 £0.04 GeV? [19]. This results
into much smaller SF uncertainties for all of the analyses. The overall precision on |V|
from this work is comparable to determinations of |V,;| which have become available while
this study was nearing completion [81]. In fact, the uncertainty on |V,;| from the hadronic
mass and endpoint analyses have significantly improved with respect to the results shown
in figure 2.8. The reason for this is two-fold: the precision on measurements of the b-

quark mass has much improved, and the endpoint analyses have lowered their cut down
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to 2GeV/c. Non-factorizable effects such as subleading SFs and weak annihilation lead to
larger theoretical uncertainties in the q>-E; approach due to the portion of the B — X, {7,
phase-space probed. Future measurements of the separate charmless semileptonic branching

fractions for charged and neutral B mesons may soon reduce this uncertainty.

8.4 Outlook

Currently, the precision in the extraction of the CKM element |V,;| is primarily limited
by the uncertainties on the heavy quark parameters, in particular on the b-quark mass.
The study of the E, moments in B — X,y decays at BABAR will soon become available
and should improve our current knowledge of m;. Theoretical calculations are also being
developed to allow B — Xy studies to be combined with B — X /7, moment analyses
and should further improve the precision on HQE parameters. Such calculations were
used in generating the results shown in figure 8.4, and result in 50% smaller uncertainties
due to the heavy quark parameters. Alternative calculations which allow the extraction
of |Vyp| from inclusive B — X, {7, decays without recourse of shape functions using the
lepton energy endpoint [82] and the hadronic mass spectrum [83] are also being considered.
Extraction of |V,;| based on these calculations are currently being reviewed and should
soon become available [84]. Furthermore, the separate studies of neutral and charged B
meson decays will put constraints on higher order processes such as weak annihilation and
theoretical uncertainties will be reduced. Finally, improvements in lattice QCD and LCSR
calculations may provide much better form-factor predictions and allow the extraction of
|Vus| for some exclusive decay channels, in particular B® — 7t¢~7,, with much better
uncertainties [24, 85]. This would be a valuable since the theoretical models involved are

independent of each other.
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Chapter 9

Conclusion

Sic transit gloria mundi

In this dissertation, a measurement of the CKM matrix element |V,;| was performed
based on the study of 88 million BB pairs collected by BABAR detector. Inclusive semilep-
tonic B — X, eV, decays were identified using a novel approach based on simultaneous
requirements for the electron energy, F,, and the invariant mass squared of the ev, pair, q.
The neutrino 4-momentum was reconstructed from the visible 4-momentum and knowledge
of the eTe™ initial state. The dominant charm background was suppressed by selecting
a region of the ¢?-E, phase space where correctly reconstructed B — X ev, events were
kinematically excluded. Background contamination in the signal region due to resolution
| effects was evaluated in Monte Carlo simulations. The partial B — X, ev, was measured
to be ABSL(E, > 2.0GeV, sP®* < 3.5GeV?) = (3.54 £ 0.33(5ar) £ 0.34(5ys)) X 107* based
on the observed yield in data, and background estimates and signal efficiencies evaluated in
Monte Carlo simulations.

The extraction of |Vys| = [AB/(AC 75)]"/? was based on recent theoretical calcula-
tions [77], in which the leading terms in the HQE of the B — X, ev, spectra are computed
at next-to-leading order, and power corrections are included at O(ag) for the leading SF
and at tree level for subleading SFs. The values used for the heavy quark parameters,
my = 4.61 & 0.08GeV and p2 = 0.15 + 0.07 GeV, are based on fits to B — X v mo-

ments [25], translated to the shape-function scheme [78].
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A value of |Vyp| = (3.95 £ 0.27 7035 £ 0.25) x 1073 was obtained, where the errors
represent experimental, heavy quark parameters, and theoretical uncertainties, respectively.
The latter include estimates of the effects of subleading SF's, variations in the matching
scales used in the calculation, and weak annihilation. The above determination of |Vys|
is limited primarily by the precision on m;. The study of the £, moments in B — X7
decay at BABAR will soon become available and should improve our current knowledge of

the b-quark mass.
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Appendix A

Defining sj"*

As shown in figure 2.4, the W™ carries a four-momentum ¢, such that in the B rest frame
@ =m¥y. = (e +p,7,)2 = (pp — px)? = m%4 + m% — 2mpEx, (A.1)
where pg is the four-momentum of the B meson and Ex is the energy of X,. Semileptonic
decays are often characterized in terms of the invariant mass squared of the recoiling hadron,
Sh:
B — B 2
sh=px =mx = (pg — (pv + )", (A.2)

where p, denotes the 4-vector of particle a. Expanding equation A.2 in explicit terms, one

obtains

sh=m%+q* —2Ep(E;+ E,) + 2|ﬁB|\/(EI +E,)? —¢? cosfp_y (A.3)

where 6p_;, is the angle between the B meson and the [v system. If the lepton masses are

ignored, the energy of the neutrino can be expressed as
¢®> =2EE,(1 — cosfy,)

such that s, can be written in the 7'(4S) rest frame as

2

1 q
2 2
Sh mp+q mp l—ﬂz( ‘+2E,(1—c0501,,))

-f—2mBL \/Ef + E2 + 2E|E, cos 6y, cosfOp_y,. (A.4)

Vi-pB?
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In the above equation, Fp and |pg| have been written in terms of mp and [, the mass

and speed of the B meson in the 1 (4S) rest frame (8 = \/l — (2mp/mys))? = 0.06).
Experimentally, three independent variables can be measured: Ej, ¢, and my whereas
the angles 6, and 0p_;, cannot be measured directly. Nonetheless, one can compute the
max
h -

maximum kinematically allowed invariant mass squared of the hadronic recoil system, s

This maximum occurs when cosf;, = —1 !, such that

1
Sh SSp = m% + ¢ — 2mpE;—————(1 — Bcosfp_y)

Vi-p
omp L1
4E) \/1 — B2

Nz

Furthermore, the angle fp_;, can be eliminated. In the region where E; > Y5— (%), the

(1+ Bcosbp_y) (A.5)

maximum occurs when cos fg_;, = +1, which means

[1-8 7 [1+8
max __ 2 2_2 E =9 = — ‘
Sh mp+4q mpE) 175 mB(4E[) -5 (A.6)

Similarly, in the region where E; < @ (%), the maximum occurs when cosfp_;, = —1

such that

1+8 ¢\ [L-8
max 2 2
= —2mpgE [ —— — 2 i —_— A7
sho =mp+q —2mpEy /T3 mB(4El 15 P (A7)
Finally,

sn < S = m + ¢* = 2mpy /g2 (A8)

is always satisfied.

When the momenta of the lepton and the antineutrino are back-to-back: p; = —g,.
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Appendix B

Particle Identification

By default, all charged tracks recorded by the BABAR detector are assumed to be pions as
they are the most common particles being produced: thee: 7: K : p production-ratio is
about 1:5:1:0.1[61]. Various algorithms are then applied to the charged tracks satisfying
the selection described in section 5.3.2 to identify electons, kaons, muons and protons. If

the track fail the identification requirements, the particle is then assumed to be a pion.
B.1 Electron identification

The electron selector [61] is arguably the most important algorithm in this analysis. Charged

tracks are identified as electrons (or positrons) if they satisfy the following criteria:

1. After applying the E/p calibration to the raw cluster energy, the ratio of the recon-

structed energy over the momentum is the laboratory frame is 0.89 < E/p < 1.2;

2. The number of crystals in the EMC clusters with energy deposited by the shower is

> 3;
3. The shower lateral shape in the EMC has 0.0 < LAT < 0.6;

4. The ratio of the forth to the second Zernike moment, which describes the azimuthal

shower profile, is —10 < A42 < 0.11;

5. The rate of energy loss as measured in the drift chamber is 540 < dE/dx < 860;



Chapter B. Particle Identification 161

6. If the number of measured photons in the DIRC is > 10, then the measured cerenkov

angle is required to be within 30 of the electron hypothesis;

7. Electromagnetic showers start on average earlier in the EMC and are more concen-
trated around the impact point than showers of hadronic interactions. Therefore,
they display a smaller azimuthal separation between the track impact point at the
EMC and the center of gravity of the associated cluster. Hence, a requirement on

A¢ = ¢ppMC — Pelus is applied as a function of piTk.

B.2 Kaon identification

The kaon selector [62] is based on likelihood ratios between pions, kaons and protons. The
selection was optimized to keep the mis-identification rate below 2% up to p'2® > 4 GeV. For
candidate kaons with momenta p'3® > 0.6 GeV, identification is based primarily on angular
information for the DIRC. The signature in the ¢erenkov detector is quite complex: the fit
steps through the different particle hypotheses fitting the ¢erenkov angle and arrival time
distribution of the photons associated to a track. The measurement of the ¢erenkov angle
as a function of the kaon momentum is shown in figure B.1; the kaon band is labelled as
region C. Region A is populated by tracks for which no fit is performed because the particles
did not reach the DIRC or produced an amount of photon below threshold. Close to the
threshold, kaons appear in the electron, muon and pion band with a rather wide spread
(region B). The kaons decayed or interacted with the detector material prior to reaching the
DIRC, but the daughter particles did not deviate much from their mother kaon direction.
Region D correpond to the proton band. In this case, kaons underwent hadronic interactions
which set free real protons. For momenta below 0.6 GeV, energy loss measurements from
both the SVT and DCH are used, and at least 4 (11) SVT (DCH) hits must have been

recorded. The efficiency for kaons with p'® < 3 GeV is better than 80% [62].
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Figure B.1: Cerenkov angle measurement as a function of the momentum for simulated
kaon tracks. The tracking information may be used in conjonction with ¢erenkov angle
measurements to identify particles [44].

B.3 Muon identification

In the case of the muon algorithm [63], the following criteria must be satisfied:

1. For muon track candidates with matching EMC clusters, the energy released in the
calorimeter is 0.04 GeV < E.,; < 0.4 GeV;

2. For muon track candidates with matching IFR clusters, the number of IFR layers with

recorded hits is Ny > 2;

3. The measured number of interaction length traversed by the muon track candidate in

the detector is A > 2.2;

4. The difference between the measured and expected interaction length traversed by

the muon track candidate in the detector is A\ < 1.0;

5. The measured position by the IFR strips matches closely the track extrapolation,
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resulting in a x?/d.o.f. < 5;

6. The track path measured by the IFR strips matches closely the track extrapolation,

resulting in a x2, /d.o.f. < 5;

7. The track path measured by the IFR strips matches closely a third order polynomial

it of the IFR cluster, resulting in a X?‘n Jdof. < 3;

8. In order to decrease pion fake rate in the IFR forward endcap, the continuity of the
track is of the track is required to be T, > 0.3 (see [63] for a description of this

variable);
9. The average multiplicity of hit strips per layer is T < 8;

10. The measured standard deviation for m is o7 < 4.

The above selection corresponds to the BABAR Tight Muon selection.
B.4 Proton identification

Proton identification is based upon dE/dx and ¢erenkov angle measurements performed by
the DCH and DIRC, respectively. For tracks in the momentum range 0.01 GeV < p'2b <
0.9 GeV, f¢ is required to be zero. Protons are then identified as such if the measured
dE/dx is within 20 of the expected dE/dx value for protons.

For charged tracks in the 0.9 GeV < p'3® < 3.0 GeV momentum range, particles are

identified as protons for the following cases:

e The measured §c = 0 and dE/dx value is within 20 of the expected dE/dx for protons,

and the ratio of proton/kaon probabilities is > 20;
e Both the measured ¢ and dE/dx values are within 20 of the expected values;

e The measured dE/dx value is within 20 of the expected dE/dx for protons, and the

ratios of proton/kaon probabilities as measured by both the DIRC and DCH are > 20.
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Finally, for candidate tracks with momentum above 3 GeV, the dE/dx and 6¢ mea-
surements are compared with expectated values using proton, kaon and pion mass hypothe-
ses. If the proton mass hypothesis yields the best match in both cases, the the track is

identified as a proton.
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Appendix C

Alternative Results

The signal branching ratio was extracted for three different electron energy requirements:
2.0, 2.1 and 2.2 GeV. In section 7, we discussed experimental uncertainties and the re-
sulting systematics on the extracted branching ratio for an electron energy criterion of
E; > 2.1GeV. Tables C.1 and C.2 outlines the yields and effiencies for a lower on on the
electron energy of 2.0 and 2.1 GeV, respectively.

Systematic uncertainties using such requirements were evaluated according to the
prescription outlined in section 7.2, and the results are summarized in tables C.3 and C.4.

Hence, the signal B — X, ev, branching ratio is

BSL = (2.69 % 0.22(ya0) * 0.43(5ysy)) X 1073

| Inputs from data | Inputs from MC |
Nata | 8460 + 163 M | 5628 + 48
Ndata | 17806 + 195 MMC | 18975 + 84

efata | (90.2+3.9) x 1073 || MC | (90.6 +£1.9) x 1073
eMC | (5.778 £0.056) x 1073
fu 0.1602 =+ 0.0005

Esig (31.8+£0.3) x 1073
(0.863 £ 0.026) x 103

Table C.1: Data and Monte Carlo yields and efficiencies used for computing signal branching
ratio for a lower bound on E} (E.) of 2.0GeV (1.9GeV). The uncertainties are purely
statistical.
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] Inputs from data | Inputs from MC |
Ndata 1 2616 + 138 MHC | 1156 +21
Ndata | 1145 + 84 MYMEC | 1226 +21

edata | (90.2+£3.9) x 1073 | MC ™ | (90.6 +1.9) x 103
eXC | (3.359 £0.047) x 1073
i 0.1145 + 0.0004

€sig (27.0 £0.3) x 1073
(0.312 £ 0.015) x 1073

sig

Table C.2: Data and Monte Carlo yields and efficiencies used for computing signal branching
ratio for a lower bound on E} (E.) of 2.2GeV (2.1GeV). The uncertainties are purely
statistical.

for E} > 2.0GeV, and
BSL = (2.60 % 0.30(ggas) = 0.38gyst)) x 1073

for E > 2.2GeV.

Using equation 2.35, the above results correspond to
Vi = (4.93 % 0.44 (et £ 0.24 (51,17, ) X 1072,
for E; > 2.0GeV, and
[Vub| = (4.84 & 0.45(eyppy + 0.24 (51 7, ) X 1072,

for E; > 2.2GeV.
The results for the unfolded ABS corresponding to the above E requirements

translated to the B-meson rest-frame are
AB(E. > 1.9; s < 3.5) = (4.28 = 0.35(5¢ar) £ 0.58(5ys1)) X 1074,

and

AB(E, > 2.1; 570 < 3.5) = (2.97 % 0.34(s¢ar) % 0.295ys1)) X 1074

The extraction of |V,,;| based on the above partial branching ratio measurements is discussed

in section 8.3.
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| Source of Systematics | ops. (%) | oapst (%) |
la) Tracking efficiency +2.2 +2.2
2a) Electron ID efficiency +1.1 5 |
3a) Charged particle ID +2.6 " =£2/6
4a) Bremsstrahlung %22 +2.9
5a) Neutrals reconstruction +6.6 +6.4
6a) K? energy deposition +4.3 +4.3
7a) B counting +1.1 E1
| A) Experimental systematics | +9.0 +9.1 |
1b) B — X v simulation +74 +74
2b) Radiative corrections +4.3 +5.1
| B) Background simulation | +86 +9.0 |
1c)B — X, fv simulation +4.0 +4.4
2c) Shape function uncertainties +9.0 =11
C) Signal simulation +9.8 +4.5
| Total (A®B & C) | +158 | +136 |

Table C.3: Summary of systematic uncertainties for a lower bound on the electron energy of
2.0 GeV. The systematics on the signal simulation also include the theoretical uncertainties
associated with the uncertainty on m; and a. The total systematical uncertainty was
computed as the quadratic sum of the uncertainties. In the case where a variation was
taken only in one direction, the corresponding uncertainty was symmetrized.
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| Source of Systematics | osse (%) | oasst (%) |
la) Tracking efficiency 411 +0.9
2a) Electron ID efficiency +0.7 +0.9
3a) Charged particle ID +9.2 +2.5
4a) Bremsstrahlung +1.8 +2.1
5a) Neutrals reconstruction +2.8 +2.8
6a) K} energy deposition 1.1 +0.9
7a) B counting 201 £1.3
| A) Experimental systematics [ +4.5 [ +4.7 |
1b) B — X fv simulation +3.6 +3.8
2b) Radiative corrections +3.6 +3.9
| B) Background simulation | #51 [ +54 ]
1c)B — X, fv simulation +4.9 +6.0
2c) Shape function uncertainties | +11.9 +2.7
C) Signal simulation +12.9 +6.6
| Total (A®@B&C) | £146 | +97 ]

Table C.4: Summary of systematic uncertainties for a lower bound on the electron energy of
2.2 GeV. The systematics on the signal simulation also include the theoretical uncertainties
associated with the uncertainty on m; and a. The total systematical uncertainty was
computed as the quadratic sum of the uncertainties. In the case where a variation was
taken only in one direction, the corresponding uncertainty was symmetrized.



