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ABSTRACT

The decay of a B meson into an 7’ meson and an inclusive charmless state with
unit strangeness, B — X7/, has stimulated significant theoretical interest since it was first
observed in 1998. A number of models were proposed to explain the unexpectedly large
branching fraction and the spectrum of X; mass, which peaks above 2.0 GeV/c?. One of
the most initially appealing explanations was the QCD anomaly model, in which the »’
couples strongly to two gluons. However, despite a number of theoretical calculations and
improved measurements of the decay, no explanation has been universally accepted as
accounting for available experimental data. The unique relationship between the 1’ and
the 1 suggest that the complimentary decay, B — X7, could elucidate the nature of the
Xsn' process.

We report the first measurement of inclusive B — X7 decays, based on a pseudo-
inclusive reconstruction technique using a sample of 657 x 10¢ BB pairs accumulated with
the Belle detector at the KEKB e e~ collider. For My, < 2.6 GeV/c?, we measure a branch-
ing fraction of (26.1 + 3.0(stat) "3 {(syst)"39(model)) x 107° and a direct C'P asymmetry of
Acp = —0.13 £+ 0.04f8:8§. Over half of the signal occurs in the range Mx, > 1.8 GeV/c?,
above all currently known exclusive contributions to B — X,n.

The lack of significant suppression of this decay relative to its " counterpart in-
dicates that explanations for the B — X, signal that invoke mechanisms specific to the

7’ are disfavored.
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Chapter 1

Introduction

The Standard Model (SM) of particle physics is currently the best accepted theory
explaining interactions of fundamental particles. It was developed and refined throughout
the 1960s and 1970s, and has since remained relatively unaltered. The SM can account for
nearly all observations of experimental high energy physics [1]. However, despite its im-
pressive track record, certain observations and theoretical motivations imply that the SM
is incomplete. There are a large number of theories and models proposing to supplement
or complete the SM, but ultimately these proposals must be verified experimentally. The
goal of experimental high energy physics, then, is to investigate the SM from an observa-
tional point of view. This includes looking for new phenomena that cannot be explained
in the SM, as well as measuring known or expected SM processes and searching for incon-
sistencies with theoretical predictions.

We will begin in this chapter by summarizing briefly the current state of the SM,
including some of its shortcomings. In Chapter 2, we will focus specifically on the  and
7’ mesons and their two associated B meson decays: B — X n' and B — X,n. Measure-
ments of the former have stimulated significant theoretical activity, suggesting possible
contributions from new physics. These possibilities can be further scrutinized and probed
by the latter, which we have recently measured for the first time. In Chapter 3, we will
introduce the basic methods of particle detection and the apparatus for this measurement:
the KEKB accelerator and the Belle detector. Specific analysis procedures and systematic
errors for this measurement will be discussed in Chapters 4 and 5, respectively. Chapter 6

summarizes the final measurement results and gives some discussion of their implications.



1.1 The Standard Model

The SM includes a set of fundamental fields, whose quanta we will henceforth re-
fer to as particles. These include the fundamental fermions, the constituents of matter, and
a set of gauge bosons that account for three of the four known fundamental forces: the elec-
tromagnetic, strong, and weak forces. The SM also posits the existence of a special particle
known as the Higgs boson. These fundamental particles and interactions are described

briefly here. For a more formal and complete description see, for example, Reference [2].

1.1.1 Standard Model Fermions

The fundamental fermions can be organized into two basic categories: quarks
and leptons.
Quarks come in six varieties, known as flavors: up, down, charm, strange, top,

and bottom. The quarks are arranged into three generations as follows:

: : (1.1.1)

The “up-type” quarks, u, ¢, and ¢, have electric charge +2/3, while the “down-type”
quarks, d, s, and b, have electric charge -1/3. Each quark flavor comes in three “colors,”
usually referred to as red, green, and blue, though this naming convention is arbitrary.
Similar to the quarks, there are six types of leptons: the electron, muon, tau, elec-
tron neutrino, muon neutrino, and tau neutrino. As before, they are organized into three

generations:

, , (1.1.2)

The neutrinos, v, v,, and v;, have no electric charge while the electron, muon, and tau
each have charge -1.

Masses of all the quarks and leptons are given in Table 1.1. All quarks and leptons
have anti-particle partners with equal mass and opposite electric charge.

The number and identity of the fundamental fermions is not an imposed con-
straint of the SM. Rather, the listed particles are a reflection of experimental observations.
The SM framework does, however, impose constraints on possible new particle content.

For example, if there were a fourth generation of quarks, it should be accompanied by a



Particle name

Symbol Electric charge (e = 1.60 x 1071 C)

Mass (GeV/c?)

quarks
up u +2/3 2.49 x 1073
down d -1/3 5.05 x 1073
strange s -1/3 1.01 x 1071
charm c +2/3 1.27
bottom b -1/3 4.19
top t +2/3 1.72 x 10?
leptons
electron e -1 5.11 x 1076
muon W -1 1.06 x 1073
tau T -1 1.78
electron neutrino Ve 0 <2x1079
muon neutrino vy 0 <2x1079
tau neutrino Uy 0 <2x1079
gauge bosons
gluon g 0 0
photon vy 0 0
W boson w +1 8.04 x 10!
Z boson Z0 0 9.12 x 10!
Higgs boson H 0 > 1.14 x 10?

Table 1.1: A list of the particles of the Standard Model, including standard abbreviation,
electric charge, and mass [1]. Note that each listed particle has a corresponding anti-
particle with the opposite charge. Because free quarks are not observed, quark masses
are estimates based on experimental observations (e.g., measured meson masses) coupled
with theoretical calculations.

fourth generation of leptons. Experimental data indicates that the number of neutrinos

with m,, < 45 GeV /c? is 2.9840 + 0.0082 [3], supporting the notion that there are only three

~

light quark and lepton families.!

1.1.2 Standard Model Interactions and Gauge Bosons

The three interactions incorporated into the SM are, in order of decreasing strength,
the strong force, the electromagnetic force, and the weak force. Coupling constants for each

force are given in Table 1.2.2 These forces are natural consequences of the imposition of

'A new family of heavy quarks and leptons is not ruled out by experimental data. Current limits on
possible fourth generation quark and lepton masses are given in Reference [1].

*The exact couplings depend on the energy scale of interest and in some cases, the exact particles involved,
so the values in Table 1.2 should be treated as approximate.



Force Coupling constant  Value

strong Qg <1

electromagnetic o = 475;2& ~1/137=73x 1073
G(Mc?)? -5

weak ) 1.17 x 10

gravity Gy Aﬁﬁ? 5 x 10740

Table 1.2: Approximate coupling constants of the fundamental forces [4]. Although it is
not currently included in the SM, gravity is also listed for comparison.

a gauge-symmetry into the quantum theoretical framework of the SM. These symmetries
also lead to particles called “gauge-bosons,” which can be thought of as the spin-one par-

ticles that mediate the force of interest.>

The Strong Force

The strong force is carried by eight gauge bosons, called gluons. Each is massless
and couples only to particles that carry color charge (i.e., the quarks and other gluons). The
theory describing strong interactions is referred to as quantum chromodynamics (QCD),
and is based on the symmetry group SU(3). As seen in Table 1.2, the strong force has a large
coupling constant relative to the electromagnetic and weak forces. This can complicate
theoretical calculations that are usually based on perturbation theory. In fact, the strong
force becomes notably non-perturbative at relatively low energy scales, O(500MeV). As a
result, the spectrum of particles we observe experimentally is not the set of quarks previ-
ously listed. Rather, we observe color-neutral bound states of quarks and gluons known
as hadrons.

Hadrons can primarily be classified into baryons, combinations of three quarks,
and mesons, combinations of a quark and an anti-quark. The most well-known baryons
are the proton and neutron, which are bound states of uud and udd, respectively. Mesons
are less familiar from our every-day experience, as even the longest lived mesons have
lifetimes of only O(107%s). We mention here only a few specific examples: the lightest
mesons are made from combinations of up and down quarks and anti-quarks, and are
known as pions, designated 7; mesons containing a strange quark (anti-quark) with an up

or down anti-quark (quark) are known as kaons, designated K; and mesons containing a

3Unlike the strong, weak, and electromagnetic forces, gravity is expected to be mediated by a spin-two
particle known as the graviton.



bottom quark (anti-quark) with an up or down anti-quark (quark) are known as B mesons.
We will discuss some of these mesons in more detail later.

Other more exotic hadronic states may exist, such as combinations of two gluons
(glueballs), sets of two quarks and two anti-quarks (tetraquarks), or four quarks and an
anti-quark (pentaquarks). However, none of these states have been conclusively identified.
More information on the status of these exotic hadrons can be found in the literature, for

example in Reference [5].

The Electromagnetic Force

The electromagnetic force is carried by a single massless gauge boson, the pho-
ton. It acts on particles that carry electric charge: the quarks, the electron, muon, and tau
leptons, and the W+ and W™ (see below). The field theory describing the interaction of the
photon with charged particles is known as quantum electrodynamics (QED), and is based

on the U(1) symmetry group.

The Weak Force

The weak force is carried by three gauge bosons, the W, the W, and the Z°.
As its name suggests, it is the weakest of the three forces in the SM. It is the only known
force that can change the flavor of a lepton or quark. For example, it is responsible for the
radioactive decay of the neutron:

n—p+e+r, (1.1.3)

At the quark level, this process changes the flavor of one of the neutron’s constituent
quarks from down to up:

d—u+e+v, (1.1.4)

The weak force couples to all the fundamental fermions, and is the only SM force that
couples to neutrinos, making them both unique and notoriously difficult to detect exper-
imentally. In fact the electromagnetic and weak forces have a unified description known
as electroweak theory, or the Glashow, Weinberg, and Salam (GSW) theory (see, among
others, Refs. [6, 7, 8]), which is based on a broken SU(2) x U(1) symmetry.

The weak force couples the up-type quarks to the down-type quarks via the W
boson. Unlike the gauge bosons from the electromagnetic and strong forces, the W and

Z bosons acquire masses of order ~ 100MeV /c? through the Higgs mechanism, which we



describe in the next section. However, the quark eigenstates of the weak interaction are

not the same as the quark mass eigenstates. Rather, they are related by a matrix transfor-

mation:
d Vud Vus Vub d
S 1= Veaa Ves Va s (1.1.5)
b Via Vis Vi b

where the states d, 3, and b are the weak interaction eigenstates and d, s, and b are the mass
eigenstates. The matrix V is known as the Cabibbo, Kobayashi, and Maskawa (CKM) ma-
trix. This effective rotation between the weak interaction eigenstates and the mass eigen-
states means that the magnitude of the effective coupling for flavor changing processes in
the quark sector depends on the transition involved. Experimentally, the magnitudes of

these elements are found to be:

[Via| = 0.974  |Vis| = 0.225 |V,p| = 0.004
Vea| = 0.225  |Vig| & 0.973 V| ~ 0.041 (1.1.6)
[Via| = 0.009  |Vis| = 0.041  |Vj| = 0.999

where the values are based on a combination of various measurements, as tabulated by
Reference [9]. From the values, it is clear that transitions within a quark family, (i.e., ¢ — b,
¢ — s,and d — u), are favored over transitions between families.

Vis a 3 x 3 complex matrix, defined in principle by nine magnitudes and nine
phases. However, in order to preserve probability, the matrix must be unitary, thus reduc-
ing the degrees of freedom to three rotation angles and six complex phases. Five of the
six phases can be absorbed into redefinitions of the quark fields, leaving one irreducible
complex phase. The presence of this complex phase results in a potential asymmetry be-
tween the behavior of matter and antimatter. In the underlying theory, the substitution of
matter into antimatter is a combination of two operations, known as charge-conjugation
and parity (C and P), so this asymmetry is known as CP violation. This mechanism of CP
violation can only occur if there are three (or more) families of quarks, though it was pos-
tulated by Kobayashi and Maskawa (KM) in 1973, when only two families were known.
Ultimately, experimental discovery of the third quark family and subsequent confirmation
of the KM mechanism of CP violation led Kobayashi and Maskawa to receive the Nobel

Prize in Physics in 2008.



1.1.3 The Higgs Boson

The Higgs particle is the only remaining unobserved particle in the SM. The field
associated with the Higgs couples to every massive particle in the SM (both the fundamen-
tal fermions and the massive W= and Z° gauge bosons). It is through these interactions,
known as the Higgs mechanism, that these particles obtain a mass. Observation of the
Higgs boson is a primary goal of many current experiments, including those taking place
at the Tevatron [10, 11] and the Large Hadron Collider (LHC) [12]. However, the details of
the Higgs mechanism are beyond the scope of this document, as they are not necessary to

explore the B meson decay channels of interest.

1.1.4 Standard Model Processes: Trees and Loops

Having now summarized the fundamental fields and interactions described by
the SM, we will briefly discuss the Lagrangian formalism, insofar as it is helpful to un-
derstand why certain decay channels are of inherent interest. Particle interactions are de-
scribed by a Lagrangian:

Lint = / Bx(Lint + LV int) (1.1.7)

4 The matrix

where £ and LT are the Lagrangian density and its Hermitian conjugate.
element, M, for a typical process can then be represented as the expectation values of
initial and final states 7 and f, connected by the interaction Lagrangian, and higher orders
thereof:

(i)’

2!

Mg = (] Lot + £} 1) + /d4:c<f|(£mt+zjm)2|z'>+... (118)

For example, the Lagrangian density for the interaction between the light quarks, u and d,

their antiquarks, « and d, and the charged W bosons is given by:
£ = iz (W Vi (1 +7)d

£ = i (Wi (V) ady (1 + 7Yl

where g is the weak coupling constant, and V, 4 is an element of the CKM matrix.

(1.1.9)

This Lagrangian describes the interaction, d — u + W~.> A graphical repre-

sentation of this process, known as a Feynman diagram, is shown in Figure 1.1. We can

“Including the Hermitian conjugate of £ ensures that the Lagrangian is Hermitian, a requirement necessary
for the theory to preserve unitarity, and thus probability.

5This Lagrangian actually describes any d, u, W process. For example, it also can be used to describe the
annihilation of a quark-antiquark, asind +a — W ™.



d Vaag/(2V2) W~ 9/(2v2)

w- e~

Figure 1.1: Feynman diagrams of the coupling between the down and up quarks and the W
boson (left) and the coupling between the ¢, 7., and the W (right). The factors gV,,4/(2v/2)
and g/2v/2 represent the coupling coefficients for the respective interactions.

d u

Figure 1.2: Tree-level diagram for the process d — u + e~ + 7.

describe more complicated processes by combining such diagrams. For example, the other
interaction shown in Figure 1.1, W~ — e~ + 7, corresponds to the following piece of the
electroweak Lagrangian:

Z: LW[E’VVV%:VZG + ’V?”e] (1.1.10)
Wy 7y (14 7)e ]
We can then combine these two diagrams, as in Figure 1.2, to describe the  decay of the
neutron (d — ue™ + 7).

In the language of Eq. 1.1.8, this diagram is the lowest non-zero contribution to
the matrix element for the process d — u + e~ + 7, (in this case, it is of order £?, one factor
of L for the d — u + W~ process from Eq. 1.1.9 and another for W~ — e~ 7, from Eq.
1.1.10).

Contributions of this nature, in which the diagrams do not contain closed particle

loops, are called tree-level diagrams. Although many processes can be described in this



Figure 1.3: A loop diagram, known as a radiative penguin, contributing to the process
b — sv.

fashion, some processes can only occur in the presence of closed loops. Diagrams of such
processes are called loop diagrams. As an example, the weak interaction does not allow
the process b — sv to occur at tree-level.® Instead, this process occurs via loop diagrams
known as radiative penguins. Figure 1.3 shows an example of such a diagram. The par-
ticles in the loop are not observable, and are instead known as “virtual.” Virtual particles
are not required to have the mass of their real counterparts, so they are able to contribute at
energy scales below their nominal mass. Furthermore, the total amplitude for the process
is the sum of all such loop contributions. If there were non-SM particles with couplings
such that they could take the place of any of the virtual particles in such a loop diagram,
the rate of this decay would be sensitive to them, even if they are too heavy to be pro-
duced directly. Significant differences between SM expectations and experimental data for
such decays would indicate the presence of new physics. For this reason, decays involving

loops are an excellent testbed to search for physics beyond the SM.

1.1.5 Inclusive and Exclusive Decays

Although the fundamental SM processes describe interactions with quarks, they
are not directly observable in nature. For example, although we described the quark-level
transition b — sy in the diagram in Figure 1.3, in reality the initial b and final s quarks are
bound in hadronic states by the strong force. The b quark could be bound in a B meson,
and the s quark in a kaon (K), a combination of s and % or d. The b — s process thus

encompasses many possible specific hadronic decays, only one of which is B — K*~. For

For convenience, from here on we will drop the addition symbol when describing processes. So b — s+
and b — s+ refer to the same process.



this reason, we call the underlying quark-level process an inclusive decay. In contrast,
when specific hadronic states are specified, we call it an exclusive decay.

Because theoretical calculations involving mesons are complicated by the under-
lying dynamics of hadronic systems, predictions for exclusive processes are significantly
more difficult to calculate, and suffer from large uncertainties. However, because they
involve very specific initial and final states that can be searched for experimentally, they
can be measured with high relative accuracy. In contrast, if calculations for part or all
of the process are restricted to the quark level, the theoretical uncertainties are reduced.
To compare such predictions to experiment, one must measure all possible realizations of
the inclusive process. For example, an inclusive measurement of b — sy should include
B — K*vy, B — K, etc. Although such measurements are difficult, they can be com-
pared to more precise theoretical predictions, and create an excellent laboratory to search

for new physics.

1.2 Beyond the Standard Model

We have mentioned two possible windows for testing the SM and searching for
new physics: loop processes and inclusive processes. However, we have not yet addressed
why we expect physics that extends beyond the SM. Although the SM accurately describes
a large number of experimental results, some theoretical arguments imply that it is an
incomplete description of the fundamental laws of nature. Further, some observations
cannot be accounted for within the framework of the SM.

One of the most obvious deficits of the SM is that it only includes three of the
four known fundamental forces; it fails to incorporate gravity. In the same vein, though
the SM can describe the electromagnetic and weak forces with one underlying theory, the
electroweak force, it does not provide a similar unification for the strong force. The SM
also provides no prediction for the number or masses of the fundamental fermions, instead
describing them in an ad-hoc manner to match experimental observations.

On the experimental side, one of the strongest pieces of evidence for physics be-
yond the SM comes from astrophysical observations. A number of these observations
suggest a large amount of gravitational matter that cannot be attributed to SM particles. In

fact, SM particles account for less than 5% of the energy in the universe [4].
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There are many theories and models that propose to supplement the SM to solve
these and other theoretical and observational problems. One of the most popular theories
is known as supersymmetry, in which each fundamental fermion has a bosonic partner,
and vice versa [13]. The presence of these additional particles and their couplings could
change the evolution of the SM forces with energy, resulting in their unification at some
higher scale. Some supersymmetric theories also propose to describe gravity with the
other fundamental interactions. The additional supersymmetric particles could also ac-
count for the dark matter whose gravitational influence has been observed by astronomers.

Of course, supersymmetry is by no means the only possible extension of the SM,
but it provides an illustrative example of what new particles may exist. One approach to
reveal new physics is to search for these new particles, supersymmetric or otherwise, by
direct detection. Passive searches include dark matter detection experiments, while active
attempts to produce new particles can be conducted in collider environments, such as pre-
vious experiments at the Large Electron Positron collider (LEP) and existing experiments
at the Tevatron and LHC. New particles could also be detected indirectly, as they may
contribute to loop diagrams, as discussed in Section 1.1.4. Their presence could influence
the observed rates for certain processes, such as decays of the B meson. Thus, precision
measurements of such decays are a valuable tool to test the SM and search for physics

beyond.

1.3 B Decays

Conservation of energy dictates that a particle can only decay into a state with
lower overall mass. As such, more massive particles tend to have a richer variety of pos-
sible decays. In the quark sector, the b quark is the most massive quark that forms bound
states.” As can be seen from the CKM matrix magnitudes, the strongest hadronic b decays
at tree level are expected to be via the b — c transition, since V;; is an order of magnitude
larger than V,,;,. However, loops allow for other transitions, albeit with smaller matrix ele-
ments, such as the b — s transition we have previously described, and even b — d decays.

Other decays with leptons in the final state are also allowed.

7Al’chough the t quark is the most massive of the known quarks, its large mass makes it so unstable that it
does not survive long enough to form hadronic bound states.
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This rich variety of underlying b decays coupled with the relative ease of produc-
tion in accelerators (see Section 3.1) makes the B meson an excellent testbed to study the b
quark and the predictions of the SM. For our purposes, the primary observables of interest

for a B meson decay are its branching fraction and its direct CP asymmetry.

1.3.1 Branching Fraction

A particle or state with a finite lifetime has a corresponding spread in its rest
mass. The lifetime, 7, is related to this spread, or width, I', by I' = //7. The width for a
given decay is related to the square of the matrix element for that process. The total width

is the sum over each possible decay of the state or particle:

= E T; (1.3.1)
or in terms of the lifetime:
1 1
—=h E — 1.3.2
T p T ( )

In some cases it is practical to measure the width or lifetime directly. In our case, where we
will have a large source of B and B mesons, it is more convenient to measure the fraction
of decays that proceed via a particular channel, known as a branching fraction, 5. For
example, for a BY meson decay, B — K*7~, we define the experimentally measured

branching ratio as:
N(B® — K*n™)
N(BY — X)

B(B® - K*n ) = (1.3.3)

where the numerator is the total number of B — Kt~ decays that occured and the

denominator is the total number of B? decays to any final state.® In terms of the decay

width, this corresponds to:

(B — Ktr7)
2T

BB’ - Ktrn™) = (1.3.4)

where the summation is over all possible decays.

8Note that for the remainder of this work, charge conjugate modes are implied unless otherwise stated.
So in this example, the branching fraction B® — Ktz is the sum of the number of B — K'n~ and
B — K~ 77" decays, divided by the total number of B° and B° decays.

12



1.3.2 Direct CP Asymmetry

As alluded to in Section 1.1.2, the complex phase in the CKM matrix allows for
an asymmetry between matter and antimatter, known as CP asymmetry. In B decays, CP
asymmetry can be observed indirectly, via mixing between B° and B, or directly, via an
asymmetry between the rate of a B” decay and the conjugate B° decay, or similarly a B

decay and the conjugate B~ decay. Experimentally, direct CP asymmetry is defined as:

_ B(b) - B(b)
Acp = m (1.3.5)

where the states with a b correspond to B~ or B® and those with b correspond to B or BY,
and the decays are the appropriate charge conjugate states of one another. Theoretically,

this can be expressed in terms of the decay widths,

Acp = L(b) ~T(b) P@ (1.3.6)
') +I(b)

In both the experimental and theoretical cases, the asymmetry has the benefit of
being a ratio of similar terms. For example, in the experimental case, many uncertainties in
measuring the branching fraction will be the same for both the b and b states, and will thus
cancel out in a determination of A¢ p. Similarly, uncertainties due to, for example, hadronic
form factors, may cancel out in the theoretical expression, resulting in more precise theory

predictions.
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Chapter 2

The 1 and " Mesons

We mentioned a few hadrons specifically in the previous chapter. To motivate
this decay analysis, we should discuss some of the propeties of the mesons in more detail.
Specifically, we will discuss mesons made out of u, d, and s quarks, with a special focus
on the " and 7, including the b — s transitions involving these mesons, B — X' and

B — Xgn.

2.1 Light (u,d,s) Mesons

Although the underlying theory of QCD is based on an SU(3) symmetry of quark
and gluon colors, the light hadron spectrum can be understood as an approximate sym-
metry between the light quark flavors (u, d, and s), known as flavor SU(3). This approach
allows us to classify hadrons into groups based on representations of SU(3). Although it
is obvious from the variations in the masses within these subgroups that this symmetry
is not exact, it nonetheless provides some valuable insights into some properties of the
hadrons. We focus here on the light mesons.

By combining quark anti-quark pairs, we can create a spin-0 pseudoscalar or spin-
1 pseudovector meson ground state. If we restrict ourselves to the light quarks, we expect

a total of nine possible quark anti-quark combinations:

U wa ud us
d (a d 5): du dd ds (2.1.1)
S st sd s§
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Meson Quark content Mass (MeV /c?)

0 T(ut — dd) 135.0
N \!

) ud 139.6

s du

Kt us

e ” 4937

K° ds

70 od 497.6

1 (ui 1— 253

78 zlﬁ(““ +dd =255)  gee Section 2.2)

n . 547.9

o (See Section 2.2) 957 8

Table 2.1: Mesons of the pseudoscalar nonet, including their quark content and masses.

The underlying transformation rules of the theory, known as flavor SU(3), dictate that the
pseudoscalar eigenstates are a combination of these quark anti-quark pairs.! These nine
states are known as the pseudoscalar nonet. Their quark content and masses are given
in Table 2.1. The first eight are known as the pseudoscalar octet, since they form an octet
representation of SU(3). The remaining state, the 7, is a singlet representation of SU(3),

and is hence known as the pseudoscalar singlet.

2.2 Thernand

The 75 and 7y are not experimentally observed states. Rather, we observe linear
combinations of these two states known as the n and #’. This mixture can be characterized
by a mixing angle 6:

n cosf) —sinf 78

= (2.2.1)
" sinf  cosd 70

The value of this n-7" mixing angle must be determined experimentally. One theoretical
approximation relates the mixing angle to the masses of  and 7'
— 5(Ami — m3)

2
n
(4}, = m2) = m?

3

tan’ 0 = (2.2.2)

/

Ll

'Each of these eigenstates has a pseudovector equivalent, but we restrict our discussion to the pseudoscalar
states.
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This gives the value |§| ~ 11°. Other estimations give a range of values: —10° < 6 < —20°.
Though the exact values vary, the accepted range of ¢ indicates that the 7 is predominantly

composed of the octet g and the 7 of the singlet 7.

2.3 1’ and the QCD Anomaly

For a classical field theory, we expect by Noether’s theorem a conserved current,
j#, associated with each continuous symmetry of the action. When such a current fails to
survive quantization of the theory, it is called an anomaly. The QCD axial-vector current,

j"3, is one such anomaly, with a divergence given by [14]:

Ot = Y 2impgrsq — ?f‘—ﬂsaagéaﬁ (2.3.1)
a=u.d,s
where g and g denote the light quark and anti-quark fields, G is the gluonic field strength,
and G5 is its dual. The first term is a sum over the three flavors of light quarks and their
anti-quarks, and can thus be interpreted as the 79. Thus, this equation implies a coupling
between the 7y and a two-gluon (also known as gluonium, or gg) state.

Returning to the physical states, the 7/, being composed of mostly 7, should also
couple strongly to gluons. One interpretation is that the 1’ is actually a mixture of 7y,7s,
and gg, and it is this presence of a significant gg component that is responsible for the in-
creased mass of the 1/’ relative to the other members of the pseudoscalar nonet. Under this
interpretation, as much as ~ 25% of the 7’ could be composed of gluonium [14]. The pres-
ence of 77—’ mixing indicates that the 1 could also have some gluonium component, but
since the 7 is made up primarily of the octet 75, its gluonium content is usually assumed

to be negligible.

24 B— X

A possible candidate to observe the enhanced 7'gg coupling is in b — sg* pro-
cesses, where a b quark decays to an s quark and an intermediate unstable gluon state g*,
which in turn could couple via the 7'gg anomaly mechanism to produce an n’. The dia-
gram for such a b — sn'g transition is shown in Figure 2.1. This class of diagram, where a

gluon is emitted from the loop, is known as a strong penguin.
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Figure 2.1: A b — sn'g QCD penguin diagram.
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Figure 2.2: (Left, Middle) Two B — X1’ diagrams that occur via “two-body” mechanisms
that do not involve the QCD anomaly coupling. (Right) The QCD anomaly contribution to
B — X1

As discussed in Section 1.1.5, the quarks and gluons in Figure 2.1 cannot be seen
directly. Instead, a candidate for experimental searches could contain the initial b quark
bound with a @ or d in a B meson. The final state gluon would create one or more ¢q
pairs, giving an overall final state of an 7’ and an outgoing hadronic system with a net
strangeness of one, which we denote as X,. The experimentally observable decay is thus
B — X,n'. Unfortunately, observation of this decay alone does not necessarily imply that
the anomaly mechanism is responsible. For example, Figure 2.2 indicates three possible
diagrams that could contribute to the decay. As the underlying processes are different,
they will lead to different distributions of other observables, such as Mx,. Thus, it is
important to determine both the branching fraction as well as the mass spectrum of the X
system.

The CLEO collaboration peformed the first such measurement in 1998 [15] using
a data sample of 3.3 x 10° BB pairs and found a branching fraction of B(B — Xy1';p;, >
2.0GeV/c) = (6.2 & 1.6(stat) + 1.3(syst) T2 (bkg)) x 1074, where the restriction on the
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Figure 2.3: Spectrum of My, observed by CLEO for B — X,n’ in Ref. [15]. Data points
with error bars are the measurement result, corrected for detection efficiency and based

on a subtraction of ¢g backgrounds. Histograms represent the expectation from b — sqq
(solid) and b — s7'g (dashed).

center-of-mass (CM) momentum of the 7/, p:;,, was chosen to reduce backgrounds from
b — c decays. This branching fraction was considered anomalously large, and the mass
spectrum of the inclusive X state exhibited a peak above 2.0 GeV/c?, as shown in Figure
2.3.

This measurement inspired significant theoretical interest. An initial calculation
was performed using conventional factorization approaches [16], but the resulting branch-
ing fraction fell short of the observed value by nearly a factor of five, and gave a mass spec-
trum which peaked at a significantly lower X, mass. Other calculations included more ex-
otic possibilites: the presence of a significant c¢ component within the 7’ [17], and possible
contributions from the QCD anomaly [18]. However, the cc explanation predicts that the
rate of B — 1K should be roughly half the rate of B — 1 K*, but current experimental
averages [1] indicate that the latter is actually suppressed relative to the former by more
than an order of magnitude. Likewise, the anomaly explanation is similarly disfavored, as
it requires a form factor for 7/ gg that is incompatible with measurements of T(15) — n'X
[19].

B — X,n was later measured in an improved analysis by CLEO with 9.7 x
10% BB pairs [20] and independently by the BaBar collaboration with 88.4 x 10 BB pairs

[21], giving branching fractions lower than, but consistent with, the original measurement:
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Figure 2.4: Observed X, mass spectra in measurements of B — X,n' from CLEO [20] (left),
and BaBar [21] (right). For both plots, the points with error bars are the data. In the left
plot, the histograms indicate expected background contributions from b — ¢ — s cascade
decays (light gray), B — D®*)%y/ decays (dark gray), and B — D**%) (hatched). In the
right plot, the histogram is the expectation from nonresonant B — X7’

(4.641.1(stat) £0.4(syst) £0.5(bkg)) x 1074, and (3.94-0.8(stat) £ 0.5(syst) £0.8(model)) x
10~%, respectively. The mass spectra of these measurements, shown in Figure 2.4, confirm
the peaking at high M. The currently accepted average for B — X1/ is, as of this writ-
ing, [1]: (4.24+0.9) x 10~%. There is still no conclusive agreement within the community as
to the underlying nature of the signal. Some theoretical treatments [22, 23] imply that the

decay rate could be indicative of contributions from new physics.

25 B — X

The previously described 7—1’ mixing phenomenon suggests that a measurement
of B — X,n could help to clarify the underlying contributions to B — X,1'. For example, if
the explanation is strongly linked to the QCD anomaly, then the rate for the 7 mode should
be suppressed relative to the " mode by the square of the tangent of the 7—n' mixing angle,
tan?6 ~ 0.1. A more recent theoretical treatment of both the 1’ and 1 modes using soft-
collinear effective theory includes possible contributions from nonperturbative diagrams
involving charm quarks, though it is not possible to determine the extent to which these

diagrams contribute without a measurement of the » mode [24].
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The only previous search for B — X n was performed by CLEO with a data
sample of 3.3 x 105 BB pairs, and placed an upper limit of B(B — Xsn) < 4.4 x 10~* [15].
Though this is consistent with the QCD anomaly expectation, the limit is not restrictive
enough to make any definite conclusions. The Belle detector, having collected hundreds of
millions of BB pairs, is thus in an excellent position to measure B — X7 and potentially

clarify a piece of the n—n' puzzle.
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Chapter 3

Experimental Methods and Apparatus

In order to measure the B — X7 process, we require a source of B mesons and
a method of detecting their decay products. In this chapter, we discuss production of B
mesons with the Y (4S5) system at the KEKB collider, and the subsequent detection of B
decays with the Belle detector.

3.1 The YT (4S5) and B Mesons

The T system is a mesonic state composed of b and b, and was discovered at Fer-
milab in 1977 [25]. Because of the large mass of the b quark relative to the binding energy
provided by the strong interaction, the bb pair in the T can be treated as nonrelativistic.
This treatment allows the T system to be understood in analogy to the positronium sys-
tem, a short lived e*e™ bound state. As in positronium, the result is a spectrum of bound
states.

Of these, the T(1.5) ground state and its radial excitations ( Y(25), T(35),...) are
readily produced in e*e™ collisions. The measured hadronic cross sections as a function
of energy for the first four T states are shown in Figure 3.1 The Y (45) is the first of these
states that is heavier than the mass of a BB pair. As such, it decays almost entirely (>
96%) via T(4S) — BB. Of these decays to B meson pairs, they are split almost evenly
into T(4S) — B*B~ and YT(45) — B"B° (approximately 52% and 48%, respectively) [1].
Accelerators that exploit these favored decays through the process eTe™ — T (4S) — BB
are known as B factories. Two B factory experiments have been underway over the last
decade: the BaBar experiment at the PEP-II collider at SLAC in California, and the Belle
experiment at the KEKB collider in Tsukuba, Japan.
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Figure 3.1: The T states, as observed via the cross section for eTe™ — hadrons, as measured
by the CUSB collaboration [26, 27] at CESR.

3.2 The KEKB B Factory

KEKB is an electron-positron collider located at the High Energy Accelerator Re-
search Organization (KEK) in Tsukuba, Japan [28]. The collider, shown schematically in
Figure 3.2, consists of an 8 GeV electron storage ring, known as the high energy ring (HER),
and a 3.5 GeV positron storage ring, known as the low energy ring (LER), each approxi-
mately 3 km in circumference.! Electrons and positrons from the two rings collide with a
22 mrad crossing angle at the interaction point (IP) and a nominal CM energy tuned to the
T (4S) resonance at 10.58 GeV.

At the time of its design, the luminosity of KEKB was targeted at 1 x 1034cm =271,
It began operation in 1998 and achieved design luminosity in May 2003. Operational im-
provements and equipment upgrades led to significant increases in luminosity, culminat-
ing in a world record of 2.11 x 103*¢cm™2?s~! in June 2009. During its operating period from
1998 through 2010, KEKB delivered an integrated luminosity of more than 1 ab™'. Most of
this luminosity was delivered at the energy of T (45), giving a total of over 771 million BB
pairs. The subsequent B decays were recorded by the Belle detector, located at the IP.

!The asymmetry between the two beams was chosen to create a net boost in the lab frame, allowing mea-
surement of decay-time differences between B and B°, known as time-dependent CP violation studies. How-
ever, this type of analysis is not the subject of this work.
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Figure 3.2: A schematic of the KEKB collider complex. Belle is located in the Tsukuba
interaction region.
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3.3 The Belle Detector

The Belle detector [29], shown in Figure 3.3, is a collection of sub-detectors built
around the IP of the KEKB collider. The coordinate system for Belle is defined with the
z-axis antiparallel to the positron beam and the z-axis pointing inward, toward the center
of the KEKB storage rings. For convenience, we often use polar coordinates (¢, ¢, and r)
with polar angle 6 defined as the angle away from the z-axis. The detector subsystems
cover a full 27 in ¢ and three ranges in ¢: the barrel region (34° < § < 127°), the forward
endcap (17° < 6 < 34°), and the backward endcap (127° < 6 < 150°). Information from
the Belle subdetectors is combined and used to search for specific B meson decays via a

technique known as reconstruction.

3.3.1 Decay Reconstruction

Our primary tool to identify specific decays is known as reconstruction. The basic
principle is to utilize kinematics and known particle properties to search for a specific
process. For example, to identify a decay X — Y + Z, we can search for the decay products
Y and Z (preferrably coming from a common decay vertex). However, there could be other
processes, suchas X — Y + Z + aor F' — Y + Z. These processes also have Y and Z in
the final state, so it is not enough to simply identify the final state particles.

We can increase our certainty that we have observed the process of interest if we

can verify the conservation of four-momentum:

(pX)u = (pY)u + (pZ)u (3.3.1)

Squaring the above relation and expanding, using natural units,

(rx)u(Px)* = (py + p2)u(py + p2)*
mx = \/(pY)u(pY)u + (Pz2)u(pz)* + (v )u@2)* + (p2)u(Py )* (3.3.2)
mx = \/mQY +m2 +2(EyEz — py pz)

where E, p, and m are the relevant energy, three-momentum, and rest mass, respectively.
The right hand side of the above relation is known as the invariant mass of the Y, Z system.
If Y and Z are truly products of the decay X — Y + Z, then their invariant mass should
be consistent with the mass of X.

As can be seen from above, the invariant mass is completely specified by mea-

surements of m and p for each decay product, since the energy can then be deduced from
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relativistic relations. Thus, each Belle subsystem is designed to determine one or more of
these values. Momentum of charged particles can be measured through magnetic spec-
troscopy. The momentum of neutral particles is determined by an energy measurement,
performed using electromagnetic calorimetry. Finally, the mass of each decay product
can be determined by systems that perform particle identification. All systems must be
triggered to collect the desired data with a high efficiency while keeping the background
trigger rate to a manageable level. Finally, the information from all these systems must be
recorded and processed to allow the end user to reconstruct B meson decays in a given

analysis.

3.3.2 Magnetic Spectroscopy

A charged particle traveling in a magnetic field follows a helical path with a ra-
dius of curvature given by

_|p7
r= L (33.3)

where pr is the component of the particle momentum transverse to the magnetic field,
given in GeV /¢, and B is the magnitude of the magnetic field, given in Tesla. In Belle, a 1.5
T magnetic field is supplied along the z-axis by a superconducting solenoid with length 4.4
m and an inner radius of 1.7 m. Two detectors are used to track charged particles through

the magnetic field: the silicon vertex detector (SVD) and the central drift chamber (CDC).

Silicon Vertex Detector (SVD)

The SVD is placed just outside the beam pipe, and as such is the closest detector
to the IP. As its name suggests, its primary purpose is to supply spatial information on
charged particles to determine the B-meson decay vertices. It also contributes to the over-
all tracking system. It consists of a series of reversed bias diode strips with their central
region depleted of charge carriers. When a charged track passes through this region, it cre-
ates electron-hole pairs that drift to the electrodes, thus creating a current and indicating a
hit. Data from two SVD configurations is used in this decay study. The first configuration,
SVD1, was used through 2003. SVD1 covers the angular range 23° < 6 < 139° with three
concentric cylindrical layers, each with a number of double-sided silicon strip detectors
(DSSDs). Strips on each side of a DSSD are arranged perpendicular to those on the other

side. This allows measurement of the z-position on one side and the r — ¢ position on
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Figure 3.4: The first SVD configuration, SVD1, used through summer 2003.

the other. This configuration is shown in Figure 3.4. In the summer of 2003, SVD1 was
removed and the SVD2 configuration was installed. SVD2 has improved angular accep-
tance, from 17° < 6 < 150° and a total of four concentric cylinders of DSSD detectors, with
the innermost layer 0.5 cm closer to the IP than SVDI.
The performance of each configuration is measured by the resolution on the point
of closest approach to the IP, known as the impact parameters. This is divided into two
pieces: the r — ¢ and z resolutions. The r — ¢ resolution, 0,4, of each configuration is given
by
[SVD1]o,(um) = 19.2 @ I% (334
[SVD2],(um) = 21.9 @ ﬁ

and the z resolution is given by
[SVD1]o, (um) = 42.2 @ 1054”;1753/20 3.35)
[SVD2]o. (um) = 27.8 ® Iﬁ

where in both cases the @ operator indicates the addition of the two components of the

resolution in quadrature.
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Figure 3.5: Overview of the CDC structure. Lengths are in mm.

Central Drift Chamber (CDC)

The next detector outward from the SVD is the CDC, shown in Figure 3.5. The
CDC covers the angular range from 17° < ¢ < 150°. Each of its 8400 drift cells consists of a
sense wire, held at a fixed positive voltage, surrounded by field wires, held at a fixed neg-
ative voltage. The CDC is filled with a 50% helium, 50% ethane (C2Hg) mixture. Charged
particles passing through the gas ionize electrons, which are accelerated by the electric
tield. As they accelerate, they produce secondary ionizations in the gas, and the resulting
avalanche is collected by the sense wires. The time of the hits in the CDC relative to the
event start time is combined with the known drift-velocity of electrons in the gas, and the
distance of closest approach to the sense wire is derived. The series of hits left by a particle
as it passes through the CDC and, optionally, hits from the SVD, allow the helix parame-
ters of the charged track to be reconstructed. To maximize the z-resolution of the track fits,

some of the drift cells are rotated by a small angle away from the z-axis.
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Ultimately, the CDC is able to measure the transverse momentum, pr, of most
tracks to better than 1%. The pr resolution of the CDC alone is given by
0.35
o (%) = (0.28p7) ® (—) (3.3.6)
pr B
with pr given in GeV /c. If information from the SVD is added, the resolution improves to
0.30
%z () — 019pr) o 250 337)
pr B
The CDC also provides information to the particle identification (PID) system. We will

discuss this more in Section 3.3.4.

3.3.3 Electromagnetic Calorimetry

Electrons interacting in a material lose energy via ionization loss and bremsstrahlung
radiation. If the energy of the electron is sufficient, the bremsstrahlung photons can cause
eTe” pair-production. The resulting et and e~ can create further ionizations and bremsstrahlung
photons, continuing the process. Thus, a high energy incident electron or photon causes
an electromagnetic shower. If the material is doped with a fluor, the ionization energy
losses from the shower are converted into visible light, which can in turn be measured by
a photodetector.

Most of the photons detected at Belle are the final products of cascade decays. As
a result, they have relatively low energies of < 500 MeV. However, some decay modes
have high energy photons (up to ~ 4 GeV) that are direct products of a two-body B decay,
such as B — K™v. Belle’s calorimeters must therefore perform with excellent resolution

over a wide energy range.

Electromagnetic Calorimeter (ECL)

The ECL, shown in Figure 3.6, is Belle’s primary electromagnetic calorimeter. It
consists of 8,736 cesium iodide crystals, doped with thallium as a fluor (CsI(Tl)), divided
over three regions: the barrel (32.2° < 6 < 128.7°, 6642 crystals), the forward endcap
(12.4° < 0 < 31.4°, 1152 crystals), and the backward endcap (130.7° < 6 < 155.1°, 960
crystals). The shape of each crystal varies by position in the ECL, but a typical crystal
has a tower-like shape (see Figure 3.7), with a front face of 55 mm x 55 mm, a rear face

of 65 mm x 65 mm, and a length of 30 cm. This length corresponds to approximately
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Figure 3.6: Overall configuration of the Belle ECL.

16.2 radiation lengths, or enough to reduce the energy of an incident particle by about
1/e'62. This length ensures that showers from high energy particles are contained within
the crystals, thus maintaining the energy resolution.

The angular coverage is the same as that of the CDC, allowing charged tracks
to be matched with clusters of hits in the ECL. Photons can thus be identified by an ECL
shower with no matching charged track from the CDC and a shower profile consistent

with an electromagnetic cascade.? The position resolution of the ECL is

3.4 1.8
and the energy resolution is
OF 10/ _ 0.066 0.81
i3 (%) = <—E @ —@ ®1.34 (3.3.9)

with E given in GeV.

*The characteristic profile of an electromagnetic shower is notably narrower than that of a shower produced
by an incident hadron.
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Extreme Forward Calorimeter (EFC)

Figure 3.8 shows the extreme forward calorimeter, which detects electromagnetic
showers in the far forward and backward regions: 6.4° < 6 < 11.5° and 163.3° < 0 <
171.2°, respectively.

The EFC’s proximity to the beam pipe and the IP results in higher backgrounds
than the ECL. To compensate, the EFC uses crystals of bismuth germanate (Bi;Ge3O2, or
BGO) due to their higher radiation tolerance. The EFC is not used in decay reconstruc-
tion. However, its geometric location allows it to act as a beam mask to reduce radiation

backgrounds to the CDC, as well perform luminosity and background monitoring.

3.3.4 Particle Identification (PID)

Fits to the helix of a charged track can determine the particle momentum with
high precision, but provide no information on the mass, and thus the identity of the parti-

cle. However, there are a number of measurements that can distinguish between particle

types.
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Figure 3.8: An isometric view of the forward and backward EFC.

One such measurement is the ionization energy loss of the particle per unit length
traversed in a medium, dE/dx. This energy loss is given by the Bethe-Bloch formula,
22 2
é—f = 74”];[:; < % {m [71 &”1” ﬂ%] - 52} (3.3.10)
where m is the electron mass, v and z are the charge (in units of the electron charge) and
velocity of the particle, Ny is Avagadro’s number, Z and A are the atomic number and
mass number of the material, and  is an ionization potential of the medium. Equation
3.3.10 depends only on the velocity of the charged particle (v and 3), so a measurement of
dE /dx can in principle determine the velocity of the particle. Since we already measureme
the momentum from the track helix, we can calculate the mass.
1
m = |p| 7 1 (3.3.11)

In practice, the mass is not directly calculated. Rather, the dE/dx distributions themselves
are used to distinguish the particles.

Hits in the CDC provide measurements of dE/dx at Belle. Distributions of hits
corresponding to various particle species are shown in Figure 3.9. The resulting PID ca-

pabilities are excellent below momenta of 1 GeV /¢, and show some limited discrimination

32



dE/dx

35

25—

PO P I PR P B R P
-1.5 -1 -0.5 =] 05 1
log(P)

dEfdx vs log,(p)

Figure 3.9: Measured distributions of dE/dx versus the log of particle momentum for pi-
ons, kaons, protons, and electrons, taken with the CDC. The scattered points are measured
data and the lines are expectations from the Bethe-Bloch formula, Eq. 3.3.10.

power at high momentum. In the intermediate region, PID is supplemented by other sub-
systems: the Aerogel Cherenkov Counter and the Time-of-Flight Counter (TOF). Further,
since the muon mass (~ 106 GeV /c?) is so close to the charged pion mass (~ 140 GeV /c?),

muons must be identified by another subsystem, the K, and y Detector.

Aerogel Cherenkov Counter (ACC)

If a charged particle passes through a dielectric medium with index of refraction,
n, at a velocity faster than ¢/n, then it emits coherent radiation known as Cherenkov radi-
ation. If the index of refraction is suitably chosen, then pions at a given momentum may
exceed ¢/n and emit Cherenkov radiation while kaons at the same momentum would not.
This is the operating principle of the Belle Aerogel Cherenkov Counter.

The ACC layout is shown in Figure 3.10. It consists of 960 modules laid out
throughout the barrel and endcap regions, each one a thin aluminum box containing two
principal components: a stack of ultralight aerogel with index of refraction ranging from

1.01 to 1.03, and one or two fine mesh photomultipler tubes (PMTs) to detect Cherenkov
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Figure 3.10: The arrangement of dedicated PID modules (barrel and endcap ACC and
TOF) within Belle. Aerogel blocks are read out by one or two fine mesh PMTs.
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Figure 3.11: ACC modules for the barrel (left) and endcap (right).

light. Example modules are shown in Figure 3.11. The ACC’s index of refraction allows it

to differentiate pions and kaons in the approximate momentum range of 1 to 4 GeV//c.

Time-of-Flight Counter (TOF)

As seen previously in Eq. 3.3.11, a measurement of particle velocity can specify
the particle mass, given that the momentum is already measured by the tracking systems.
The TOF counter measures this velocity directly by determining the amount of time it takes
for the particle to travel from the IP to the TOF system.

The TOF is constructed from 128 bars of plastic scintillators, laid out in a barrel
configuration just outside of the ACC (see Figure 3.10). Two PMTs read out the scintillation
light from the scintillators at either end of each bar. A thin trigger scintillator (TSC) is
placed just inside each pair of TOF modules to provide triggering for the TOF, and is read
out via a single PMT, which is coupled to the TSC via a plastic light guide. The layout of
these counters is shown in Figure 3.12.

The timing resolution of each end of the TOF depends on the hit position within
the TOF scintillator. As expected, the timing is significantly better for the PMT that is closer
to the impact position of the charged particle. When timing from both ends of the bar is
combined, the overall time resolution is of order 100 ps regardless of impact position, as
shown in Figure 3.13. Figure 3.13 also shows the separation performance of the TOF, which

provides significant discrimination between 7 and K for p < 1.5 GeV/c.
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Figure 3.13: (Left) Timing resolution verus particle z impact position on the TOF as mea-
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Overall K /7 Separation

For each charged track, information from dE/dzx, the ACC, and the TOF are com-
bined to give a likelihood ratio for the K hypothesis, given the K and m hypotheses:?

dE/dr 5 ACC pTOF
Py P~ Py

PID(K) = (3.3.12)

dE/dz 5 ACC pTOF dE/dz
P PRYE PR 4+ P PACC pTOF

where Px and P, represent probability distributions for kaons and pions in the appropri-

ate subsystem. The likelihood ratio for the m hypothesis can also be calculated as

E
P;ri /dx Pfcc P;FOF

PID(r) = —1- PID(K) (3.3.13)

dE/d dE/d
P /dx P;?CC PEOF + P /dx PACC pTOF

These likelihood ratios can be used to select out those particles more likely to be K or 7.
Exact efficiencies and fake rates depend on the value of PID(K) or PID(r) that is used.
A typical selection for kaons accepts those tracks with PID(K) > 0.6. Figure 3.14 shows
a measured distribution of PID(K) for varying momenta, as well as kaon efficiencies and

the rates for pions to be misidentified as kaons using the typical selection criteria.

K1, and p Detector (KLM)

The KLM identifies particles that would otherwise not be stopped within the Belle
detector: K, and p. It consists of alternating layers of detectors and the iron of the flux
return of the Belle solenoid. The detectors are pairs of glass-electrode-resistive plate coun-
ters (RPCs), each consisting of two parallel plates separated by a gas filled gap. Ionizing
particles passing through the gap create a discharge in the gap that is read out by external
pickup strips. An example RPC “superlayer” is shown in Figure 3.15 (left). Typical spatial
resolutions of the superlayers are a few centimeters.

Hadrons can cause interactions within the KLM layers, and can thus be detected.
Hadrons consistent with a K, interaction are identified by the lack of a matching track
in the CDC. In contrast, muons should have a matching track in the CDC. Further, p in-
teractions can be distinguished from hadronic interactions by their increased penetration
depth and characteristically narrower clusters. Typical efficiencies for identifying muons

are shown in Figure 3.15 (right).

30Other, similarly constructed likelihood ratios are available for proton identification, electron identification,
etc. We focus on K /7 separation since it is the most relevant to this analysis.
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Figure 3.14: (Left) Distributions of PID(K) as a function of momentum for kaons (open
circles) and pions (cross-points). (Right) Kaon efficiencies and fake rates to misidentify
pions as kaons. Both plots use D** — DYz decays, which can be selected with excellent
signal to noise ratio without using PID measurements.
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3.3.5 Triggering and Data Collection

The high luminosity environment of KEKB creates up to MHz trigger rates in var-
ious subsystems, mostly from accelerator induced background events. In order to collect
data from desired events, such as ete™ — BB, the trigger system must first make some
immediate selection to identify an event as potentially interesting. This trigger decision is
then fanned out to the various subsystems and the data from each detector is collected by

the data acquisition system for offline event reconstruction and analysis.

Trigger System

The trigger system is responsible for identifying the events for recording and
permanent storage. For physics studies and analyses, the primary events of interest are
ete” — BB,ete” — qq(q = u,d,s,c), ete” — 7777, and ete” — 7. The trigger system
also must record a fraction of the total number of Bhabha scattering (ee~ — ete™) and
mu-pair events (ete” — utpu7), as they are useful for luminosity monitoring and detec-
tor calibration. The overall trigger rate should not exceed ~500 Hz due to data acquisition
limits, so the trigger requirements must suppress triggers due to KEKB beam backgrounds
and other sources.

An initial Level-1 (L1) trigger is obtained by combining various information from
each subdetector into the global decision logic (GDL), as shown in Figure 3.16. The GDL
for the L1 trigger is implemented on programmable logic devices, and provides a trigger
decision 2.2 us after the crossing time of the e~ and e bunches. The L1 trigger is over 99%
efficient for hadronic events, such as BB.

Another trigger, known as the Level-3 (L3) trigger, can be implemented in the
online computer software. It implements a fast track-finding algorithm and rejects events
that are inconsistent with an interaction at the IP. It preserves hadronic events with high
effiency (> 99%) while rejecting 50% — 60% of L1 events. Events passing the L1 and,
optionally, the L3 trigger are recorded to raw data files. A final, L4, trigger is applied
offline on the raw data files, further reducing the background by a factor of roughly five
and maintaining the hadronic event efficiency. Events passing the L4 criteria are processed

into data files suitable for physics analysis by collaborators.
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Figure 3.16: Schematic of the Belle Level-1 trigger system.

Data Acquisition (DAQ)

The Belle DAQ system, shown schematically in Figure 3.17, collects data from
the seven Belle subsystems (SVD, CDC, ACC, TOF, ECL, KLM, EFC) after a L1 trigger.
This data collection runs in parallel to increase the overal DAQ rate, allowing events to
be recorded at up to ~500 Hz. Most of the Belle systems utilize charge-to-time (Q-to-T)
schemes, with a final readout performed by a time-to-digital (TDC) converter. The excep-
tions are the SVD and KLM, which use flash analog-to-digital converters (Flash ADC) and
direct TDC readout, respectively.

Data from the subsystems is collected and assembled into events by an event-
builder. Data sizes vary with the particle multiplicity of the event, but a typical size for a
BB or qq event is 30 kB. After events are built, they are passed to the online computing
farm, where the L3 trigger can be applied. Events to be recorded are then written out to

offline storage.

Software, Simulation, and Analysis

A raw event consists of the TDC and ADC values of the various subsystems, de-
scribed previously. A suite of software developed by Belle collaborators takes this data,

determines and applies calibration corrections for each subsystem (e.g., applies alignment
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Figure 3.17: Schematic of the Belle DAQ system.

constants, calibrates for gain variations, etc.), and performs momentum or energy mea-
surements for the detected particles. For charged tracks, a helix fit is performed to derive
a momentum, and the track is extrapolated to the PID systems to search for associated in-
formation. For neutrals, the ECL or KLM can provide information on their energy and/or
their direction of flight. Four-momenta and associated information related to particle iden-
tification is stored in data files suitable for final analysis by collaborators.*

Monte Carlo (MC) simulations play a vital role in optimizing and characteriz-
ing physics analyses. Expected distributions of particles and four-momenta for selected
events or classes of events can be generated using the EvtGen package [30].° These distri-
butions are passed to a full detector simulation, called GSIM, implemented in the GEANT
[31] framework, and files are generated for analysis that match the actual data formats.

End users then write reconstruction codes, often using components from the existing Belle

“The raw data files are stored permanently for potential reprocessing, in the event that the processing
procedures change or improve. For example, recent improvements in the charged track identification and
reconstruction have led to significant increases in efficiency for low momentum charged tracks. All data taken
after the installation of SVD2 was reprocessed to benefit from these changes.

®Other event generators can be used, but EvtGen is typical for BB and ¢g events.
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software libraries, to identify their decay channels of interest. These analysis codes are
then tested on MC to evaluate their efficiency and optimize against expected backgrounds.

Once finalized, the analysis can be performed on the Belle data sample.
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Chapter 4
Analysis

4.1 Analysis Overview

We measure the branching fraction of B — X, n through a semi-inclusive tech-
nique where the X is reconstructed as a system of a kaon and up to four pions. As with
any hadronic B decay, a large background is expected from continuum ¢¢ production. In
fact, the cross-section for ete™ — ¢g is roughly three times that of eTe™ — T(4S). There
are also so called “generic” backgrounds from b — ¢ processes with similar or identical
final states. To reduce both of these backgrounds we employ a technique used in similar
analyses [15, 20, 21] and suppress these backgrounds with a minimum requirement on the
n momentum in the CM frame (> 2.0 GeV /c). We also apply specific rejection criteria to
further reduce these backgrounds. A small background is expected from some rare B de-
cay processes. All backgrounds are studied using a set of MC samples before examining
the data sample.

Selection criteria are chosen to effectively reconstruct the signal decays while re-
ducing expected background contributions. Charged kaons and pions are identified using
the particle identification systems described in the last chapter. K2, 7%, and n mesons are
selected primarily based on the invariant mass of their respective decay products. Typical
selections for Belle analyses require the invariant mass to be within £2.50 of the nomi-
nal mass, where ¢ is the measured invariant mass resolution. There are some exceptions
to this rule, where selections are tightened to provide better agreement between control
samples in data and Monte Carlo, or loosened based on information from previous Belle
studies. Though these basic criteria provide an effective selection of signal events, some

backgrounds must be targeted directly using specific suppression techniques. Because
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Figure 4.1: (Left) The kinematic relation between the X; mass and the n momentum in
the B rest frame. (Right) The same relation in the CM frame. In both cases, Xy mass was
generated using EvtGen up to 3.2 GeV/c?, and no detector or reconstruction effects are
included.

such techniques also may significantly reduce the signal efficiency, an optimization is per-
formed to maximize the expected statistical significance of the observation, as estimated
from the quantity Ng/\/Ng + Np, where Ng is the expected number of signal events, as
determined from MC simulations, and Np is the expected number of background events,
as determined from either MC simulation or a data control region.

Our final analysis is limited by the cut on the » momentum. Due to the kinematics
of the B — X,n decay, in the B rest frame there is a direct relation between the momen-
tum of the n and the mass of the X, system recoiling against it. This relation is smeared
somewhat by the finite B momentum in the CM frame. The B rest frame and CM frame
distributions are shown in Figure 4.1. Ultimately, the requirement on the 7 momentum
creates an approximate upper limit on the observable X mass spectrum of 2.6 GeV/c?.
We determine the signal yields below this cutoff in 200 MeV /c? wide bins of X mass. De-
spite all background suppression techniques, some contamination is expected during the
final fitting procedure. The remaining charm backgrounds are modeled for the fit, and the
expected contributions from rare backgrounds are subtracted from the fitted yields. The
fitted yields are then combined with an efficiency determined from the signal MC to de-
termine a branching fraction. The yields can also be measured separately for B~, B and

BT, BY to calculate a direct CP asymmetry.
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Code Decay mode | Code Decay mode

1000 BT — K™'p 1010 B — Km0

1001 Bt — Ktx0y 1011 B — K*tr 7%

1020 BT — Ktntn 1030 B - Ktn—ntnty
1021 Bt — Ktrtr— 70y 1031 B — Ktr—rntrtaly
1040 Bt — Ktata—ntr n | 0100 B°— K%

0110 BT — Kln'ty 0101 B — K97

0111 BT — K2rtx% 0120 B — Kntrn

0130 BT — Klatzr—nty 0121 B — Klntn—n%
0131 B" — Kdrta=7Ta% | 0140 B°— KVntr—ntnn

Table 4.1: A list of the decay modes reconstructed in this analysis, along with their associ-
ated numerical codes.

4.1.1 Semi-Inclusive Reconstruction

As mentioned in Section 1.1.5, a completely inclusive analysis involves a mea-
surement over all possible final states. In practice, this can be a difficult feat, as there may
be final states that are undetectable, or have a detection efficiency so low that they cannot
be measured reliably. As an alternative, we use a semi-inclusive reconstruction technique’
introduced by CLEO for analysis of b — s [32]. We search for the » meson of B — X n by
reconstructing the decay  — 7. The X is reconstructed as a kaon and up to four pions,
of which at most one may be neutral. A total of 18 decay modes and their charge conju-
gates are reconstructed. For some plots and figures, we use a four digit code to represent

each mode. The code corresponds to:
Niode = N+ %1000 + Ng, %100 + Nyt % 10 + Nyo * 1 (4.1.1)

The reconstructed modes are listed explicitly in Table 4.1 with their associated codes.

Of course, there are other modes that could be classified as B — X 7. The fraction
of modes that are valid B — X n decays but we do not reconstruct are referred to as
“missing” modes, and the effect of these missing modes must be accounted for in the final
reconstruction efficiency. For example, half of the K" or K" mesons from the X system
will be detected as Kg via the decay Kg — 77 . The other half manifest as K, which
we do not attempt to detect in this analysis. Other missing modes occur when there are

more than four total pions, or more than one 70. The final reconstruction efficiency, ¢, can

I This technique is also known as the “sum of exclusive modes” method.
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be expressed as
€ = €recB(Xs — X1)

. (4.1.2)
= €rec|l — B(X, — X™iss)]

where ¢ is the efficiency to detect the reconstructed modes, and B(X; — X ,EreC’miSS)) are
the branching fractions for X, to decay into reconstructed or missing final states, respec-
tively. Both values are estimated from the MC. The estimate of missing modes is discussed

further in Section 5.2.2.

4.2 Analysis Samples - Data and MC

Signal and background distributions are first studied using MC samples. All sam-
ples are produced using the EvtGen generator to simulate underlying physics events. The
generated events are then passed to GSIM to model the detector response and produce
data files with formatting identical to the experimental data. The actual data is divided
into ranges that reflect an operating period of KEKB and Belle, known as “experiments.”
Each experiment has associated run conditions that are recorded and imposed into the
GSIM framework to produce MC that accurately reflects the KEKB and Belle conditions at
the time. Samples of MC that are produced for collaboration-wide use are usually divided
into “streams.” Each stream corresponds to a set of data equal in size to the Belle data

sample.

4.2.1 Experimental Data

The data sample used for this study consists of 604.6 fb~! collected at the Y (4.5)
resonance. This corresponds to Belle experiments 7-55. It includes approximately 657
million BB pairs, or 85% of the final Belle Y(4S) data. This sample is nearly 200 times
larger than the data sample used for the previous CLEO search for B — Xn.

4.2.2 Signal MC

The primary signal Monte Carlo sample consists of 6 million events (generated in
proportion to the luminosity of each experiment number) in the mode B — X1, where the
X, system is composed of a strange quark and a light anti-quark. The signal MC includes

an extra package, known as PYTHIA [33], which fragments the X, into hadrons. The X
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is generated with a flat mass distribution in the range 0.6373 GeV/? < My, < 3.2 GeV/c?.
The lower bound corresponds to the approximate threshold for Km production and is the
lowest allowed mass by PYTHIA.

Two other PYTHIA-based samples with varying X, mass spectra have also been
generated to test the effects of the assumed mass spectrum on the reconstruction and signal
extraction procedures. We leave discussion of these models to the next chapter, as they are
motivated by studies of the systematic errors.

Since these PYTHIA-based models will never produce exclusive B — K, we
supplement them by generating a separate sample of 250,000 events each in the modes
B~ — K nand B® — K"). Furthermore, we generate a total of 500,000 separate Monte
Carlo events for the decay B — K*(892)n, since this mode is large, well measured [34],

and is known to contribute to our signal.

4.2.3 Continuum (qq) MC

One stream of continuum MC for experiments 7-55 is used to study expected ¢q
backgrounds. This sample corresponds to 604.55 fb~!, approximately the same size as

expected continuum contributions for the data sample used in this study.

4.2.4 Generic (BB) MC

Three streams of b — ¢ MC, generated for experiments 7-55, are used to study the
charm backgrounds. This is equivalent to 1.81 ab™!, or 3 times the data sample used in

this analysis.

4.2.5 Rare B Decay MC

The entire Belle rare MC sample of 24.6 ab™! equivalent (40.7 times the data sam-
ple) is used to study backgrounds from b — s, u, d processes. For further study of radiative
backgrounds, we use a MC sample of B — X,y and B — K*(892)y corresponding to 27.8
ab™!, or approximately 46 times the data sample. To study possible backgrounds from
B — X4n, we prepare a sample of 500,000 events with a flat M, spectrum. The X, sys-
tem is fragmented into hadrons by PYTHIA.
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4.2.6 Control Sample

A Monte Carlo sample of B — Dn* modes was generated in order to study
possible discrepancies between data and MC. The sample consists of 1.76 million decays
of B — D~n" and 3.18 million decays of Bt — D%, in accordance with their ratios of

branching fractions (2.68 x 1073 and 4.84 x 1073, respectively).

4.3 Event Selection

This section details the event selections that are applied. In all cases, they are

applied to both the MC samples and the data in the same manner.

4.3.1 Pre-Selections (Skims)

Before basic selection criteria are applied, one or more pre-selections can be per-
formed. These are known as skims. By limiting our analysis to events that pass these
skims, we can focus on a smaller set of data, reducing the processing time and complica-

tions that can occur from handling the full Belle data.

Hadronic Event Skim

A skim known as HadronB isolates hadronic events from other processes, such

Te~ — utu~, etc. This both reduces the overall data size and re-

asete™ — 7777, ¢
moves significant non-hadronic backgrounds for hadronic analyses. The skim makes re-
quirements on the charged track multiplicity, the calorimeter cluster multiplicity, the total
visible energy, the energy deposited in the calorimeter, the overall momentum balance in
the z-direction, and the average ECL cluster energy. It also requires that the event vertex is
consistent with the known IP to avoid events caused by beam particles striking the beam
pipe or residual gas molecules. The optimization and performance of specific criteria are
described in References [35] and [36]. This skim retains about 18% of the raw data, while

retaining more than 99% of B B events, as determined from the MC.

High Momentum n Skim

Since we are searching for high momentum 7 mesons, we can significantly reduce

the size of the data for analysis by removing events without such an 7 candidate. This skim
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reconstructs 77 mesons in the 7 — vy mode only, using only +’s with £ > 50 MeV to avoid
combinatorial backgrounds from low energy photons. A loose requirement is imposed on
the two-photon invariant mass, 480 MeV /c* < M, < 620 MeV /c?, and the v~ candidate
must have pi™ > 1.6 GeV /c. Roughly ~ 10% of data events that pass the hadronic skim

also pass this skim.

Full Reconstruction Skim

This skim is only used on the control sample MC and data. This skim accepts
events in which a B meson can be completely reconstructed in one of a number of common
decay modes. Although this skim was developed primarily to detect decays with missing
energy by accounting for all the other B decay products, it is of use for this analysis since

the reconstructed modes include our control decays: B — D*n~ and B~ — D%~

4.3.2 Particle Selection and Reconstruction
1n Mesons

Each « used to reconstruct the 7 is required to have an energy greater than 200 MeV.

In order to veto background photons from 7°

— 77, each v must satisfy a likelihood ratio
requirement of £,0 < 0.8, where L, is calculated from an existing Belle study [37]. Pairs
of v candidates passing these criteria are combined and their invariant mass is required to
be in the range 480 MeV /c* < M, < 620 MeV/c?. Because the mass of the 7 is known
more precisely than Belle’s 7 mass resolution, the momenta of the photons are recalcu-
lated with the mass of the 7 fixed to the nominal [1] value. This procedure is known as a
mass-constrained fit.

Some radiative decays contain a high energy photon that can be combined with

low energy photons to create a fake 7). In such a case, the asymmetry in the energy between

the two photons, defined as

_ ‘E’h — E’YQ‘
| By + En |

will be large. To suppress such fake 7 candidates, we require this asymmetry to be less

than 0.6.2

2We note that our 7 mass selection is consistent with +20, where o is the detector resolution. This and
the energy asymmetry cut of A < 0.6 are both more restrictive than the standard Belle values of +2.50 and
A < 0.9. Our study of radiative B backgrounds indicated some possible contributions that were not well

A (4.3.1)
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Charged Tracks

Charged tracks used in the X, reconstruction are required to satisfy the impact
parameter requirements dr < 1 cm and dz < 10 cm. This requirement removes poorly
measured tracks. Identification of charged tracks is made using the P/ D(K) variable de-
rived from the PID systems. K*'s are required to satisfy PID(K) > 0.6, and 7+’s must
satisfy PID(K) < 0.9.

Neutral Kaons

K? candidates are reconstructed from 77~ pairs. The vertex of each pair must
be well reconstructed and displaced from the interaction point, and the reconstructed K?
momentum vector must be aligned with the 77~ vertex vector [38]. They are required to

have an invariant mass in the range 482 MeV /c? < M+ ,- < 514 MeV /c23

Neutral Pions

Neutral pions are reconstructed from pairs of photons. Each v daughter from the
70 is required to satisfy the standard y energy requirement (E,, > 50 MeV) if it was detected
in the barrel region, or a more restrictive £, > 100 MeV requirement if it was detected in
the endcap. To reduce misreconstructed photons, we require that 90% of the energy of
each v candidate be contained in the central 3 x 3 array of calorimeter crystals of the 5 x 5
array of crystals used to reconstruct the photon. This eliminates misreconstructions due to
hadronic showers, which have a larger characteristic lateral size than their electromagnetic
counterparts.

When the photons are combined, we require that their invariant mass lie in the
range 120 MeV /c?> < M, < 150 MeV /c?, and their lab frame momentum satisfies p,o >
300 MeV /c. Asin the 7 reconstruction, a mass constrained fit is performed using the known

70 mass.

modeled by MC. These requirements were made more restrictive to avoid potential systematic errors from
these backgrounds.

#The mass resolution for K§ candidates is roughly o ~ 4 MeV /c?, so this mass range corresponds to +4o.
This is larger than typical cut values of 2.5¢ to 30, but the other K¢ selection criteria are known to provide a
very pure sample of K3’s [39].
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X System

The X is reconstructed from a K+ or K and up to four 7’s, of which up to one
may be a 7°. If more than one charged track is used to form the X, a vertex fit is performed

and must succeed, or the candidate is rejected.

B Mesons

The invariant mass of the B meson is connected to its energy and momentum in
the CM frame (E* and p*) by the usual relativistic relation m? = E*2 4 |p*|?, so it might
seem prudent to calculate the total momentum and energy for the proposed B daughters.
However, calculating the invariant mass in this fashion does not fully utilize our knowl-
edge of the e™e™ collision parameters. Since the only outgoing particles in the collision are
two B mesons, we know they must each carry half of the CM energy. By using this energy
in our calculation, we can improve our resolution on M, by a factor of 5-10 relative to the
conventional invariant B mass. Therefore, it is more convenient to study two related vari-
ables: the beam-constrained mass, My,. and the energy difference, AE. These are defined

as:

Mie = /(B go)? — P32 (432)
AE =FE5— Ef (4.3.3)

where Ejpeam is half the total CM energy of the ete™ system, and is calibrated indepen-
dently for each experimental run. For details of this calibration see Appendix B. True
B candidates will have a beam-constrained mass near the B mass, 5.28 GeV/c?, and an
energy difference near zero.

We form B candidates from combinations of X and 7. They are required to have

a beam constrained mass My, > 5.23 GeV/c? and an energy difference |AE| < 0.5 GeV.

4.3.3 Signal Region & Fit Region

We define a signal region, where our expected B — X7 events are concentrated,
in the following variables: 77 mass before the mass constrained fit (1/,), the  momentum
in the CM frame (pj"), the energy difference (AE), and the beam constrained mass (Mp.).

The requirements are:

o p;" >2.0GeV/c
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Figure 4.2: Signal regions in various observables, shown for signal MC assuming a flat X
mass distribution. (Upper left) A center of mass n momentum distribution in GeV/c. The
region to the right of the line is the signal region. (Upper right) M, distribution in GeV/c?,
with the signal region to the right of the red line. (Lower left) AE distribution in GeV, with
the signal region defined between the two lines. (Lower right) An M., distribution for n
candidates in GeV/c?, with the signal region defined between the lines.

o My, > 5.27 GeV/c?
e —0.1 GeV < AFE < 0.1 GeV
e 520 MeV/c? < M, < 570 MeV /c?

The signal region cuts are shown graphically in Figure 4.2 using the signal Monte Carlo
sample.

We also define a fit region, which includes all the above requirements except the
My, requirement. The signal is ultimately extracted through a fitting procedure, described

in Section 4.5, that is performed over events in the fit region.
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4.3.4 Control sample selection criteria

The reconstructed modes and selection criteria for the B — Dn* control modes
are nearly identical to those of B — X n. The D meson is reconstructed as X, and the
requirement for n momentum is instead applied to the charged 7. To select D decays, we

also impose a cut on the mass of the X of |[Mx, — Mp| < 20 MeV /c?.

4.3.5 Multiple Candidates & Best Candidate Selection

Due to the large number of reconstructed modes, there may be many B candi-
dates per event. However, to avoid counting one event multiple times, we must select
only one candidate per event.

After the selection criteria listed above, there are an average of nine B candidates
per event. In events where more than one B candidate can be formed, the candidate with
the lowest x? = X2, + x4p is chosen, where X2, is obtained from the X vertex fit, if

2 . . . .
performed, and XQA B = ?2—E, where oA g is based on asymmetric gaussian fits to each mode

separately in signal MC. el"bi\e AF resolution is affected most strongly by the addition of a
70 to the X;. For modes without a 7%, typical AE resolutions are 62 MeV for AE < 0 and
29 MeV for AE > 0. For modes with a 7, the respective resolutions are 76 MeV and 31
MeV.

With no further cuts applied, this candidate selection chooses a completely cor-
rectly reconstructed B meson in approximately 38% of signal MC events where at least
one B candidate was identified.* If we perform the candidate selection, then apply sig-
nal region cuts as well as continuum suppression cuts and vetoes (described in the next
section), we choose a correctly reconstructed B meson in 56% of the remaining events. Of
events with at least one candidate in the signal region, 79.5% are correctly reconstructed.
The multiplicities without and with signal region cuts applied are shown in Figure 4.3.

Performing the candidate selection procedure before the fit region requirements
or any background suppression techniques are applied represents a potential loss of effi-
ciency. However, it is not necessarily inappropriate, as it may also reduce the contribution

of backgrounds.® The ordering of this selection relative to other criteria was studied using

“Percentages of correctly chosen B candidates can be compared to those expected from randomly selecting
a candidate. In this case, since there an average of nine B candidates per event, we expect that a random
choice will be correct about 11% of the time.

®For example, consider a background event with nine fake B candidates, eight of which would be elimi-
nated by background suppression cuts. If these cuts are applied first, then the one remaining candidate will
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the expected statistical significance of the measurement. By performing candidate selec-
tion first, the expected statistical significance is 4.10. If instead the fit region criteria are
applied first, as well as all background suppression criteria, the expected statistical signif-
icance drops to 3.50. More details on this study are available in Reference [40]. Ultimately,
this ordering was chosen as it did not notably affect the expected significance of the mea-

surement, and it was more expedient to perform computationally.

4.4 Background Suppression

Though some of the selection criteria described above help to reduce backgrounds
from other processes and decays, we also apply specific suppression techniques that target

each classification of background directly. We describe these below.

4.4.1 Continuum (¢q) Background

Continuum backgrounds are kinematically quite different than BB events. Since
B mesons are spinless, their decay products are distributed nearly isotropically in the rest
frame of the B meson. In the CM frame, the B mesons are produced nearly at rest, so
this isotropic distribution is mostly preserved. In contrast, light quark-antiquark pairs
produced in the eTe™ continuum are generated back-to-back in the CM frame with high
momentum. The quarks then fragment into hadrons along the original quark momentum
vectors, creating back-to-back jets of hadrons.

To distinguish between the more spherical BB events and the jet-like ¢ events,
we use a combination of probability density functions (PDFs) of variables that describe the
event topology. One set of such variables is the Fox-Wolfram moments [41]. The moments

are defined as
Ipillp;|
H = —— P i 441
! EZ P 1 (cos i) (4.4.1)

where the indices i and j run over all particles produced in the event, p are the three-
momenta of each particle, /s is the total CM-frame energy, P, are the Legendre polynomi-
als, and ¢;; is the angle between particles i and j. Belle utilizes a modified form of these

variables for extra discrimination between signal and continuum events [42]. Rather than

always remain and ultimately be chosen as the best candidate. If candidate selection is performed first, this
event will be removed if any of the eight candidates are chosen.
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including all particles in a single moment, separate moments are defined for those par-
ticles associated with the signal B and the other B in the event. For those particles that
are associated with the other B, they are further subdivided into charged particles, neu-
tral particles, and a pseudo-particle with a momentum that represents the total missing
momentum from the event. For the moments including the signal B candidates, they are
defined as

RS — m >_i; Pl Pi(cos ¢ij) [=0,2,4

B aE 2 QiQj|pjPi(cos di) 1=1,3

where Fj, o is the half of the total CM energy, AF is the energy difference for the signal B,

(4.4.2)

and the Q’s are the charge of the corresponding particle. The index i runs over the signal
B daughters. The index j runs over various sets of particles. For one set of five moments,
j runs over the other charged particles in the event. For the next set, j runs over the other
neutral particles in the event. For the final set, j corresponds to the missing momentum
pseudo-particle. This results in a total of 15 moments, but only 11 non-zero moments, since
those involving () are only relevant for charged particles. Another set of five moments is

defined as

1 . .. —
poter _ | Wm0 2 [PilF1 (005 035) =024 (4.43)

T aw)? 2uiy QiQjlpj| Pi(cos éy3) 1=1,3
where in this case the indices ¢ and j run over all the particles that are not associated
with the signal B, including the pseudo-particle for the missing momentum. In addition
to these 16 modified moments, another variable is included, the sum of the transverse
momentum of all visible particles.

The distributions of these 17 variables are correlated to the quality of reconstruc-
tion of the overall event. This reconstruction quality can be quantified by the amount of
apparent mass that is missing from the event. To account for these correlations, the dis-
tributions of the 17 variables are binned into seven regions of missing mass. Within each
missing mass region, they are linearly combined into a Fisher discriminant [43], F, with
weights that maximize the separation between the signal and ¢g background. Distribu-
tions of the missing mass and F for each associated bin are shown in Figure 4.4 for both
signal MC and continuum MC.

The polar angle of the candidate B meson flight direction, cos(fg), can be used
for further discrimination. Since they decay from the vector meson Y (4S5), true B mesons

follow a 1 — cos?(f) distribution, while the combinatorial backgound from continuum is
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Figure 4.4: (Upper left) Distribution of events into missing mass bins for continuum MC
(blue) and signal MC (red). (Others) Distributions of Fisher discriminants corresponding
to each bin of missing mass, based on the modified Fox-Wolfram moments, for continuum
Monte Carlo (blue, left gaussian in fits), and signal MC (red, right gaussian in fits).
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Figure 4.5: Distributions of cos(fp) for signal MC (top) and continuum MC (bottom).

distributed nearly isotropically. The signal and continuum MC distributions of cos(fp) are
fitted to second and first order polynomials, respectively, and are shown in Figure 4.5.

Lastly, Az, the difference in logitudinal displacements of the decay vertices for
the signal B candidate and the remaining B is much narrow for continuum events, which
are expected to have a common vertex, than for true B mesons, which have a finite flight
length. Az is fitted as a sum of three Gaussians for both signal and continuum. The mean
of the three Gaussians is fixed to the same value. This value, along with the width of each
of the three Gaussians, is fitted from the MC. Distributions and the fitted PDFs can be
found in Figure 4.4.1. Separate PDFs are used for SVD1 data and SVD2 data.

These three sets of PDFs are combined into a likelihood ratio (LR) defined as:

Psig(F)Psig(cos(0B))Psig(Az)

R = ) Pors (c05(01) gy (A7) + P (F ) Pog (03 (05) 1 Pag (A7)

(4.4.4)
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Figure 4.6: PDFs of Az for signal MC (top) and continuum MC (bottom), shown separately
for SVD1 data (left) and SVD2 data (right).
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where Py, is a PDF based on signal MC, and P, is a PDF based on continuum MC. Overall
likelihood ratio distributions from MC are shown in Figure 4.7.

The LR criteria are studied with the aid of the Belle flavor tagging algorithm [44],
which analyzes the remaining particles not included in the signal reconstruction and de-
termines the flavor (b or b) of the other B meson in the event. The tagging algorithm also
determines a quality factor for the tagging, r, which ranges from zero for no discrimination
and unity for unambiguous flavor identification. For events where the signal B candidate
arises from combinatorial backgrounds or misreconstructions, the other B in the event is
unlikely to be well tagged, and will thus have a low quality factor. In some cases, the
tagging algorithm will even disagree with our signal reconstruction (e.g., our candidate is
a BT and the charge of the tag B is identified as +1). In these cases, we can apply more
stringent continuum suppression requirements. For correctly reconstructed signal events,
the remaining particles unused in the signal B are more likely to be tagged consistently
with the signal B and with a high quality factor. For these events, we can make less severe
requirements on the continuum suppression likelihood ratio. The selection criteria on the
likelihood ratio vary over 6 bins of tagging quality, with their final values determined by
maximizing the overall figure of merit, defined as:
Nsig

FOM =
v Nsig + Ngg + Npp

(4.4.5)

where Ny, Nyg, and N5 are the number of expected signal, continuum, and generic
events in the signal region passing the likelihood ratio selection. The number of signal
events is calculated using the signal MC and an assumed branching fraction of B(B —
X,n) = 4.2x107°. This is based on expectations from the QCD anomaly scenario, in which
the branching ratio should be suppressed relative to B — X7/ by a factor of tan?§ ~ 0.1,
where 6 is the 7 — 7' mixing angle in the octet-singlet basis. The likelihood ratio criteria and
overall figure of merit are listed in Table 4.2. The selections are 34.3% efficient on signal

MC and suppress 99.5% of contributions from continuum MC.

4.4.2 Generic BB Backgrounds

Because of the inclusive nature of the X, reconstruction, there are many modes
that donot arise from B — X1, but that do share the same final state. The b — c¢ transitions
of this type can be categorized into two subgroups, direct B — X.n decays, such as BY —

D%, and cascade decays B — X. — X n. The cascade decays are heavily suppressed
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Figure 4.7: Likelihood ratio distributions, integrated over all bins of tag quality, for Monte
Carlo samples of signal (red), continuum (blue), and generic b — c events (green).

B Flavor Tag quality x tag charge LR | B flavor Tag quality x tag charge LR
X X

tag charge tag charge

BY/B* [—1.00,0.30] 099 | BY/B~ [—1.00, —0.95) 0.67
(0.30,0.50] 0.97 [—0.95, —0.85) 0.89
(0.50,0.70] 0.96 [—0.85,—0.70) 0.94
(0.70,0.85] 0.94 [—0.70, —0.50) 0.96
(0.85,0.95] 0.89 [—0.50, —0.30) 0.97
(0.95,1.00] 0.67 [—0.30, 1.00] 0.99

‘ Overall FOM 4.99 ‘

Table 4.2: Miniminum likelihood ratio requirements in bins of tag quality. If the flavor
of the signal B is unknown, as is the case for neutral B candidates with a K 9, then the
absolute value of tag quality times tag charge is used, with the likelihood cuts from the
BY/B*.
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Pseudo reconstruction o (MeV/c?)

D° — Knn* 5.4

DY — Knr*r0 17.8
Dt — Knr* 5.0

Dt — Knntn0 12.5
DY — K% 12.5
Df — nrt 11.7
Ne(18) — nrtm— 34.0

Table 4.3: Pseudo-reconstructions and mass resolutions for charm background vetoes.

by the requirement of pj, but nonetheless some remain, particularly in the high X; mass
region.

To suppress the direct B — X.n backgrounds, as well as any tails of the cas-
cade decays, we apply a series of rejections, commonly called vetoes, based on pseudo-
reconstructions from within the B decay products. As an example, to veto candidates from
BY — D), we reconstruct D° from combinations of the kaon and pions used in the X re-
construction. If any of these DY candidates fall within a specified invariant mass range,
then the B candidate is vetoed. A list of pseudo-reconstructions and mass windows used
for vetoes is given in Table 4.3. The width of each pseudo-mass is determined from gaus-
sian fits to MC simulation and veto windows are typically set at +2.50 from the nominal
mass. Table 4.4 shows approximate expected numbers of events in the signal region from
selected modes before and after the vetoes. We describe the treatment of the remaining

b — c events in Section 4.5.

4.4.3 Rare B Backgrounds

Three distinct backgrounds are identified from rare b — u,d, s transitions. The
first comes from the very B — X, decays that motivated this analysis. In these de-
cays, a subsequent / — nrt7~ decay can lead to a B — X,n final state. As with the
charm cascades, these events are suppressed due to their characteristically lower 1 mo-
mentum. Nevertheless, we veto possible remaining backgrounds using a method similar
to the charm vetoes. We reconstruct 7 — nm™7~, where the n from B — X7 is combined
with any two charged pions in the event. If the mass is within 100 MeV /c? of the known

77’ mass, we veto the event.
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Mode NPre—veto  post=veto  pRyE 3 Belle MC B

expected expected
BY — DO 523 151 (2.0240.35) x 107*  1.65 x 10~*
BT — DOnty 485 130
BY — D*(2007)% 176 93 (1.8 +£0.6) x 1074 1.78 x 10~*
BT — D*(2007)°7tn 308 146
BY — D7ty 380 115
BY — D*(2010)"7tn 430 155
BT — DOyt 155 80 (1.34 £0.18) x 1072 1.34 x 1072
BT — D*(2007)%p" 58 24 (9.8 +1.7) x 1073 15.5 x 1073
Bt — DOpt 56 20 (4.84 £0.15) x 1073 4.96 x 1073
Bt — DODF 62 14 (100 +£1.7) x 1073 9.2x 1072
BY — D~DF 41 11 (6.5+1.3) x 1073 8.66 x 1073
Bt — Dy K*trnt 82 24 <7x107* 25.6 x 1074
Bt = n.(1S)K* 46 14 (9.1+1.3)x107* 941 x107*
BY — n.(18)K? 19 7 (9.94+1.9) x 1074 11.87 x 1074
BY — n.(18)K*(892)° 27 8 (1.6 £0.7) x 1073 1.60 x 1073
BY — D= p* 60 28 (75+1.2) x 1073 791 x 1073
B — D*(2010)"p* 53 23 (6.84+0.9) x 1073 7.14x 1073

Table 4.4: Expected background contributions for selected b — ¢ modes, based on generic
MC events found in the signal region, before and after vetoes are applied. Neypected 1S cal-
culated by counting events in the signal region. Branching fractions are listed as tabulated
by the Particle Data Group (PDG) [1], and as used by Belle for MC generation.
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Figure 4.8: Distributions of M., in GeV/ c? for signal MC (black) and b — sy MC (red).
The area between the vertical lines is defined as the M., sideband region, which is used to
study the potential radiative backgrounds.

The second class of rare background is from B — X7, where we may misre-
construct an 1 from the high energy v and a low energy background photon. Both the
energy asymmetry and M., requirements already described are the only criteria that are
specifically used to reduce this background. However, we note that the distribution of
M., for such misreconstructions is quite different than for those with a true n. M, dis-
tributions for B — X,y and B — X7 are shown in Figure 4.8. It is clear that the signal
region requirement for M, significantly reduces these backgrounds. We can also define
a sideband region, 0.58 MeV /c? < M., < 0.62 MeV /c?, where we can compare measured
backgrounds from B — X, v to our expectations from the MC. We search for these back-
grounds using a fitting procedure that will be described in more detail in the next section.

The last rare background comes from B — X n, where one of the pions in the

X, system is misidentified as a kaon. The mis-assignment of the kaon mass to a pion
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will shift the AF distribution, so our AE signal region requirements help to reduce these
backgrounds.

As with the b — ¢ backgrounds, we still must characterize the remaining rare
backgrounds for the final fitting procedure. We describe this procedure, including the

background treatments, in the next section.

4.5 Maximum Likelihood Fit

We extract our signal yields in 200 MeV//c? wide bins of Mx,. For each bin, we
perform a one-dimensional extended unbinned maximum likelihood fit to My,.. The like-
lihood function is defined as

N

L = ie—(Nsig-f—NBB-f—NqQ) X HNsig,Pi'

N Y + NppPhp + NogPea (4.5.1)
’ i=1

where i runs over all the B candidates, IV represents the yield, either total (no subscript) or
from a given category (with subscript), and P represents a PDF for the given component
(signal, BB, or ¢g). Although we do not include a component in the fit to model rare
backgrounds, we expect them to contribute to the B — X7 signal. These contributions
are subtracted from the fitted signal yields. In this section, we describe the fitting functions
used for each background and the methods used to determine how much rare background

to subtract.

4.5.1 Signal Component

The signal component is modeled as a Gaussian. The yield of this Gaussian is
floated to determine the amount of signal, and both the mean and width are fixed based
on values from the signal MC. The MC sample varies by the X region. For the lowest
M, bin, from 0.4-0.6 GeV/c?, only K7 and Kgn can contribute, so the signal is modeled
using dedicated MC samples of these modes. For the bin from 0.8-1.0 GeV /c?, the signal is
known to be dominated by the exclusive decay B — K7, so again a dedicated exclusive
MC sample is used. For all other bins, the PYTHIA MC with a flat X distribution is used.
For all MC samples, separate fits are performed for the SVD1 and SVD2 data samples, since

the resolutions and means may have slight differences due to the changes in hardware.
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Fit to Signal MC

argus_c=-243.0 + 36
gauss_ratio = 0.9841 + 0.0041
lean = 5.279089 + 0.000034
igma = 0.002872 + 0.000028
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Figure 4.9: My, fits to the signal MC generated with exclusive B — K7 under conditions
for SVD1 (above) and SVD2 (below). These fits are used to set the mean and sigma for the
signal Gaussian in the bin from 0.4 - 0.6 GeV /2.

Fits to these MC samples are shown in Figures 4.9, 4.10, and 4.11. After determin-
ing the means and widths from MC, we adjust them slightly for the final fit to account for

differences between the MC and data. This is described in more detail in Section 4.5.5

4.5.2 Continuum / Combinatorial Component

Combinatorial backgrounds, where a B candidate arises from random combina-
tions of particles, have a distinctly different shape in M, than correctly reconstructed B
decays, allowing them to be distinguished relatively easily during the fitting procedure.
These backgrounds arise largely from ¢g events, but there is some contribution from other
events as well. These contributions are modeled by an empirically determined PDF known
as an ARGUS function [45], defined as

P(Mie) = ty/1 — 2201 (4.5.2)

where t = My, /Ef .

and the yield of this PDF are allowed to float during the fits to data.

and « is known as the ARGUS shape parameter. Both the shape
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Figure 4.10: M, fits to the signal MC generated with exclusive B — K*7n under conditions
for SVD1 (above) and SVD2 (below). These fits are used to set the mean and sigma for the
signal Gaussian in the bin from 0.8 - 1.0 GeV /2.
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Figure 4.11: M, fits to the PYTHIA based signal MC with a flat X; mass distribution under
conditions for SVD1 (above) and SVD2 (below). The fit is over the entire X mass range
(0.4 -2.6 GeV/c?), and is used to set the mean and sigma for the signal Gaussian in the bins
from 0.6 - 0.8 GeV/c? and from 1.0 - 2.6 GeV /.
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4.5.3 BB Components

Based on classifications of the largest contributing backgrounds in the generic
MC, the BB PDF is divided into five components: B — D%, B — D*'p, BT —
D=7+, B — D&O7+y, and all other b — ¢ backgrounds.

BB PDF Shapes

Each of these is modeled by an ARGUS function plus a Gaussian, with the relative
fraction of Gaussian to ARGUS determined by fits to the generic MC. Because the shape
of the combinatorial component of these backgrounds varies by X mass bin, two sets of
tits are performed to determine the PDF components. One set of fits is performed over
the full range of My, 0.4-2.6 GeV/ 2. These fits, shown in Figure 4.12, are used to fix the
Gaussian parameters of each BB PDF. Once these parameters are determined, they are
fixed to these values and fits are performed in each bin of Mx_ . These bin-dependent fits
are used to determine the ARGUS shape and the relative amount of Gaussian to ARGUS

background for each component in each bin. These fits are shown in Figures 4.13-4.23.

BB PDF Normalizations

The shapes of the five BB fit PDFs are not distinct enough from one another to
allow their normalizations to be floated for the fit, so they must be fixed. This is relatively
straightforward in the case when the decays have known branching fractions. However, a
glance at Table 4.4 reveals that for some decays, the known branching fractions are either
poorly measured or completely unknown.

The B — D% and B° — D*%) modes have been previously measured by both
the Belle and BaBar collaborations, though with relatively small data samples (140 fb~! and
89 fh~ 1, respectively), and with results that are somewhat inconsistent. For these modes,
we fix their normalizations to those expected from the Belle branching fractions [46].

The three-body decays B — D)7 are examples of unmeasured modes, and
appear in the Belle MC decay table only through a PYTHIA fragmentation entry that is
meant to produce generic B — DX decays. For these decays, we have no measurements
available to guide our normalizations, so we instead use the data itself. Since we have
implemented vetoes on the D and D*, we can look inside these vetoed selections to find

an enhanced sample of our generic decays. By examining binned M, distributions in the
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Figure 4.12: M, fits to the b — ¢ MC samples over the entire X; mass range (0.4 - 2.6
GeV/c?). These fits are used only to determine the Gaussian shape parameters for each
component of the b — ¢ backgrounds: B — D% (upper left), B — D*'n (upper right),
Bt — DMOxty (middle left), B® — D™ ~7%1 (middle right), and all other b — ¢ modes
(lower left).
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Figure 4.13: M, fits to the b — ¢ MC samples for the X mass range 0.4 GeV/c? - 0.6
GeV/c?. The fits correspond to: B® — D% (upper left), B — D*y (upper right), Bt —
D07ty (middle left), B — D®™)~7%y (middle right), and all other b — ¢ modes (lower
left).
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Figure 4.14: M, fits to the b — ¢ MC samples for the X mass range 0.6 GeV/c? - 0.8
GeV/c?. The fits correspond to: B® — D%y (upper left), B — D*%p (upper right), Bt —
D®0xty (middle left), B — D®™)~7%y (middle right), and all other b — ¢ modes (lower
left).
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Figure 4.15: My, fits to the b — ¢ MC samples for the X mass range 0.8 GeV/c? - 1.0
GeV/c?. The fits correspond to: B® — D% (upper left), B — D*y (upper right), Bt —

D07ty (middle left), B — D®™)~7%y (middle right), and all other b — ¢ modes (lower
lefo).

Figure 4.16: M, fits to the b — ¢ MC samples for the X mass range 1.0 GeV/c? - 1.2
GeV/c?. The fits correspond to: B® — D%y (upper left), B — D*%p (upper right), Bt —

D®0xty (middle left), B — D®™)~7%y (middle right), and all other b — ¢ modes (lower
lefo).
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Figure 4.17: M, fits to the b — ¢ MC samples for the X, mass range 1.2 GeV/c? - 1.4
GeV/c?. The fits correspond to: B® — D% (upper left), B — D*y (upper right), Bt —
D07ty (middle left), B — D®™)~7%y (middle right), and all other b — ¢ modes (lower
left).
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Figure 4.18: M, fits to the b — ¢ MC samples for the X mass range 1.4 GeV/c? - 1.6
GeV/c?. The fits correspond to: B® — D%y (upper left), B — D*%p (upper right), Bt —
D®0xty (middle left), B — D®™)~7%y (middle right), and all other b — ¢ modes (lower
left).
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Figure 4.19: M, fits to the b — ¢ MC samples for the X mass range 1.6 GeV/c? - 1.8
GeV/c?. The fits correspond to: B® — D% (upper left), B — D*y (upper right), Bt —
D07ty (middle left), B — D®™)~7%y (middle right), and all other b — ¢ modes (lower
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Figure 4.20: M, fits to the b — ¢ MC samples for the X mass range 1.8 GeV/c? - 2.0
GeV/c?. The fits correspond to: B® — D%y (upper left), B — D*%p (upper right), Bt —
D®0xty (middle left), B — D®™)~7%y (middle right), and all other b — ¢ modes (lower
left).
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Figure 4.21: M, fits to the b — ¢ MC samples for the X, mass range 2.0 GeV/c? - 2.2
GeV/c?. The fits correspond to: B® — D% (upper left), B — D*y (upper right), Bt —
D07ty (middle left), B — D®™)~7%y (middle right), and all other b — ¢ modes (lower
left).
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Figure 4.22: M, fits to the b — ¢ MC samples for the X mass range 2.2 GeV/c? - 2.4
GeV/c?. The fits correspond to: B® — D%y (upper left), B — D*%p (upper right), Bt —
D®0xty (middle left), B — D®™)~7%y (middle right), and all other b — ¢ modes (lower
left).
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Figure 4.23: M, fits to the b — ¢ MC samples for the X mass range 2.4 GeV/c? - 2.6
GeV/c?. The fits correpond to: B® — D% (upper left), B® — D*' (upper right), B —
D®)07r+y (middle left), B — D®)~x%y (middle right), and all other b — ¢ modes (lower
left).

veto windows, we can adjust the amount of these generic decays in MC, and compare to
the data distributions until a best-fit is found. For each veto window, we define a x2 as

X2 _ Z (Nli/IC — Néata) ’ (4.5.3)
" Ndata

i
where Nyic and Nyat, are the number of events in each bin 7 of the My, histograms, for the

data or the combined MC samples, respectively. Since various modes may contribute to

more than one veto window, we optimize by minimizing the sum over all veto windows,
=Y x (4.5.4)
n

This x? can be minimized with respect to a scaling factor that the MC normalization for
each three-body mode must be multiplied by to give the best agreement with data. There
are four scaling factors in this fitting procedure, but we further simplify by making the
assumption that these scaling factors should be identical for D and D* modes. Thus, the
scaling factor for BY — DY "nand BT — D*O7 "y are assumed to be identical. The same

assumption is made for B — D~ntnand B — D* n .
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Figure 4.24: Distributions of x?, as defined in the text, as a function of the fractional
amounts (relative to the generic MC) of BT — D®07%y (y-axis) and B — D™ =7ty
included (x-axis). The minimum of the plot corresponds to the point (0.0,0.4).

The optimization is performed in two steps. We first perform a rough scan of the
two dimensional parameter space to locate an approximate minimum. This scan is shown
in Figure 4.24. Once the approximate minimum is located, each of the two parameters is
varied independently and a second order polynomial fit is performed to the x? profile to
determine a more precise minimum. These fits are shown in Figure 4.25.

The remainder of generic contributions, included in a single PDF component, are
fixed to their MC expectations. The scaling factors relative to the Belle MC are shown
numerically for each PDF component in Table 4.5. Each of these scaling factors, whether
fixed from an existing measurement or from the y? procedure, is subject to some uncer-
tainty, leading to potential systematic errors. We reserve discussion of these errors until
the next chapter. However, we note here that if we scale the MC using these factors, we

obtain reasonable agreement with the data in the veto windows, as shown in Figure 4.26.
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Figure 4.25: Distributions of x?, as defined in the text, as a function of the fractional amount
(relative to the generic MC) of Bt — D071ty (left) and B — D™~ nty included (right).
The points represent an explicit x* calculation, while the curve is a second order polyno-
mial fit to the data to determine a minimum.

Background mode  Scaling factor Source of value

BY — DOy 1.07 previous Belle [[46]]
BY — D0y 0.79 previous Belle [[46]]
BY — D=7ty 0.00 veto window x?
B — D*rtp 0.00 veto window x?
BT — DOrty 0.39 veto window x?
Bt — D*0gty 0.39 veto window x?
Other b — cdecays 1.00 generic MC default

Table 4.5: List of b — ¢ modes and normalization scaling factors relative to the generic MC.
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Figure 4.26: My, distributions in all veto windows defined in this analysis. The text indi-
cates the pseudo-reconstruction used for the veto. Points with errors represent the data,
and histograms represent the expectations from continuum (blue), generic (green), and
rare (magenta) MC samples. Generic MC expectations are obtained using the scaling fac-
tors described in the text.
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X Mass Range (GeV/c?) B — X1 Expected Events

04-0.6 0.00 + 0.01
0.6-0.8 0.00 £ 0.01
0.8-1.0 0.02 £ 0.02
1.0-1.2 0.00 £ 0.01
1.2-14 0.01 +£0.04
14-1.6 0.00 £ 0.07
1.6-1.8 0.06 +0.13
1.8-2.0 0.03+0.13
20-22 0.09 £0.20
22-24 0.46 £ 0.20
24-26 0.00 £0.21

Total 0.68 + 0.41

Table 4.6: Expected contributions from B — X1’ to the signal yield for the full data
sample.

4.5.4 Rare Background Subtraction

The expected contributions from rare backgrounds are generally smaller than
their b — ¢ counterparts. In most cases, one or fewer events per X mass bin are expected
from these sources. Thus, rather than modeling them with a separate PDF, we subtract
these small yields from the yield obtained in the final fit. The method of estimating the

amount of the three identified rare backgrounds is unique to each.

B — X

Of the rare backgrounds, the inclusive X 7' decay is the easiest to handle. First,
the production of the n through a secondary decay of the 7’ causes most of these events to
fail the pj, requirement. Second, we have also vetoed the remaining backgrounds explicitly
through the  — n7t 7~ decay. We can see from the M, distributions in this veto window
that there is no significant disagreement between the data and MC, so we are confident that
we can use the MC to accurately assess the contribution of these backgrounds. We perform
fits of a Gaussian PDF plus an ARGUS background function to the B — X1’ component
of the rare MC in bins of Mx, and find the yields given in Table 4.6. The total contribution

over all bins of X, mass is less than one event.
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Figure 4.27: Yields of M, fits performed in the M, sideband region for the full data
sample. The errors are statistical only. This control sample is sensitive to B — Xy
backgrounds.

B — Xgv

Backgrounds from radiative B decays should not peak in the M, distribution of
the candidate 7 mesons. Thus, we use the previously defined sideband region (see Figure
4.8) in M., to verify our expectations from MC. We perform M, fits in bins of X, mass
using the same procedure as for the final signal fit, but in the sideband region of M,,,. In
the rare MC, this procedure gives a yield of very nearly zero in all bins. We obtain yields
in the data shown in Figure 4.27, based on individual fits that are shown in Figures 4.28,
4.29, and 4.30. The data yields are consistent with zero within errors, and therefore also
consistent with the MC expectations. Thus, we assume that the MC also correctly models
the behavior in the signal region. Because the background PDFs were not easily modeled,
we do not use fits to the MC in the signal region to estimate the contributions. Instead, we
simply count the number of events expected from the MC in the final signal sample. The
results, shown in Table 4.7, indicate contributions of less than half an event in each Mx,

bin.
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Figure 4.28: M, fits to the M., sideband data, for M, ranges from 0.4-1.2 GeV/c?. The
points with errors represent the data, and the lines represent the combined PDF (solid

blue), signal PDF (dashed red), combinatorial PDF (dash-dotted blue), and the generic
PDF (dotted green).
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points with errors represent the data, and the lines represent the combined PDF (solid

blue), signal PDF (dashed red), combinatorial PDF (dash-dotted blue), and the generic
PDF (dotted green).
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X5 Mass range (GeV/c?) b — sy Expected events

04-0.6 0.09 £ 0.04
0.6-0.8 0.07 £ 0.04
0.8-1.0 0.20 £ 0.07
1.0-1.2 0.07 £ 0.04
1.2-14 0.22 £0.07
14-1.6 0.17 £ 0.06
1.6-1.8 0.24 £0.07
1.8-2.0 0.17 £ 0.06
20-22 0.20 £ 0.07
22-24 0.28 £0.08
24-26 0.15 +0.06

Total 1.85 + 0.2

Table 4.7: Expected contributions from b — sv in the signal region.

B — Xgn

Though a few exclusive modes of the B — X n background are measured (e.g.,
BT — wfn), many are completely unknown. In some Belle analyses, backgrounds that
result from particle misidentification can be distinguished from the signal through their
shifted AE distribution. In these cases, the signal is extracted through a two-dimensional
tit to My and AE. Unfortunately, our use of AE in our best candidate selection causes the
AFE distributions to be biased and unsuitable for fitting.

To obtain an estimate of how much of these backgrounds to subtract, we can
repeat our analysis for B — X,n, but replacing the charged kaon in X, with a pion to
create the final state X;7. We can then repeat our fitting procedure on data to determine
the yield of X;n events. Once we know the fitted yields, we can use our dedicated MC
sample of B — X;n events and study how these modes are reconstructed as X,n with our
normal analysis. This study results in a ratio that translates our X7 yields into an X,
yield.

The results of the X;n reconstruction and fits to the data are shown in Figure 4.31,
with individual fit results for each My, bin in Figures 4.32-4.35. We note that for these fits
we have forced the normalizations of the generic PDFs to zero, and we do not subtract
out any possible backgrounds to the X7 signal. Further, we use the MC study of X,/ X,

ratios to divide the total backgrounds evenly among all bins (except for the first bin, which
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Figure 4.31: Fitted yields for X;n in the data (points with errors), as well as the expectations
from the X4n components of the rare MC (red histogram).

we take from the rare MC since the BT — 77 n branching fraction is measured). Both of
these procedures represent potential sources of systematic error that we will treat in the
next chapter. Results of the MC study of X,/ X reconstructions are shown in Figure 4.36
and Table 4.8. These results are combined with the Xy fit yields to give the amount of
backgrounds to ultimately be subtracted, shown in Table 4.9.

4.5.5 Control Fits

Before moving on to fitting the data, we must account for possible differences in
the fit functions between the MC data and the experimental data. These may arise from
small miscalibrations of the MC parameters relative to the experimental parameters, or
from other MC modeling or assumptions that do not describe the data exactly. We study
these by using a decay of a similar topology but a much larger branching fraction, so that
we can compare the expectations from MC with a data sample of high signal-to-noise ratio.
In our case, B — Dr" decays are appropriate, with the D reconstructed in all the modes

that we use for our Xj.
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Figure 4.32: M, fits for the X n reconstruction in data, for X; mass from 0.0-0.8 GeV/c?.
The points with errors are the data, and the lines represent the total PDF (solid blue), the
signal Gaussian (dashed red), and the combinatorial ARGUS (dash-dotted blue).
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Figure 4.33: M, fits for the X n reconstruction in data, for X; mass from 0.8-1.6 GeV/c?.
The points with errors are the data, and the lines represent the total PDF (solid blue), the
signal Gaussian (dashed red), and the combinatorial ARGUS (dash-dotted blue).
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Figure 4.34: M, fits for the X7 reconstruction in data, for X; mass from 1.6-2.4 GeV/ .
The points with errors are the data, and the lines represent the total PDF (solid blue), the
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signal Gaussian (dashed red), and the combinatorial ARGUS (dash-dotted blue).
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Figure 4.36: Fitted yields for the X;n MC sample reconstructed as X,n (left), as described
in the text, and the same sample reconstructed as X,n using the standard signal recon-
struction (right).

X4, X5 Mass range (GeV/c?)  X;n Reconstruction yield X1 Reconstruction yield

02-04 1166 + 38
0.4-0.6 1925 + 47 0.0+£07
0.6-0.8 1486 + 42 77 +9
0.8-1.0 1036 + 37 78 £11
1.0-1.2 822 +£ 34 56 +£9
1.2-14 565 + 29 28 +10
14-1.6 432 + 26 20£8
1.6-1.8 255 + 21 23 +8.0
1.8-2.0 131 +£ 14 8.7+69
20-22 162 £ 15 43+53
22-24 89 £11 59+44
24-26 35+7 37+42
Total 8105+ 103 283 £25.3

‘ Ratio of X, to X; 0.035 + 0.003 ‘

Table 4.8: My, fit yields to the B — X n MC sample.
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X Mass range (GeV/c?) B — X,n Subtracted events

04-0.6 5.18 £0.39
0.6-0.8 1.91 +0.23
0.8-1.0 1.91 +£0.23
1.0-1.2 1.91 +0.23
1.2-14 1.91 +£0.23
14-1.6 1.91 +0.23
1.6-1.8 1.91 +0.23
1.8-2.0 1.91 +0.23
20-22 1.91 +0.23
22-24 1.91 +0.23
24-26 1.91 +0.23

Total 24.28 +2.33

Table 4.9: Estimated numbers of events from B — Xyn to be subtracted from the final
signal yields. The lowest mass bin is the rare MC expectation from B — 77, and the other
mass bins are the scaled expectation from the data-driven estimate of B — Xn.

6z MeV/c?) 1,
SVD1 0.0 1.00
SVD2 0.2 1.03

Table 4.10: Correction factors applied to the signal MC PDF parameters to obtain the final
signal PDF, as determined from control sample comparisons.

To account for differences in detector configurations, we perform M, fits inde-
pendently for SVD1 and SVD2. Since the signal is quite strong, we can allow the mean
and width of the signal Gaussian to float in the fit to the data as well as the MC. We then
compare the two fits to determine if there is any notable shift in the mean of M},., which
we denote as 67, or any fractional change in the width, denoted as 7,. The fit results are
shown in Figure 4.37 and the resulting correction factors are shown in Table 4.10. The
SVD1 samples are found to be consistent within errors for both the mean and width of
the Gaussian. The SVD2 samples show a small shift in the mean of the Gaussian, around
0.2 MeV/c?, as well as a small underestimation of width, by about 3%. These corrections

are applied to the fitted X7 signal PDF parameters when fitting to the experimental data.
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Figure 4.37: A comparison of My, fit results for SVD1 (above) and SVD2 (below) between
the control sample MC (left) and the data from the full reconstruction skim (right).
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4.6 Results

4.6.1 Fits to Data

The fitting procedure is performed over the data sample of 657 x 10° BB pairs,
and the expected rare backgrounds are subtracted. The results of the fits are summarized
graphically in Figure 4.38 and numerically in Table 4.11. Individual fits corresponding to
each bin of My are shown in Figures 4.39, 4.40, and 4.41. Even before we perform further
analysis on this spectrum to determine an My, dependent branching fraction, we note a
few features. First, the known K7 and K*7 signals are evident, as expected. We also see
a clear signal at higher X; mass. Though some of this can be accounted for by the known
decays B — K ,(1430)n, the signal above 1.8 GeV /¢? cannot be explained by these decays,

and thus does not correspond to any known decay.
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X, Mass range (GeV /c?) Fit yield
04-0.6 602 £+ 124
0.6-0.8 153 £+ 838
0.8-1.0 250.0 + 19.2
1.0-1.2 842 £+ 138
1.2-14 1463 £+ 172
14-1.6 137.0 + 17.6
1.6-1.8 1277 £ 184
1.8-2.0 642 £+ 178
20-22 867 + 184
22-24 486 + 179
24-2.6 348 + 125

Table 4.11: Summary for the fit yields (with expected rare contributions subtracted), along

with their statistical errors for each bin.
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Figure 4.39: M, fits for the X mass bins from 0.4-1.2 GeV/c?. The points are data and
the lines are the total fit (solid blue), the signal component (dashed red), combinatorial
component (dash-dotted blue), and the BB components (dotted green).
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Figure 4.40: M, fits for the X mass bins from 1.2-2.0 GeV/c?. The points are data and
the lines are the total fit (solid blue), the signal component (dashed red), combinatorial
component (dash-dotted blue), and the BB components (dotted green).
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Figure 4.42: Reconstruction efficiency for B — X,n, not including B(n — 7).

4.6.2 Efficiency & Branching Fraction

To determine a branching fraction for a given X mass bin, we must combine
our fitted signal yield (with expected backgrounds subtracted) with the efficiency as de-
termined from the flat X signal model (or K7 and K *n in the appropriate mass bins). The
branching fraction is calculated as

Ni

. — N& — N, —N&
B(B — X.p); = —S8 X “Xan " Xen

2N gperiB(n — vy)

(4.6.1)

where the index i corresponds to an X mass bin, Ny is the total number of BB pairs
produced in the data sample (see Appendix C), ¢ is the efficiency as determined from
the signal MC, r; is a bin-dependent correction factor based on differences in efficiency
between data and MC (discussed in more detail below), and the  — 7 branching ratio
accounts for the fact that we force n — 7 in our signal MC, but in reality this decay only
occurs for ~39% of n mesons [1].

The efficiency is calculated from fits to the signal MC. The fitted yield is deter-
mined, and the efficiency is calculated as this yield divided by the number of generated

B — X,n decays. The bin-by-bin efficiency is shown in Figure 4.42.
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N, standard / N loose_.LR N, standard / N, no_.BCS

data 0.528 £ 0.003 0.901 £ 0.005
MC 0.548 £ 0.002 0.902 £ 0.005
r (Data/MC) 0.963 £ 0.006 0.998 £ 0.007

Table 4.12: Ratios of yields for the standard and loose cuts for the requirements on con-
tinuum suppression LR and best candidate selection (BCS), calculated with the B — D7
control sample in data and MC. The corresponding correction factor is calculated as the
ratio of the data/MC values.

The r; correction factors are similar to the adjustments made to the signal PDF
using the control sample in that they account for possible systematic differences between
the MC and the experimental data. Each r; is the product of eight individual correction
factors due to: 7¥ reconstruction, 7 reconstruction, Kg reconstruction, tracking, particle
identification for charged 7 and K, the continuum suppression LR, and the best candidate
selection. All but the last two are taken from previous Belle studies.® The correction factors
for the LR and candidate selection are unique to this analysis, and must be studied using
the B — Drt control sample. For the LR correction, we define a set of loose LR criteria
that are relaxed by 10% across all bins of flavor tag quality. We then calculate the ratio of
yields in the control sample using the nominal LR cut and the loose LR cut. This calcula-
tion is done for both MC and data, and the data ratio divided by the MC ratio is our LR
correction factor. We follow a similar procedure for the candidate selection, but with our
loose cut defined as removing the candidate selection entirely. The results of these studies
are shown in Table 4.12. No correction factor is applied for the candidate selection, since
the calculated value is consistent within errors with one. All correction factors and their
sources are shown in Table 4.13.

Combining the fitted yields with efficiencies and associated corrections as per
Equation 4.6.1, we calculate a differential branching fraction as a function of X mass,

dB/dMx, as shown in Figure 4.43 and tabulated numerically in Table 4.14.

7% and 1 reconstruction efficiencies are studied using an inclusive 1 sample [47]; Kg reconstruction is

studied by comparing data for D¥ — K37 and DT — K~ nt ™ [48]; tracking efficiency is studied using
inclusive D* decays [49, 50]; particle identification for both K and = are studied using inclusive D* decays
in which the decay kinematics allow high efficiency identification of K= and 7% without the use of the PID
systems [51].
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My, range (GeV/c?) 7 7FID KTID Total

04-0.6 1.000 1.000 0975 0.923
0.6-0.8 0994 0984 1.004 0.929
0.8-1.0 0995 0979 1.001 0.924
1.0-1.2 0992 0977 1.004 0.920
1.2-14 0991 0973 1.003 0915
14-1.6 0989 0971 1.003 0.911
1.6-1.8 0987 0970 1.002 0.908
1.8-2.0 0989 0967 1.002 0.907
20-22 0987 0967 1.003 0.905
22-24 0988 0966 1.001 0.904
24-2.6 0987 0966 1.000 0.902

Table 4.13: Summary of efficiency correction factors from various sources. Those that are
identical in all bins are not shown, but are included in the total. These are: 7 reconstruction
(0.979), Kg reconstruction (1.003), tracking (1.000), best candidate selection (1.000), and
continuum suppression likelihood ratio (0.963).

dB/dM,_ (10°/ (0.2 GeV/c?)
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Figure 4.43: Calculated differential branching fraction for B — X7 as a function of X
mass. Errors are statistical only.
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My, (GeV/c?) B(B — Xn)(107°)

0.4-0.6 1.9+04

0.6-0.8 0.9+0.5

0.8-1.0 170+ 1.3
1.0-1.2 72+1.2

1.2-1.4 15.8+ 1.9
1.4-1.6 20.8 £ 2.7
1.6-1.8 28.2+4.1
1.8-2.0 24.4+£6.8
2.0-2.2 4244+9.1
22-24 36.8 £ 13.5
24-2.6 65.1 £23.4

Table 4.14: Measured My, dependent branching fractions for B — Xn. Errors are statisti-
cal only.

Mode Previous Belle B(107%)  This study B(107°)
BY — K*H (K% ) 22.675 28.2 +£3.9
Bt — K*H(K*7r%n  20.1153 22.7 £ 5.2
B — K*(K*r7)n 169415 19.7 +£2.1
B — K*(Kx%n  16.7153 16.5 & 6.4

Table 4.15: Mode-by-mode branching fraction comparisons for B — K*7. For the previous
Belle result, the errors are combined statistical and systematic uncertainties. For the results
of this study, the errors are statistical only.

4.6.3 Branching Fraction Cross Check with B — K*n

A natural question that arises after the calculation of the branching fraction is
whether it is consistent with previous measurements. Although the inclusive B — X n
mode has not been previously measured, one of its exclusive contributions, B — K™, is
a known reference to which we can compare. Unlike our inclusive study, where all final
states are combined for the fit, we divide the various K*7 modes into the following four
final states to calculate branching fractions for each independently: BT — K**(K2xT)n,
BT — K**(K*7m)n, B® — K*(K*7)n, and B® — K*(K27%)n. We perform the fits
within 1.5 times the measured width of the K* resonance (+£75 MeV /c?), and obtain the
results shown in Figure 4.44. The calculated branching fractions are compared to those

previously measured by Belle [34] in Table 4.15. All results agree within errors.
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Figure 4.44: M, fit results to the full data sample for the following modes: Bt —
K*T (K3 %)n (top left), Bt — K**(KTn%)n (top right), B® — K**(K*n~)n (bottom
left), and B® — K*0(K27")n (bottom right). The red dashed lines, blue dash-dotted lines,
and green dotted lines represent the signal, combinatorial background, and generic back-
ground contributions. The solid blue line is the total fit result.
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4.6.4 Direct CP Asymmetry

We can perform similar fits to measure the direct CP asymmetry of B — Xn.
Because the efficiency for B — X1 should be the same whether it originated from a b or b

decay, we can rewrite the original definition, Equation 1.3.5, as the following:
Ny — N

Acp =2 b
cP Nyt N

(4.6.2)

Thus, we need only determine the asymmetry in the signal yields between the b and b
modes. However, the flavor of the b quark cannot be determined for all X, modes. Thus,
we perform this measurement using only modes that have a self-tagged state (i.e., the b
quark flavor of the B meson can be completely determined from the final state). This
excludes 5 out of 18 modes that have zero net charge and include a K.

To account for possible mis-reconstruction of a B in the opposite flavor, we define

the dilution factor, D,
1
1—2w
where w is the wrong-tag fraction, the fraction of events where a B was reconstructed in

D =

(4.6.3)

the wrong flavor. This wrong-tag fraction must be calculated using the MC. An event is
incorrectly tagged if the best candidate is reconstructed in a flavor with a b quark, but actu-
ally originated from a meson with a b quark, and vice versa. The wrong-tag fractions and
corresponding dilution factors are calculated bin-by-bin in X, mass in the signal region for
the signal MC sample for each My, bin. For the bins that use the PYTHIA MC samples as
signal MC, we use the flat M x, MC to determine the wrong-tag fraction. These values can
be found in Table 4.16.

Using these dilution factors, we calculate the final measured asymmetry as
1 Ny—N;

Acp = DAY —
op P T T 2w N, + N,

(4.6.4)

where the raw asymmetry, Ay, is determined directly from the fit. As with the branch-

ing fraction analysis, the expected backgrounds complicate our extraction of Acp. In the

presence of backgrounds with a nonzero value of Acp, we can rewrite the expression as

AggasuredNtotal _ Zz AEPNég
Ntotal - Zz N][Z)g

In the lowest mass bin, effects of B — 77 backgrounds are subtracted. Since the world

true __
ACP -

(4.6.5)

average measurement of Acp for this process is —0.16 = 0.07, we can subtract this contri-

bution from the Acp value that we determine. In the other bins, we subtract B — Xyn
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X Mass range (GeV/c?)

Wrong-tag fraction, w  Dilution factor, D

04-0.6 0.0000 £ 0.0000 1.0000 £ 0.0001
0.6-0.8 0.0022 + 0.0022 1.0045 £+ 0.0007
08-1.0 0.0047 £ 0.0006 1.0095 £ 0.0011
1.0-1.2 0.0095 + 0.0006 1.0194 £ 0.0060
1.2-14 0.0128 + 0.0008 1.0263 £ 0.0085
14-1.6 0.0148 + 0.0010 1.0305 £ 0.0092
1.6-1.8 0.0174 + 0.0013 1.0362 £ 0.0054
1.8-2.0 0.0216 + 0.0019 1.0451 £ 0.0065
20-22 0.0244 + 0.0023 1.0514 £+ 0.0166
22-24 0.0185 + 0.0026 1.0384 £ 0.0076
24-2.6 0.0234 + 0.0045 1.0492 £+ 0.0328

Table 4.16: Wrong tag fractions and their corresponding dilution factors as calculated from
signal MC.

events, but these do not have a known Acp. We thus assume that for these Mx bins, the
Acp of the subtracted backgrounds is zero. The final results for Acp as a function of My,
are shown in Figure 4.45 and summarized in Table 4.17. We also determine the value of
Acp for the full X mass range, and the mass range above the narrow kaonic resonances.
As with the branching fractions, we must incorporate systematic effects to obtain a true

estimate of our uncertainties.
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Figure 4.45: Acp values measured for the data, in bins of X, mass. Errors are statistical
only.

X Mass range (GeV/c?)  Acp(B — Xsn)

0.4-0.6 -0.35 £ 0.18
0.6-0.8 0.02 +£0.40
0.8-1.0 -0.04 +0.07
1.0-1.2 -0.26 £0.15
1.2-14 -0.22 £0.11
14-1.6 -0.15 £ 0.12
1.6-1.8 -0.25 +£0.13
1.8-2.0 -0.31 £0.26
20-22 0.34£0.20
22-24 0.02+£0.32
24-26 -0.40 £ 0.36
04-26 -0.13 £ 0.04
1.0-2.6 -0.15 £ 0.06

Table 4.17: Direct CP asymmetries measured in the data, bin-by-bin in X, mass. Errors are
statistical only.
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Chapter 5

Systematic Errors

Our results from the last chapter give the nominal values for the measurements of
this work. The uncertainties reflect only the statistical uncertainties on the fits used to cal-
culate the branching fraction and direct CP asymmetry. Until now, we have not discussed
uncertainties that could systematically affect our results. In general, these come from un-
certainties in our analysis procedures, potential discrepancies between the MC simulation
and the data, and uncertainties due to our modeling of the X, system. We break up our
systematic uncertainties in the branching fraction into two parts: those that are related
to our modeling of the X system and those that are not. Since modeling effects result
in much smaller uncertainties in the direct CP asymmetry, we report all Acp systematic
uncertainties together.

In addition, we also define a significance for each measurement. The significance

Lo
S =4/-21 5.0.6
" (Emax> ( )

is defined as

where L.« is the maximum likelihood obtained from the fit, and £; is the maximum
likelihood obtained when the parameter of interest is fixed to zero. For the branching
fraction, £ is evaluated by fixing the signal yield to zero. For the direct CP asymmetry,
it is evaluated by fixing the fitted A{Y. Systematic effects are included in significance
estimates by convolving the likelihood function with a Gaussian of width determined by

the additive systematic errors.
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5.1 Branching Fraction - Non-model Systematic Uncertainties

Within the non-modeling systematic uncertainties, we further distinguish be-
tween additive and multiplicative effects. Additive effects are those that can affect the
signal yield, and arise from the fitting procedures and the rare background subtraction.
We assign systematic errors due to the PDF shapes and normalizations and each rare back-

ground subtraction.

5.1.1 PDF Shapes and Normalizations

Uncertainties due to PDF parameters that are fixed in the fitting procedure are
estimated by determining an uncertainty on these parameters, then repeating the fitting
procedure and examining how the final fit yields are affected. The details are different

depending on the PDF of interest.

Signal PDFs

In Section 4.5.5 we used a B — D7 control sample to estimate possible differ-
ences between signal PDF parameters in data and MC. The presence of such differences
indicates a systematic error in the MC relative to the data. To account for these differences,
we repeat the fitting procedure on the data, but we allow the signal PDF parameters to
vary by plus or minus the observed differences between the control sample data and MC.

Because the SVD1 data sample was consistent with MC, we use the SVD2 differences.

BB PDFs

We separate errors from the BB backgrounds into two components: those due
to the fixed PDF shapes, and those due to our choices of PDF normalizations. Errors due
to the PDF shapes are obtained by performing a series of fits where each shape parameter
that was fixed in the final fit (Gaussian mean, Gaussian sigma, ARGUS shape, ratio of
Gaussian to ARGUS) is allowed to vary by the symmetric statistical errors obtained from
the fit to the MC.

Our choices of normalizations for the BB PDFs are related to the y? procedures
discussed earlier, so they play a vital role in estimating the associated systematic uncertain-

ties. In the case of the modes B° — D% and B — D*°1, we chose normalizations based

105



600

XZ

Minimum: 0.938309.2 +0.028172.2

‘TTT

580

1T

560

TTT‘

540

TTT‘

520

{TTT‘

cl e e e e Ly
0.7 0.8 0.9 1 1.1 1.2
"Other BB" scaling factor

500

Figure 5.1: Distribution of x? as a function of the fraction (relative to the nominal generic
MC) of “other” BB modes.

on the x? procedure. To estimate a systematic uncertainty related to this choice, we repeat
the x? procedure, but allow the normalizations for these modes to vary.! We compare the
difference between the normalization values obtained from this minimization and those
based on the previous Belle measurement. The difference between these is the amount
that we vary the final normalizations of these modes.

We estimate effects related to the normalizations for the B — D®)7 modes using
the one dimensional fits to the x? profile (see Figure 4.25) to estimate an uncertainty on the
obtained normalizations. This uncertainty is the amount by which these normalizations
are allowed to vary.

For the PDF consisting of all other b — ¢ backgrounds, we perform another y?
minimization where the normalization for these modes is allowed to vary.? The results of
this minimization are shown in Figure 5.1. We vary the final normalization for this PDF by
the difference between the value obtained from the x? study, 0.94, and unity, which is the
expected value from the MC.

We summarize the various minimization results and the variations used for the

systematics in Table 5.1.

'During this procedure, we fix the the normalizations for the three body D*)7; modes to their nominal
values. -
2During this minimization, all other BB modes are fixed to their nominal values.
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Background mode Y% Result Nominal Variation Source

BY — D% 0.874+0.12 1.07 +0.20 x? / Belle difference
BY — D*0p 1.31+0.37 0.79 +0.52 x? / Belle difference
BY — DW=ty 0.004+-0.02 0.00 +0.02 x? minimum error
Bt — DWogty 0.394+0.04 0.39 +0.04 x? minimum error
Other b — cdecays 0.944+0.03 1.00 +0.06 x? / MC difference

Table 5.1: Summary of scaling factors for b — ¢ modes, as obtained from the y? procedure
and the nominal values used in the fit, as well as the variations used for systematic studies
and their sources.

My, (GeV/c?) Sig. shape BBshape BBnorm. Subtotal Sub total (%)

0.4-0.6 0.97 0.18 0.04 0.98 1.63%
0.6-0.8 0.71 0.31 0.04 0.77 5.06%
0.8-1.0 3.46 1.01 0.15 3.61 1.44%
1.0-1.2 1.82 1.33 0.18 2.26 2.69%
1.2-1.4 2.94 1.64 0.23 3.37 2.31%
1.4-1.6 2.49 2.76 0.81 3.80 2.77%
1.6-1.8 1.89 4.77 1.75 5.42 4.24%
1.8-2.0 1.53 7.74 3.33 8.56 13.33%
2.0-2.2 1.44 5.24 191 5.76 6.72%
2.2-24 3.27 6.05 1.82 7.11 14.64%
24-2.6 1.29 4.33 0.73 4.57 13.14%

Table 5.2: Positive systematic errors related to fitting. All entries are in number of events,
except for the last column, which are percentages relative to the nominal yields.

Summary

Using the methods described above, the fits are repeated and the differences from
the nominal values are used to assign systematic uncertainties on the fitted yields. These
are summarized independently for positive and negative errors in Tables 5.2 and 5.3. The
subtotals for fitting uncertainties are determined by adding the individual errors (in num-

bers of events) in quadrature.

5.1.2 Rare Backgrounds

The subtracted rare backgrounds are also subject to uncerainties, and should be

reflected in the final result. For both the X 7' and X,y modes, we conservatively allow the
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My, (GeV/c?) Sig. Shape BBShape BBNorm. Sub Total Sub Total (%)

0.4-0.6 1.10 0.07 0.04 1.10 1.83%
0.6-0.8 0.71 0.43 0.04 0.83 5.46%
0.8-1.0 3.77 1.06 0.15 3.92 1.57%
1.0-1.2 1.96 1.37 0.18 2.40 2.85%
1.2-14 3.19 2.25 0.23 3.92 2.68%
1.4-1.6 2.78 3.04 0.81 4.20 3.07%
1.6-1.8 2.09 4.55 1.75 5.31 4.16%
1.8-2.0 1.60 6.91 3.37 7.85 12.22%
2.0-2.2 1.60 6.22 1.97 6.71 7.84%
2224 3.22 6.16 1.79 7.18 14.78%
24-2.6 1.43 6.02 0.78 6.24 17.92%

Table 5.3: Negative systematic errors related to fitting. All entries are in number of events,
except for the last column, which are percentages relative to the nominal yields.

amount of each background to vary by £100%. For the former, this variation reflects the
large uncertainty in the known branching fraction.

The sources of uncertainties on the subtracted X 7 backgrounds vary by M, bin.
For the lowest bin, which is expected to contain only contributions from BT — mtn, we
vary the amount of the subtraction by +30%, the relative disagreement between the data
tits and the MC expectation (as seen in Figure 4.31). For the other bins, where the MC
expectation is not based on a measured branching fraction, we must use our data-driven
procedures to estimate the uncertainties. As mentioned previously, these estimates did not
include potential backgrounds to B — X1 modes, so our fitted yields can be considered
upper limits. As such, we allow the subtracted X 7 contributions to vary by —100% in all
bins.

For the positive variation, we quantify the uncertainty arising from the assump-
tion of a uniform distribution of events throughout all X, mass bins. To do this, we per-
form a study of the dedicated Xyn MC sample, in which we determine a relationship be-
tween the reconstructed X mass and generated X, mass, shown in Figure 5.2. Using the
fractional distributions shown in the lower part of the figure, we can recalculate how the
X, events migrate into Xy mass bins. We determine the difference in number of events
in this estimate versus the estimate in which the events are uniformly distributed. For
the systematic variation, we use the larger of this difference and the uncertainty in the

uniformly distributed values. These results are summarized in Table 5.4.
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My, (GeV/c?) Ny, (standard) Nx, (weighted) ONx,+ &6Nx,—

0.4-0.6 5.18 5.18 1.55 1.55
0.6-0.8 1.91 0.36 0.23 191
0.8-1.0 191 1.86 0.23 1.91
1.0-1.2 1.91 2.69 0.78 191
1.2-14 1.91 2.28 0.37 191
1.4-1.6 1.91 1.88 0.23 1.91
1.6-1.8 191 271 0.80 191
1.8-2.0 1.91 2.01 0.23 191
2.0-2.2 1.91 1.87 0.23 191
22-24 1.91 1.72 0.23 191
24-2.6 1.91 1.75 0.23 191

Table 5.4: Expected X ;7 backgrounds using the standard method, the weighting based on
the Xy — X, study, and the final variations used for systematics.

The final systematic uncertainties due to rare BB backgrounds are the combina-

tion of each of the three backgrounds in quadrature. These are summarized in Table 5.5.

5.1.3 Multiplicative Uncertainties

The final class of non-model related uncertainties are due to factors that multiply
the efficiency in the denominator of Equation 4.6.1: the efficiency correction factors, the
branching fraction of n — 77, and the total number of BB pairs.

0 reconstruc-

The uncertainties from the correction factors for K{ reconstruction, m
tion, n reconstruction, charged K and 7 identification, and tracking all come from the same
Belle studies used to estimate these correction factors [47, 48, 49, 50, 51]. For those that we
calculated using our control sample (LR and candidate selection), we assign an uncertainty
based on the difference between our correction factors and one. The uncertainty due to the
branching fraction of 7 — 77 is based on the world average measurement uncertainty.
Finally, the uncertainty on Nz is based on dedicated measurements for each experiment
number, explained in more detail in Appendix C. Since all these terms are multiplicative,

we combine the uncertainties by adding the relative errors in quadrature. The values for

each term, and the combined total, are shown in Table 5.6.
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Mx, Nx,n Nx,y Nx,; Nx,, Subtotal Subtotal Sub Total Subtotal

GeV/e) (B FH ) () (+H) (-) (+7%) (=%)
0.4-0.6 009 000 155 155 1.56 1.56 2.58% 2.58%
0.6-0.8 007 000 023 191 0.24 191 1.57% 12.51%
0.8-1.0 020 002 023 191 0.30 1.92 0.12% 0.77%
1.0-1.2 007 000 078 191 0.78 191 0.93% 2.27%
1.2-14 022 001 037 191 0.43 1.92 0.29% 1.31%
1.4-1.6 017 000 023 191 0.29 1.92 0.21% 1.40%
1.6-1.8 024 006 080 191 0.84 1.93 0.66% 1.51%
1.8-2.0 017 003 023 191 0.29 1.92 0.45% 2.99%
2.0-2.2 020 009 023 191 0.32 1.92 0.37% 2.24%
2224 028 046 023 191 0.59 1.98 1.21% 4.09%
24-2.6 015 000 023 191 0.28 1.92 0.79% 5.50%

Table 5.5: Systematic errors related to subtraction of rare backgrounds.

Mx, K9 0 7= KT Tracking Total
(GeV/?) (%) (%) (%) (%) (%) (%)
0.4-0.6 1.08 000 0.00 0.74 0.77 5.07
0.6-0.8 1.07 040 037 0.70 1.60 5.29
0.8-1.0 1.08 038 038 0.72 1.81 5.36
1.0-1.2 1.06 057 049 0.76 2.04 5.47
1.2-1.4 1.03 065 059 0.80 2.35 5.61
1.4-1.6 1.02 070 068 0.84 2.62 5.74
1.6-1.8 1.01 074 078 0.87 2.92 591
1.8-2.0 092 062 092 088 3.25 6.07
2.0-2.2 096 072 093 092 3.20 6.07
22-24 095 075 097 095 3.31 6.14
24-2.6 089 076 098 097 3.40 6.19

Table 5.6: Systematic errors related to factors that multiply the efficiency. Errors that are
identical in all bins are not shown, but are included in the total. These are: n reconstruc-
tion (2.69%), continuum suppresion likelihood ratio (3.68%), candidate selection (0.75%),
B(n — vv) (0.51%), and Nzz5 (1.36%).
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5.2 Branching Fraction - Modeling Systematic Uncertainties

Until now, we have not investigated the effects of our assumption of signal model.
Our assumption of a flat X mass spectrum may affect our final results, and these effects
should be included in our uncertainty. Further, our use of the PYTHIA generator to per-

form the hadronization of the X system may also introduce some bias.

5.2.1 Spectrum Model

We investigate the effects of our flat M x, MC by generating two other MC mod-
els. The first uses an X system that has a mass distribution based on the QCD anomaly
model [18]. The second assumes a three body decay of the type B — (u,d)sn to calculate
the » momentum, then uses conservation of momentum to assign an appropriate recoil
mass. The mass spectra generated by these models, as well as the corresponding calcu-
lated efficiencies, are shown in Figure 5.3. The bin-by-bin efficiencies for each model are
not significantly different, a result that is not surprising considering that the same PYTHIA
fragmentation is used in each model, resulting in similar final state distributions for each
Mx, bin.

Despite the similarities in efficiency, the different mass distributions are con-
nected to another problem: the migration of events between Mx_ bins. To quantitatively
estimate an uncertainty due to this effect, in each reconstructed mass bin we utilize mass
migration matrices for each model. An example for the model with flat X, mass is shown
in Figure 5.4 (the results for the other models can be found in Reference [40]). For each
Mx, bin, we take the difference between the total reconstructed efficiency and subtract
the correctly reconstructed efficiency (the elements along the diagonals). We then use the
average of this value over the three PYTHIA models. This value represents a bin-by-bin

systematic error percentage.

5.2.2 PYTHIA Fragmentation

The use of PYTHIA to hadronize the X, system into final state particles intro-
duces a potential mismatch of final states observed in MC versus the data. If there is a
significant disagreement between these final states, the efficiency will be calculated in-

correctly and an error will be introduced into the branching fraction measurement. We
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Figure 5.3: (Top) Generated distributions of My, from PYTHIA MC using the flat (black),
anomaly (red), and three-body distributions (blue). (Bottom) The associated efficiencies
for each spectral model.
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subdivide potential errors due to fragmentation effects into those introduced by the frac-
tion of total X, modes that are unreconstructed (also called “missing” modes) and those
that are reconstructed.

We determine the fraction of missing modes for each Mx, bin by using the sig-
nal MC. For modes that are missed because they have a K 9 but would have otherwise
been reconstructed, we assign no systematic error, since these should be produced sym-
metrically with the corresponding K2 modes. For all other missing modes, we allow the
fraction to vary by +30%. This error is not applied to the K'n and K*n bins, since they are
based on exclusive MC samples that do not use PYTHIA.

For the distributions of reconstructed modes, we can use the data directly to ver-
ify that PYTHIA is producing a proper distribution of final states. We divide the recon-
structed states into the following categories: charged and neutral B modes, modes with
and without a 7°, modes with a K g and those with a K, and modes with one or two total
7’s and those with three or four total 7’s. We compare the relative yields of these cate-
gories in data with the expectations from the PYTHIA-based MC. The results can be seen
in Figure 5.5.> All mode categories agree within errors between the data and MC, except
for the observed deficit of 7 modes.

To account for this potential discrepancy in final state distributions, we assign a
systematic uncertainty based on the following procedure. We perform fits of My, in bins of
X, mass, individually for modes with a 7° and again for modes without a 7Y, and calculate

the following quantity:

No Nyo
Nyo 70 + Nyo Niotal
where the N values represent the signal yield from the appropriate fit. We do the same for

the PYTHIA-based signal MC with the flat X, mass distribution. A comparison between

(5.2.1)

data and MC is shown in Figure 5.6. We can rewrite the above expression for f, o in terms
of the reconstruction efficiency, ¢, as:
N,

eN, generated

fro = (5.2.2)

where Nyenerated is the total number of X, events in the signal MC sample. Rearranging
this expression gives another formulation for the efficiency.
Y0

€= (———————
f 70 N, generated

(5.2.3)

3Full My fits for each category can be found in Reference [40].
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Figure 5.6: Fraction of yields in modes with a 70 as a function of X, mass, for data (red
crosses) and PYTHIA MC (blue circles).

We can compute the efficiency for signal MC first directly. We then use the above expres-
sion with f,o determined from the data and both N0 and Ngenerated from the signal MC
to compute an expected efficiency with an f,0 determined from data. We do this for each
bin of M, and determine the difference in this recalculated efficiency and the original ef-
ticiency. The difference between the ratio of these two efficiencies and unity is used as the
systematic error due to the PYTHIA fragmentation.

As with the missing mode systematic, this error is not applied to the K'n and K*n

bins, since these signal models are not dependent on the fragmentation model.

5.2.3 Modeling Error Summary

The uncertainties introduced by the mass spectrum assumption and the PYTHIA
fragmentation are summarized in Table 5.7. The relative errors are added in quadrature to

determine a total error.
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Mx, Mass migration Missing modes PYTHIA PYTHIA Total

(GeV/c?) (%) (%) (+%) (-%) (%)
0.4-0.6 0.70 0.00 0.00 0.00  +0.70
0.6-0.8 2.20 0.07 9.62 0.00 s
0.8-1.0 2.82 0.00 0.00 0.00  +2.85
1.0-1.2 3.06 3.63 0.00 1826 L5
1.2-1.4 4.54 4.47 0.00 2.64 o8t
14-1.6 5.68 7.25 0.00 956 2%
1.6-1.8 5.30 10.24 0.00 18.39 123
1.8-2.0 7.01 13.21 0.00 27.99 A9
2.0-2.2 5.76 16.33 0.00 10.85 i
2.2-24 8.46 18.89 0.00 3340 2059
24-26 7.35 21.06 0.00 3737 933

Table 5.7: Systematic errors related to the signal model, including mass migration, missing
modes, and PYTHIA fragmentation.

5.3 Branching Fraction - Summary and Significance

We tabulate all uncertainties related to the fit yields in Table 5.8, as well as the
significance of each yield including these systematic effects. We also calculate yields and
significances for two larger regions: the full X, mass range, which has a significance of 23,
and a high mass region, Mx, > 1.8 GeV /c?, which has a significance of 7. It is important
to note that although the branching fraction measurements suffer from large uncertainties,
primarily due to modeling effects, the significance is only affected by those uncertainties
related to the fitted yields. Thus, both our total result and the high mass excess can be
regarded as statistically significant.

We also list the branching fractions and their final systematic uncertainties for
each My, bin in Table 5.9. In addition, we calculate a cumulative branching fraction for
each X mass bin by adding together the results from various bins. For these cumulative
branching fractions, we add uncorrelated errors (such as the statistical errors) in quadra-

ture, and add correlated errors (such as the modeling error) linearly.

5.4 Direct CP Asymmetry Systematic Uncertainties

In the branching fraction, we find that the largest components of the systematic

errors are typically due to our modeling of the X, system and the resulting uncertainties in
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X, Mass range (GeV/c?) | Fit yield | S

0.4-0.6 602 +£124 T 5|57
0.6-0.8 153  +88 %1 19
0.8-1.0 2500 4192 301140
1.0-1.2 842  +138 21| 66
1.2-14 1462 +172 31| 9.2
14-1.6 1370 +176 15| 8.1
1.6-1.8 1277 +£184 32| 72
1.8-2.0 642 +178 5| 35
2.0-22 857 +184 1381 46
22-24 486 +179 11| 27
24-26 348 +£125 T8 27
04-26 1054  £54 18] 23
1.8-2.6 233 +£34 1| 7

Table 5.8: Summary of M, fit yields (with expected rare contributions subtracted), along
with their statistical and systematic errors and significance (including systematics) for each
bin.

My, (GeV/c?) | B(B — Xgn) (107°) Cumulative B(B — X,n) (107°)
04-0.6 019 =+0.04 =+0.01 ig)gg 019 +0.04 =+0.01 ;8)%%
tecty o s aw dp|en e o
. . . : -0.10  —0.00 . : ) —0.00
1.0-1.2 072 +012 004 4003 571 1019 +015 U
1.2-1.4 1.58 +0.19 +0.10 *919| 429 4026 +024 *Hi1
14-16 208 +027 013 40191 636 4038 036 0SS
1.6-1.8 282 +041 +021 *023| 919 4055 +054 000
1.8-2.0 244 4068 1036 40371163 4088 QTS HLOS
2.0-22 424 4091 09 0T 4587 4126 H1O3 HDTO
22-24 368 £1.35 oY 07011955 +185 it 1ROl
24-2.6 651 +234 0% 10606 4299 ALOL 4307

Table 5.9: Summary of the branching fractions in each bin of X, mass along with their sta-
tistical, systematic, and modeling errors. The last column shows the cumulative branching
fraction, if all bins including and below the given mass are added.
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efficiency. The situation is quite different in the direct CP asymmetry. Since the efficiencies

for the b and b modes are expected to be almost identical, we can calculate Acp without

making use of the efficiency. As a result, we define only a single systematic uncertainty.
Part of the uncertainty can be determined from the raw asymmetry and the dilu-

tion factor as,

dAcp(syst.) = \/(1415‘1‘5")2((SD(syst.))2 + D2(5AEY (syst.))? (5.4.1)

The uncertainties on the wrong-tag fractions dilution factors are somewhat model
dependent. To account for this, we compare the nominal value calculated from the flat My,
MC and compare to that obtained from the QCD anomaly MC and the three-body MC.
We use the maximum difference between these values and the flat M x, MC to assign an
uncertainty on the wrong-tag fraction, w. We combine this systematic error in quadrature
with the statistical error on w to give the systematic error on D. Uncertainties on the raw
fitted asymmetry are estimated by repeating the fitting procedure and allowing all fixed
PDF parameters to vary by amounts that are determined in the same way as those for the
branching fraction fits. We also add another term based on the observed deviation of Acp
from zero in the signal MC sample, shown in Figure 5.7, which is guaranteed to have a
null asymmetry.

To account for possible bias in the detector or the analysis procedure, which is
not included in Equation 5.4.1, we measure the Acp in the B — Dz control sample
data, which is expected to exhibit only a small asymmetry. We find a value of —0.014 £
0.004, consistent with the previous Belle measurement [52], but inconsistent with zero. The
deviation from zero is added in quadrature to the errors described above.

Finally, we account for the subtracted backgrounds, which may have their own
non-zero asymmetries. For the lowest mass bin, where we have a known background from
Bt — 7, we vary the assumed value of Acp(B™ — 71n) by the errors on the world
average of the measured asymmetry. For all other X; mass bins we allow the asymmtery
of the subtracted backgrounds to vary from -1 to 1, to account for all possible asymmetry

values.

5.4.1 Direct CP Asymmetry - Summary and Significance

We summarize the final values of Acp, including systematic uncertainties, in Ta-

ble 5.10. For the measurement over the full mass range, we calculate a significance, taking
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Figure 5.7: Acp values of the signal MC sample as a function of Mx, using the standard
cuts (black), and with the LR cut removed (red). The latter was studied to identify any
possible bias due to the LR cuts.

into account all uncertainties, of 2.6. This corresponds to a non-zero direct CP asymmetry

at over 99% confidence, and is a strong hint of direct CP violation in B — X,n.
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Mx, (GeV/c*)  Acp(B — X,n)
04-0.6 -0.35 £ 0.18 + 0.02
0.6-0.8 0.02 +0.40 £ 0.13
0.8-1.0 -0.04 + 0.07 + 0.02

1.0-1.2 -0.26 +0.15 )0
12-14 -0.22 +0.11 503
14-1.6 -0.15 +0.12 7022
1.6-1.8 -0.25 +0.13 )02
1.8-2.0 -0.31 + 0.26 + 0.06
2.0-22 0.34 +0.20 03
22-24 0.02 + 0.32 4+ 0.05
24-26 -0.40 +0.36 097
04-2.6 -0.13 £+ 0.04 502

1.0-2.6 -0.15 £ 0.06 + 0.03

Table 5.10: Direct CP asymmetries in bins of X mass. The first errors are statistical and
the second are systematic.
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Chapter 6

Summary and Conclusion

The final results, including all systematic uncertainties, for both the branching
fraction and direct CP asymmetry are shown graphically in Figure 6.1, and can be found
numerically in Tables 5.9 and 5.10 in the previous chapter. Over the full mass range,
0.4 GeV/c> < My, < 2.6 GeV/c?, we find a branching fraction of B(B — Xn) =
(26.1 + 3.0(stat) 739 (syst) T+ (model)) x 107°. The measured My, dependent branching
fractions are consistent with the known B — Kn and B — K*(892)n processes. In the
high mass region, 1.8 GeV/c? < Mx, < 2.6 GeV/c?, which is above any significant con-
tributions from previously measured exclusive processes, we observe a signal with 7o sig-
nificance. The specific origin of this signal is unknown, and may be clarified by future
exclusive measurements targeting this mass region. We also measure the C'P asymme-
try of B — X7, both as a function of Mx_ and for the full mass range, where we find
Acp = —0.13£0.047002. The significance of the asymmetry measurement is 2.60, indicat-
ing that if the errors can be reduced, it may be a good candidate for future observation of
direct CP asymmetry. The results of this analysis have been condensed into a manuscript
that will be published in Physical Review Letters. The paper can be found in Appendix A.

The precision of our branching fraction measurements for the X,n process are
limited primarily by systematic errors on the modeling of the X, system. Regardless, we
can still draw some conclusions from the observed rate and mass spectrum: the similarity
in spectral shape to B — X1’ and the lack of strong suppression of the B — X7 branch-
ing fraction relative to the 7 mode imply that the origin of the large contribution in the 7’
mode is also common to the 7 mode [24], and disfavors singlet-specific mechanisms, such
as an intrinsic charm component of the 7’ or the QCD anomaly coupling [17, 18]. We hope

that this measurement will help to guide future theoretical work, ultimately resulting in
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Figure 6.1: (Left) Final differential branching fraction of this study, as a function of M.
From the smallest to largest error bars, the first include statistical effects only, then add
systematic effects, then add modeling effects. (Right) Final direct CP asymmetry of this
study, as a function of M. The first set of error bars includes statistical effects only, and

the second set includes systematic effects.

more precise predictions for both the 1 and 1" modes. Such predictions may also allow
more accurate modeling of the X, system in experimental studies, ultimately reducing the
potential systematic errors of future analyses. If these decays continue to become better

constrained both theoretically and experimentally, it will be clearer whether they can be
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explained within the SM, or whether they may be indicative of new physics.
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‘We report a first measurement of inclusive B — X 7 decays, where X is a charmless state with
unit strangeness. The measurement is based on a pseudo-inclusive reconstruction technique and uses
a sample of 657 x 10° BB pairs accumulated with the Belle detector at the KEKB eTe™ collider. For
Mx, < 2.6 GeV/c?, we measure a branching fraction of (26.143.0(stat) 73 (syst) 39 (model)) x 10~°
and a direct CP asymmetry of Acp = —0.13£0.0473:52. Over half of the signal occurs in the range

Mx, > 1.8 GeV/c?.

PACS numbers: 13.25.Hw, 13.30.Eg, 14.40.Nd

Decays of B mesons involving the b — s transition
are an excellent tool for searches for physics beyond the
Standard Model (SM). Theoretical treatments of these
decays into exclusive hadronic final states, however, suf-
fer from large uncertainties in the hadronization process.
The uncertainties can be effectively reduced by leaving
some of the final states in the calculation at the quark
level, which corresponds to a measurement of an inclusive
hadronic state X of unit strangeness.

Among such b — s decays, those involving the 1 and
1’ mesons exhibit unique properties due to interference
between their underlying SU(3) octet and singlet com-
ponents [1]. The CLEO collaboration reported the first
measurement of inclusive B — X1 with an unexpect-
edly large branching fraction and an X, spectrum that
peaks at high X, mass [2], a result confirmed in im-
proved, higher-statistics measurements [3, 4]. Explana-
tions included a large intrinsic ¢¢ component of the 7’
[5], the QCD anomaly mechanism [6] that couples two
gluons to the flavor singlet component of the 7', and
also new physics sources [7]. The first is disfavored by
the lack of an enhancement of B — n.K relative to
B — J/YK [8], while the second is disfavored by a
measurement of T(1S) — #'X [9], which indicates an
1’ gg form factor that cannot explain the enhancement.
A recent treatment [10] using soft collinear effective the-
ory suggests that a measurement of the complementary
process B — X n can elucidate the possible contribu-
tion from nonperturbative charm-penguin amplitudes or
higher-order gluonic operators to both the 1 and 7’ pro-
cesses. CLEO performed the only previous search with
an upper limit of B(B — X n) < 4.4 x 107 [2].
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In this Letter, we report a measurement of B — X n
using a sample of 657 x 10° BB pairs accumulated with
the Belle detector at the KEKB ete™ collider [11]. The
Belle detector is a large solid-angle magnetic spectrome-
ter and is described in detail elsewhere [12].

We reconstruct candidate B mesons using a pseudo-
inclusive method, with the X, composed of a K* or
K3(— 7t7~) and up to four pions, of which at most
one is a 7 (— 7). This gives a total of 18 reconstructed
channels and their charge-conjugates [13]. Charged pi-
ons and kaons are selected based on information from
the time-of-flight, aerogel Cherenkov, and drift chamber
dE /dx systems. Typical efficiencies to correctly identify
kaons (pions) are above 88% (98%), with misidentifica-
tion rates for pions as kaons (kaons as pions) below 12%
(4%). K9 candidates are required to have an invariant
mass within 16 MeV/c? (40) of the K mass and a dis-
placed vertex from the interaction point. For 7 candi-
dates, each daughter photon is required to have energy
greater than 50 (100) MeV in the barrel (endcap) region
and a shower shape consistent with a photon. The invari-
ant mass of the photon pair must be within 15 MeV /c?
(2.50) of the 7° mass. The 7° momentum is recalculated
using the nominal 7° mass. To suppress combinatorial
backgrounds, we require 7° candidates to have labora-
tory momenta greater than 300 MeV /c. Pions and kaons
are combined to form an X,.

Candidate i mesons are reconstructed in the n — vy
mode from photons with £, > 200 MeV. The invariant
mass of the y-pair is required to lie between 520 MeV /c?
and 570 MeV/c2, or within 20 of the nominal mass. We
veto an 7 candidate if either of its photons can be com-



bined with another photon in the event to form a candi-
date 7°. To suppress background from radiative B de-
cays, we require the energy asymmetry of the two pho-
tons, defined as |E,, — E.,|/|Ey, + Ey,], to be less than
0.6. The n mass constraint [14] is used to refit the mo-
menta of the daughter photons. To suppress secondary
n-mesons from b — ¢ — 7 chains, we retain only 1 can-
didates whose center-of-mass (CM) momentum satisfies
Ip;| > 2.0 GeV/ec.

B meson candidates are formed from combinations of
an X, and an 7. A beam-constrained mass, Mp. =
VEE /¢t — IPgl?/c? and energy difference, AE =
Ep — Epeam are calculated, where Epecam, Pj, and Ep
are the beam energy, B momentum, and B energy, all in
the CM frame. The signal is obtained using fits to M.
with [AE| < 0.1 GeV.

We use a simulated signal Monte Carlo (MC) sam-
ple [15] consisting of B — K7 for My, < 0.6 GeV/c?,
B — K*n for Mx, € [0.8,1.0] GeV/c?, and B — X
in all other mass regions (Mx, € [0.6,0.8] GeV/c?, and
Mx, > 1.0 GeV/c?). For the B — X,n component, frag-
mentation of the X system into hadrons is simulated by
PYTHIA [16], assuming a model in which the X, mass
spectrum is flat from the K threshold up to 3.2 GeV/c2.
We find an average of approximately nine B candidates
per event, with 10% of events having more than 20 can-
didates. We select the candidate with the lowest x2, with
X2 defined as the sum of x4 z = (AE/oar)?, where the
resolution oa, is estimated separately for each recon-
structed mode, and, if available, a reduced-x? of a vertex
fit that includes all X, daughter charged tracks except
those used as part of a K candidate. The resolution in
AF is asymmetric. It also varies by mode, with the most
significant differences between modes with and without
a 7%, For modes without (with) a 7%, typical AE reso-
lutions are 62 (76) MeV for AE < 0 and 29 (31) MeV
for AE > 0. After applying this procedure and applying
continuum suppression cuts (described below), we select
the correctly reconstructed B in 56% of simulated events.

The dominant background to B — X n comes from
continuum production of quark pairs, ete™ — ¢7 (¢ =
u,d, s,c). These events have a jet-like topology, and are
suppressed relative to the spherical BB events using a
Fisher discriminant [17] formed from event shape vari-
ables [18, 19]. Further suppression is obtained by com-
bining this Fisher discriminant with the cosine of the B
flight direction in the CM frame and, when available, the
displacement between the signal B and the other B in
the event. This suppression is optimized as a function of
b-flavor tag quality [20], and is approximately 34% effi-
cient for the signal modes while suppressing over 99% of
the continuum background.

Decays of the type B — X.n and B — X, — X,
where X, is any state containing charm mesons, may
have final states identical to the signal mode. We search
among the candidate B decay products for combinations
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consistent with selected charm meson decays and veto
the candidate if the mass of the reconstructed combina-
tion is within +2.5¢0 of the known mass. The modes
and their veto widths are: D° — Knzat(r9), 13.5
(44.5) MeV/c?; DT — Kna*(n%), 12.5 (31.3) MeV/c?;
DY — Kln, 31.3 MeV/c?; Df — nrt, 29.3 MeV/c?%
and 1.(1S) — nrtn~, 85.0 MeV/c?. We also veto events
with an ' — nprT7~ candidate with an invariant mass
Myrr within 100 MeV/c2 of the nominal 7’ mass.
Signal yields are obtained using an extended unbinned
maximum likelihood fit to M, in 200 MeV/c? bins of
X, mass up to 2.6 GeV/c?. The probability density
function (PDF) for the signal is taken as a Gaussian,
with the mean and width determined from the appropri-
ate signal MC sample (Kn, K*7, or X,n) for the mass
bin. The mean and width are calibrated for small dif-
ferences between the data and MC using a B — Dr®
control sample, with D reconstructed from a K and one
to four 7, with at most one 7¥. All reconstructed modes
are combined for the fit, and no attempt is made to sepa-
rate correctly reconstructed B candidates and those with
some missing or incorrectly attributed B daughters (self-
cross-feed). Shapes for the charm contributions remain-
ing after the vetoes are assigned based on a MC sample
of generic b — ¢ processes. Four separate PDFs are as-
signed for the largest charm backgrounds as identified in
MC: B® — D%, B® — D*Op, B® — D®™~z*y and
BT — D®0z+y All other b — ¢ backgrounds are com-
bined into another PDF. Each charm PDF consists of
a Gaussian component to describe the peaking in M.,
and an empirically determined parameterization (AR-
GUS function) [21] to describe non-peaking combinato-
rial contributions. The shape parameters are taken from
the appropriate background MC sample. Normalizations
of the modes B® — D™ are based on the previous
Belle measurement [22]. The branching fractions for the
decays B — D™y are unknown, so their normalization
is determined by a simultaneous x? minimization based
on the difference between the expected and observed My,
distribution of the events in all eight veto windows. The
normalization scaling of D=7y is assumed to be the
same as of D*~m*n. A similar assumption is used for the
D™y modes. The x? technique is verified by repeat-
ing the optimization over the B® — D®)% modes, for
which the results are consistent with the previous Belle
measurement. This x? is also used to study systematic
errors on the normalizations of all charm PDFs. Normal-
ization for the PDF that includes all other b — ¢ modes
is fixed to the MC expectation. The remaining combi-
natorial g backgrounds are modeled with an ARGUS
function. For the final fit, the signal yield and both the
yield and shape parameter of the ¢¢ ARGUS PDF are
allowed to vary.

Rare B decay backgrounds are studied with a dedi-
cated MC sample, and include contributions from B —
Xsn', B — Xy, and B — X4n. These expected yields



are subtracted from the fit yield to give a final yield.
The expected yields for B — X n' and B — X,y are
based on the known branching fractions, and are found
to be less than 0.5 events in each X, mass bin. The
BT — 77 branching fraction is also known, and the ex-
pectation is 5.2 events in the lowest bin of X, mass. We
estimate the contribution from other B — Xgn modes
by repeating the reconstruction and the fitting proce-
dure but replacing the K+ candidate of X with a 7+
candidate. Performing these fits on data and using a
dedicated X4n MC sample to estimate the rate to misre-
construct Xy as X, we estimate a total contamination
of 19.1 £ 2.3 events from X7, distributed uniformly in
the range My, € [0.6,2.6] GeV/c%.

The fit to the full mass range, My, € [0.4,2.6] GeV /c?,
is shown in Fig. 1(a), and gives a background-subtracted
yield of 1054 & 54715, We also define a high mass re-
gion, Mx, € [1.8,2.6] GeV/c?, where the summed yield
is 233+ 34712, Significances are determined in each mass
bin by convolving the likelihood function with a Gaus-
sian of width determined by the systematic errors on the
yield. The maximum likelihood, £,ax, and the likelihood
at a signal yield of zero, Lo, are used to determine the
significance, which is defined as \/—2In(Ly/Lmax). The
significance is 23 (7) for the full (high) X mass range.
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FIG. 1: (color online). (a) The M, distribution for the full
mass range, Mx, € [0.4,2.6] GeV/c?. The points with errors
correspond to the data, while the curves correspond to the
overall fit PDF (solid red), the signal PDF (dashed magenta),
the sum of all b — ¢ background PDFs (dotted green), and
the combinatorial background PDF (dash-dotted blue). (b)
Differential branching fraction, dB/dMx,, for B — X,n. The
error bars correspond to statistical error and total error. Error
bars on the first two bins are smaller than the points.

Reconstruction efficiencies in bins of X mass range
from 6.5% to 0.1%, not including the branching frac-
tion for n — ~v; these results are based on the signal
MC and assume equal production of B¥ B~ and BYB°
at T(45). Efficiency losses are monotonic with an av-
erage of 30% efficiency loss with each increase in My,
bin. Figure 1(b) shows the differential branching frac-
tion as a function of Myx,. Table I gives the final re-
sults for each X, mass bin. For the full My, range,
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TABLE I: Measured background-subtracted signal yields
(Ns), branching fractions (B), and CP asymmetry (Acp),
for each Mx, range. Uncertainties on Ng are statistical. Un-
certainties on B are statistical, systematic, and modeling, re-
spectively. The uncertainties for Acp are statistical and sys-
tematic.

Mx,(GeV/c?)  Ns B(10°°) Acp(107)
0.4-0.6 60+12 19+04+01+00 —35+18+2
0.6-0.8 15+9  09+05+01150 2440413
0810 250419 17.04+13+£1.0+00 —44+7+2
1.0-1.2 84414 7241240593 —26+15"
1.2-1.4 146417 158+1.9+1.0t10 224 11t2
14-1.6 137418 208+27F13+19 154 12t§
1.6-1.8 1284+ 18 28.2+4.1+2.175%3% 2541313
1.8-2.0 64+18 24468753573 31+£26+6
2.0-2.2 86418 424 +9.11391703 3442012
2.2-2.4 49+£18 368135550175, 2+32+5
2.4-2.6 354+ 13 65.1+£23.4797, 1308 —40£3677,
0.4-2.6 105354 261 307971 —13+472
1.0-26 728448 241 +30715F%  _15+6+3
1.8-2.6 233+34 169 + 2071513 0+14+5

we sum the individual contributions and find the fol-
lowing partial branching fraction B(B — X.n; Mx, €
[0.4,2.6] GeV/c?) = (26.1 £ 3.015772%) x 107°, where
errors are statistical, (model-independent) systematic,
and decay modeling. A large fraction of the inclu-
sive signal occurs in the high mass region, where we
find B(B — Xen; Mx, € [1.8,2.6] GeV/c?) = (16.9 +
2.9 (stat) ™15 (syst) T2 (model)) x 1075

The direct CP asymmetry is defined as Acp = (B~ —
BT)/(B~ + BT), where B*(B™) is the partial branch-
ing fraction for BT or BY (B~ or BY). We measure
this asymmetry in the subset of reconstructed modes in
which the B flavor can be inferred from the final state
(13 out of 18 modes). We adjust the fitted C'P asym-
metry to account for events that are reconstructed with
the wrong B flavor by multiplying the raw fitted asym-
metry by a correction factor. This factor is estimated
from the signal MC, and ranges from unity to 1.05. The
bin-by-bin results, as well as the results of separate fits
for Acp over the full X mass range and the range above
the narrow kaonic resonances (Mx, € [1.0,2.6] GeV/c?),
are shown in Table I. For My, € [0.4,2.6] GeV/c?, we
find Acp = —0.13i0.04f8:8§, with a significance of 2.60
relative to a null asymmetry. All Acp results that in-
clude the range My, € [0.4,0.6] GeV/c? are calculated
with the assumption that the BT — 77 backgrounds in
this region contribute a C'P asymmetry consistent with
the existing measured world average [14].

Systematic errors on the fitted signal yield are domi-
nated by PDF uncertainties. Uncertainties in the signal
PDF parameters are studied using a B — Dm control
sample, while those due to normalizations and shapes
for the b — ¢ backgrounds are estimated by using com-



parisons between the veto window x? procedure and one
of the following: a repeated x? procedure with relaxed
assumptions, MC expectations, or, when available, previ-
ous measurements. Errors from the background subtrac-
tions are dominated by uncertainties in the estimate of
backgrounds from B — X;n. Our estimates of these
backgrounds may have included other small contribu-
tions, such as those from B — X7, so we allow these
estimates to vary by —100%. Positive uncertainties are
estimated from the difference in expected yields assuming
a flat distribution of Xy events in X mass versus those
obtained from a MC study of cross-feed from Xy mass to
X mass. In all cases the systematic uncertainties on the
background-subtracted signal yields are at least a factor
of two smaller than the statistical errors.

The model-independent systematic error includes con-
tributions from the signal yield, the selection efficiency,
the number of BB pairs, and the  — ~v branching
fraction [14]. For X mass bins above 1.8 GeV/c?, the
errors on the signal yields from uncertainties in the PDF
shapes (primarily for the charm PDFs) dominate with a
contributed relative uncertainty of 7-18%. For the lower
X mass bins, the efficiency error is the largest contri-
bution with a relative uncertainty of 5-6%. This error is
the combination of individually determined contributions
from control sample studies of the following: tracking,
reconstruction of 7%, 5, and K2, particle identification,
continuum suppression, and candidate selection.

We define an additional error due to modeling of the X
system, which is studied in three parts. The first is due to
the fraction of unreconstructed modes (e.g., modes with
more than a total of four 7’s, more than one 7%, or more
than one K). We vary these fractions by +30% of the
PYTHIA expectation and use the differences in efficiency
to estimate an Mx, bin-dependent uncertainty that rises
with X, mass from zero to +21.1%. The second is due
to differences in the observed frequency of decay modes
and those expected from PYTHIA. We find good agree-
ment between data and MC in the relative amounts of
charged and neutral B modes, modes with K and those
with K+, and modes with one or two total 7’s and those
with three or four total 7’s. However, we find a signifi-
cant excess of modes without a 70 over those with a 70,
which we attribute to inaccuracies in the PYTHIA frag-
mentation. To quantify this uncertainty, we re-estimate
the PYTHIA efficiencies with the fraction of 7° modes
adjusted to match data, and use the difference between
this value and the nominal efficiency to assign an error.
This error is usually only negative, due to the higher re-
construction efficiency for modes without a 7°, and is as
large as —37% in the highest X mass bin. The final
component of the modeling uncertainty is due to the as-
sumed X mass spectrum. We study the efficiencies of
other Mx_ signal MC samples where the spectrum rises
toward high mass and assign errors based on the differ-
ences from the flat Mx, MC. Using these samples, we
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also study the fractions of self-cross-feed candidates that
are reconstructed with an incorrect X, mass. These ef-
fects are small compared to the first two components of
the modeling error.

The systematic error on Acp includes contributions
due to: uncertainties in the PDF parameters; possible
detector and measurement biases are estimated from the
measured Agp of the B — D7 control sample and the
signal MC, respectively; uncertainty due to the signal
model is studied by checking the fractions of events with
incorrectly identified flavor using alternative Mx, spec-
tra; and possible contamination due to B — 7 (B —
Xan) decays is estimated by varying their Acp by the
measured uncertainty [14] (£100%).

In summary, we report the first measurement of the
inclusive process B — Xgn, and find a partial branch-
ing fraction of B(B — Xyn; Mx, € [0.4,2.6] GeV/c?) =
(26.1 4 3.0(stat) 759 (syst) 729 (model)) x 10~°. The mea-
sured My, dependent branching fractions are consistent
with the known B — Kn and B — K*(892)n processes
[23]. In the high mass region, Mx, € [1.8,2.6] GeV/c?,
which is above any significant contributions from pre-
viously measured exclusive processes [24], we observe
a signal with a 7o significance. We also measure the
CP asymmetry of B — X,n, both as a function of
Mx, and for the full mass range, where we find Acp =
—0.13 £ 0.04t8:8§, consistent with rough theoretical ex-
pectations [10]. No theoretical prediction is currently
available for the shape of the My, spectrum. However,
the similarity in spectral shape to B — X1’ and the lack
of strong suppression of the B — X n branching fraction
relative to the ” mode imply that the origin of the large
contribution in the " mode is also common to the n mode
[10], and disfavors " specific mechanisms [5, 6].
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Appendix B

Beam Energy Calculation

For studies of B mesons at Belle, the primary process of interest is
ete” — Y(45) — BB

In the CM frame, the two B mesons are produced with equal energy and equal and op-
posite momentum. As a result, the nominal energy of each B meson is half of the total
mass of the T(45). Though the central value of this mass is known with high precision,
10.57944-0.0012 GeV /c?, the width of the Y (495), 20.542.5 MeV /c? [1], coupled with drifts
in the KEKB accelerator conditions, limit our a priori knowledge of the beam energy.

We can improve the determination of the beam energy by utilizing known B de-
cays for calibration. Recalling Equation 4.3.2, the beam-constrained mass, M, can be
calculated from the B three-momentum and beam energy in the CM frame: p}; and Eycam,
respectively. My, peaks at the B mass, assuming that the beam energy is correctly calcu-
lated. However, throughout a given set of experimental data, the operating conditions at
KEKB may cause shifts in the beam energy away from the nominal value of ~ 5.29 GeV /c?.

Despite changes in the beam energy, the boost to the CM frame remains the same.
To see why, consider an arbitrary four-momentum and the boost necessary to move to the
CM frame. To simplify, we choose a system of coordinates such that the three-momentum

is aligned entirely in one-spatial direction. This gives

— E E*
gl By _ (B.1)
By v p| 0
where § = v/cand v = 1/4/1 — 2. This gives us a relation for 3,
5= p| (B.2)

E
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that depends only on the magnitude of the three momentum and the energy, both in the

original frame of references. In our electron-positron system, these quantities are given by

Ip| = \/EI%IER + EIQJER — 2FEygr ErER cos 0
E = Eugr + ELER

(B.3)

where we assume, to very good approximation, that the electron and positron are massless.
By inspection, it is evident that as long as the energy of the high energy (electron) ring and
low energy (positron) ring change by the same fraction, then the # (and therefore ) for the
boost will remain constant. We can also verify that the boost direction does not change. In

the lab frame, the three-momentum of the ete™ system, peg, is given by

EHER sin 6
Pee = 0 (B.4)
EygR cos 0 — ELgr

We can see that the = and z components will scale identically provided that, as before,
Engrr and Ergr scale together. Under normal KEKB operation, we assume that these
energies are always scaled together, so the boost vector remains constant.

Because the boost vector does not change over time, the calculation of p% is un-
affacted by beam energy changes. This means that we can use the quantity M. — E}_, . to

calibrate the beam energy. To do so, we use the following equality:

2 2 2 2
(Elieam)nominal - (Mbc)nominal = (E:geam)calibrated - (Mbc)calibrated (BS)

where “nominal” indicates the values using the nominal beam energy and “calibrated”
indicates the values for the calibrated beam energy. Thus, (E}, . Jnominal is 5.29 GeV/ e,
(Mpe)nominal is obtained from data using the nominal beam energy, (£ ... )calibrated S the
value to be determined, and (M, )calibrated is the known B meson mass (~ 5.279 GeV /c?).

To perform this calibration, we must choose B decays for which we can easily
measure the means of their (M )nominal distributions. This is done by performing fits to
each distribution, independently for each decay mode that is used. The fits use a PDF con-
sisting of a Gaussian component for signal and an ARGUS component for combinatorial
background. After obtaining the Gaussian mean from the fit procedure, the beam energy
for each decay mode can be calculated from Equation B.5. The beam energy values from

the different modes are combined using a standard weighted average:

T\ Zi((Egeam)f:alibra ed/azg)
(Ebeam)calibrated = 21(1/022) : (B-6)
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where the index ¢ runs over the various modes analyzed, and o; is the uncertainty in any
(B3

Z' . . . . .
b oam ) valibrated - LIS Uncertainty is related to the mean of the nominal beam constrained

mass and its fitted uncertainty by

M)t ,
0 = E(* bc)?omlnal 6(Mbc);ominal (B7)
( beam)calibrated

The overall statistical uncertainty on the weighted mean beam energy is also determined
in the usual way,

R (B.8)

>i(1/a})

For the fits to the nominal beam-constrained mass distributions, all PDF param-
eters are floated. To obtain good fits under these conditions, the signal modes must have
a high signal-to-noise ratio. Originally, this calibration was performed using the decays
B~ — D%~ and B~ — D*%7(D*? — D%%) decays, with D° reconstructed in the modes
D — K—7t, D% - K—7nt7%, and D° — K- ntn~xt [53]. In 2009, an effort was un-
dertaken to implement a new algorithm for charged track reconstruction at Belle. The
new algorithm resulted in significant improvements in efficiency for charged track recon-
struction, and as a result changed the signal-to-noise ratios in some of the listed modes.
Ultimately, the entire sample of T(45) data taken under SVD2 conditions (experiments
31-65), was reprocessed with this algorithm. At this time, the selection of modes used to
calibrate the beam energy was revisited.

Investigations into the beam energy calculations revealed significant differences
between the values calculated for different modes. An example of these discrepancies is
shown in Figure B.1. It was discovered that modes including neutral pions had a system-
atic offset in beam energy relative to those that included only charged tracks. It is likely
that this offset is due to fitting bias, as a Gaussian does not properly model the small en-
ergy leakage from the ECL for the 7 — v reconstruction. Though these offsets were
small , ©(0.5 MeV), it was conservatively decided to remove these modes from the beam
energy analysis to reduce systematic errors, leaving only two B~ — D%r~ sub-decays in
which to measure the beam energy: D° — K~ 7" and D' — K-n"n~7*. A further com-
plication arose in the DY — K~ 77~ 7" decay, in that the increased efficiency for charged
tracks resulted in significantly higher combinatorial backgrounds, and therefore an overall
lower signal-to-noise ratio (see Figure B.2). As the large background creates problems with

tit stability, the selection criteria were also revisited. To further improve statistics, a previ-
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Figure B.1: Beam energy values by run number for experiment 51, using the existing beam
energy procedures, for data processed with the old tracking (red bands), new tracking
(black points with errors), and new tracking with only the B~ — D%r—(D? — K—n™)
decays (blue points with errors). All error bars are statistical only.

ously unused mode was also added: B — D=7 (D~ — K™n 7). The final selection
criteria for the three modes used are shown in Table B.1. For all three reconstructed modes,
in cases where multiple B candidates exist, the B candidate with its candidate D mass the
closest to the nominal D mass is selected. The addition of loose impact parameter cuts
for charged tracks resulted in the largest improvements to the signal-to-noise ratio. Sam-
ple distributions of the nominal beam-constrained mass with the final selection criteria are
shown in Figure B.3.

The beam energy was re-calculated using these new procedures for experiments
31-65. In addition to the changes in reconstruction criteria, an effort was made to add
systematic uncertainties to each beam energy measurement. These include a small bias
observed in MC in reconstructed B momentum, but are dominated by the uncertainty in

the world average of the B mass, ~ 0.3 MeV /c? [1]. Though the removal of the 7° modes
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MINUIT XZ Fit to Plot 304&0 MINUIT )(2 Fit to Plot 304&0
Mbc(dpi) Mbc(dpi)
File: r0357-0527.k3pi.hbk 18-SEP-2009 09:21 File: r0357-0527.k3pi.hbk 18-SEP-2009 12:29
Plot Area Total/Fit 1011.0/1011.0 Fit Status 3  Plot Area Total/Fit 8198.0/8198.0 Fit Status 3
Func Area Total/Fit 929.30/929.18 E.D.M. 1.048E-07 Func Area Total/Fit 8092.2/8092.2 E.D.M. 6.213E-06
x?= 81.7for 90- 5d.of. CL=582% x’= 104.7for 90- 5d.0f., CL=7.3%
Errors Parabolic Minos Errors Parabolic Minos
Function 1: Gaussian (sigma) Function 1: Gaussian (sigma)
AREA 244.45 + 19.70 - 19.67 + 19.71 AREA 262.65 + 41.09 - 38.96 + 4275
MEAN 5.2811 + 2.2670E-04 - 2.2683E-04 + 2.2732E-04 MEAN 5.2804 + 3.2468E-04 - 3.1354E-04 + 3.3619E-04
SIGMA 2.68519E-03 + 1.7215E-04 - 1.6955E-04 + 1.7560E-04 SIGMA 2.24825E-03 + 4.3737E-04 - 3.7513E-04 + 4.9304E-04
Function 2: ARGUS Background Function 2: ARGUS Background
NORM 21063. + 2305 - 2228. + 2371, NORM 2.13509E+05 + 7088. - 7097. + 7005.
OOFFSET 0.0000 + 0.000 0.000 + 0.000 OOFFSET 0.0000 + 0.000 0.000 + 0.000
OEBEAM 5.2900 + 0.000 0.000 + 0.000 OEBEAM 5.2900 + 0.000 0.000 + 0.000
EFACT -30.228 + 5138 5.117 + 5.140 EFACT -23.574 + 1.542 1.510 + 1.549
60 ——— LI B T [ — 150 ——— LI B [ — [ —
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Figure B.2: M, distributions calculated with the nominal beam energy for the decay mode
B~ — D%~ (D° — K~ntn~n'"), using data from runs 357-527 of experiment 51 with the
old tracking (left) and new tracking (right). Both plots utilize the existing beam energy
reconstruction selection criteria.
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Figure B.3: Beam energy values by run number for experiment 51, using the new beam
energy procedures. The run range is the same as that used for Figure B.2. The distributions
correspond to the modes with a D reconstructed as K™n~ (left), K7~ 7~ (middle), and

Ktn—ntn™ (right).
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Decay Sub-decay Criteria Comment

R2 <0.5 qq suppression
PID(K)kg > 0.3 kaon ID
All decays PID(K)r <0.7 pion ID

dr(K,ﬂ') < 3Jcm

|dz(k,m| <5 cm reject bad tracks

B~ — D%~

|cosBpn| < 0.9 qq suppression
DY — K—rt |AE| < 50 MeV

|Mgr — Mp| < 16.2 MeV /c?

|cosBpn| < 0.6 qq suppression
D™ — K ntr—nt |JAE| <40 MeV

|Mi¢rnme — Mp| < 13.3 MeV /c?

BY - D—xt

|cosOspn| < 0.9 qq suppression
D~ — Ktn— |AE| < 50 MeV
|Mi¢rnr — Mp| < 16.2 MeV /c?

Table B.1: Selection criteria for the reconstructions used to calculate the beam energy. R2
is the second Fox-Wolfram moment, normalized by the zeroth Fox-Wolfram moment, and
Ospn is the angle between the sphericity axis of the signal B daughters and the sphericity
axis of the other B daughters.
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Figure B.4: Beam energy values by run number for experiment 51, for data processed with
the old tracking and old procedures (red bands), and new tracking with new procedures
(black points with errors). Error bars for the old procedures are statistical only, and those
for the new procedures include systematic uncertainties.

caused an overall shift in the beam energy relative to the previously tabulated values, the
new values remain consistent with the old values within their total uncertainty. The final
results for experiment 51 are shown in Figure B.4. Results for experiments 31-65 have been
updated in the Belle beam energy database.

Since the procedure for calculating beam energy already requires fits to the nom-
inal beam-constrained mass distributions, we can also monitor the width of these distri-
butions throughout a series of runs and experiments. These widths directly reflect the
spreads in beam energy over the corresponding run ranges. Variations of up to 10% are
visible, as shown in Figure B.5. The spread in beam energies is expected to be correlated
with the bunch current of the LER. As such, we have examined these spreads as a function
of the LER current. Because we combine many runs to gain adequate statistics for the M,

tits, we cannot ensure that the LER current was stable during any particular run range.
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Figure B.5: Fitted widths of the nominal beam-constrained mass versus experiment
number.

To avoid periods where the LER current may have been changing significantly, we restrict
the study to points where the RMS of the LER current over the run range was less than
100 mA. The results are shown in Figure B.6. An approximate correlation is seen, though
the uncertainties in both the fitted widths and the LER currents make it difficult to make a
firm conclusion. A future study in which the run ranges are chosen specifically to isolate

regions of stable beam current may be able to demonstrate this effect more dramatically.
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Figure B.6: Fitted widths of the nominal beam-constrained mass versus the average LER
current for the corresponding run range.
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Appendix C

Calculation of the Number of BB

Pairs

The calculation of each branching fraction at Belle requires knowledge of the
number of BB pairs in the data sample. The hadronic data sample includes contribu-
tions from both ee~™ — Y(45) — BB events and e"e~ — ¢g backgrounds. The total

number of BB events produed on-resonance (at the Y (49) energy) is thus
N = Ngp + N7 (C.1)

The number of ¢g events at a given CM energy E* = /s is given by

0'0—
Nyg = %.c (C2)

where o7 is the cross section for ¢ production with the dependence on s removed and
instead written explicitly, and £ is the integrated luminosity. To get a numerical estimate
of N, component in the on-resonance data, Belle takes approximately 10% of its data off-
resonance, ~ 60 MeV below the Y(45). We can define the ratio, a, of the number of ¢g

events in the on-resonance sample and the off-resonance sample.

on on .off
qu . E S

o= Noff T poff gon (C3)
aq
We can use this to rewrite Equation C.1 and solve for the number of BB pairs.
N — — NOI'I _ NOH N((I)gf
o  Nog (C.4)
Npp = N°"—aN
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However, the rate of fermion production should be identical whether the fermions pro-

duced are quarks or leptons, so we can relate o to the number of on-resonance and off-

resonance Bhabha or mu-pair events,

_Nz Nz

= Noff T yoff
Nee' Nup

«

(C.5)

In previous implementations of the N5 calculations [35, 53], the value of a was deter-
mined independently for Bhabha events and mu-pair events. However, the number of
mu-pair events for data taken after experiment 27 is not considered reliable, so we must
use « only as obtained for Bhabha events.

We also have not yet included the overall efficiencies for detecting BB or ¢
events in the hadronic data samples. When these are explicitly written, we modify Equa-
tion C.4 into T

Npyp = N — r(egq)aNg; C6)
¢ BB
where r(¢e4q) is the ratio of the efficiency for ¢¢ events off-resonance to the efficiency for

qq events on-resonance. Through experiment 55, the values of both ez5 and 7(¢4q) have
been assumed constant, as estimated from early MC studies [35]. Since these studies were
potentially outdated, especially in light of the new tracking algorithms introduced for data
from experiment 61 and beyond, a new MC study was undertaken to assess the appropri-
ate values of eg and r(eyq).

The efficiency of the hadronic skim was tested by applying the skim to MC sam-
ples of generic BB decays as well as on-resonance and off-resonance ¢g decays. Efficiencies
for all experiments are shown in Figure C.1. Averages for experiments 61, 63, and 65, for
which the N5 calculation was to be performed, are shown in Table C.1, along with the
previously used values. Over the entire experimental range of Belle, the BB efficiency
varies by roughly 0.5%, and the ¢q efficiency by about 0.3%. Due to the significant vari-
ations, it was decided to use experiment-dependent efficiencies and efficiency ratios for
the new calculations. It is also notable that the previous ¢q efficiencies are much lower
(over 10%) than any of those obtained from MC. The exact source of this discrepancy is
unknown, as much has changed in the Belle analysis tools and software libraries since the
value was originally calculated in 2001. However, the important parameter for the Nzpz
calculation is the efficiency ratio r(e4q), shown for each experiment in Figure C.2. Despite

the large changes in overall ¢q efficiency, the ratio shows variations of less than 0.5%.
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New values

Quantity Previous value Exp. 61 Exp.63 Exp. 65

55 0.9913 09897 0.9897  0.9893
eon 0.795 09092  0.9093  0.9088
ol 0.792 09092  0.9084  0.9086
(cqq) 0.9958 1.0001  0.9990  0.9998

Table C.1: Efficiencies and continuum efficiency ratio used for previous N5 calculations.
The previous value for the off-resonance continuum efficiency is inferred from the value
of r(eq7) and gy

BB Efficiency (MC) qq Efficiencies (MC)
@ E =
g r - 091—
0.99— . C s°
C . L 2
A
C . 0.908—
0.989 * . C A
|- L] . |-
r o °, 0.906— te
0.988— . F
r A * . * C .
F . 0.904— .
0.987— . - N A
C = ” « °
F * . 0902? 22 3 A A
0.986— + a . LN
F ool * 2 YT
0.9851— r 2 .
L . 0.898—
G b Lo Lo b Lo Lo | A v e e b L L ]
10 20 30 40 50 60 70 10 20 30 40 50 60 70
Experiment number Experiment number

Figure C.1: Hadronic skim efficiencies versus experiment number for MC samples of
BB events (left) and ¢q events (right). The ¢g efficiencies are shown for conditions on-
resonance (black filled circles) and off-resonance (red open triangles).

The final tabulated values of Nz for experiments 61, 63, and 65, are shown in
Table C.2, using both the old efficiency values and the new experiment-dependent values.
The relative differences in Nz between the two calculations are in the range 1% to 1.4%,

roughly the same size as the uncertainties on the calculated values.
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Figure C.2: Ratio of efficiencies of off-resonance ¢g events to on-resonance gq events versus
experiment number.

Npp (10°)
Exp. 61 Exp. 63 Exp. 65
Using old ¢, r (37.87 £0.59) (35.90 £ 0.56) (42.21 +0.67)
Experiment-dependente, r || (37.45 £ 0.56) (35.62+0.53) (41.79 £+ 0.63)

Table C.2: Ngp values for experiments 61, 63, and 65, using both the previous and new
efficiencies and experiment-dependent efficiency ratios. Uncertainties include statistical
and systematic effects.
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