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Abstract
The BABAR detector at the PEP-Il asymmetric-enekgye— collider at the SLAC National Accel-
erator Laboratory collected a sample(@f’1.0 + 2.8) x 10° BB pairs during its operation from
1999-2008. The study of the branching fractions and anglisaributions of B meson decays to
hadronic final states without a charm quark probes the dygaiiboth the weak and strong inter-
actions, and plays an important role both in understandiRgviolation in the quark sector and in
searching for evidence for physics beyond the standard inddepresent branching fraction mea-
surements for the decay®y’ — p°K*°, B — foK*°, andB® — p~ K**, whereK* is a(K )} or
K*(892); we also measurB® — f,K3(1430)°. For theK*(892) channels, we report longitudinal
polarizations (forp final states) and direaf’P-violation asymmetries. We obsery€ K *(892)°,
PU(K7)0, fok*(892)%, andp~ K*(892)" with greater tharbo significance, including systemat-
ics; foK*(892)°, p~ K*(892)*, andp’ (K )0 are observed here for the first time. We present first
evidence forfy (Km)y" with 3.00 and fo K3 (1430)° with 4.40 significance. We place an upper limit

onp~ (Kn)§t. We find results consistent with no direGP violation.
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Chapter 1

Introduction

Experimental studies of charmless hadroBiclecays provide a strong test of theoretical
calculations and serve as a laboratory in which to searclpdtential new physics effects. New
physics effects can arise from new particles and couplingthé loop diagrams through which
many of these decays proceed. Identifying new physicstsffequires a solid theoretical descrip-
tion of Standard Model (SM) processes, which is complicétgdhe interplay of long- and short-
distance QCD effects. Many theoretical predictions hawnbrade by Perturbative QCD (pQCD),
QCD Factorization (QCDF), Soft Colinear Effective ThedBOET), and Naive Factorization (NF),
though often with large uncertaintie$]] For an overview of the theoretical predictions and meth-
ods, see Se@8.1

In this thesis, we describe the Maximum Likelihood (ML) fitadyses of B decays to
guasi-two-body final states involving scalaf)( vector (), and tensor{) mesons. Specifically,

we measure the following processes:

B — p"(Km)i" B — fo(Km))® B — p~(Km)y*
BY — p°K*(892)° BY — foK*(892)° B® — pT K*(892)" (1.2)
BY — foK3(1430)°

1
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The notatiorp and fj is used to refer to the(770) [2] and f,(980) [3]. Throughout this thesis we
will use K* to refer to any of the scal@é<r);;, vectork*(892), or tensork’; (1430) resonance<].
The notation( K'r);; refers to the scalak =, which we describe with a LASS modeél, [5], combin-
ing the (K ) resonance together with an effective-range non-resomemponent. We will discuss
these mesons in more detail in S22 Charge-conjugate modes are implied throughout thisghesi

We reconstruct the, fy, and K* candidates as:

pO — T

K — Ktg~
fo — 7wt (1.2)
Kt — Ktx0

The dominant Feynman diagrams for these decays are showig.id.E The gluonic
penguin graphs with aor ¢t quark in the loop are expected to dominate, as the tree idylQKM
suppressedq] 7].

In all cases, we report branching fractions for the decagesses. The branching fraction

for B — p°K*(892)", aB — V'V final state, is defined as

I'(BY — p°K*(892))

0, 050y _
BB" = p KT (B —all)

(1.3)

wherel is the decay rate.

Because the branching fractid¥( fo — 77 ~) is poorly measured, we report our mea-
surements of channels involving ggasB(B° — foK*) x B(fo — =), where we assume the
isospin ratiol'(fo — n+t7~)/T(fo — 7w) = 2/3 holds. For(K ) decays, we report the branch-
ing fraction timesB((K ) — K), as this is poorly measured at present. The Particle DatagSro
lists B((Km)§ — Km) = (93 + 10)%, with no other decays of thg<r); observed 2].

For the final states involving the vectdf*(892), we also measure th€ P-violating

asymmetry
r-—-rt

A = =———,
S
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A

Y

Figure 1.1: Feynman diagrams for (a8} — p°K*? and (c—d)B° — p~ K**. Gluonic penguin
diagrams (a, ¢) dominate over tree (b, d) contributions.

where the superscript on the decay widithefers to the charge of the kaon from th& decay.
This quantity measure€'P violation in decay (see Sel.7), and.A., is otherwise known as a
direct C P-violating asymmetry. These asymmetries are of particimtarest as they provide an

alternative method for measuring the CKM anglésee Sec2.11.3 [8].

The decaysB? — p"K*(892)° and B — p~ K*(892)" are of the formB — VV;
these decays have three polarization states, which areinicigle, accessible experimentally. In
practice, a full angular analysis requires a large numbeigrfal events. In the analyses described
in this thesis, we integrate over the azimuthal angle (tlipealbetween the two vector meson decay
planes), assuming uniform acceptance over this angle. YWeedae helicity angle8x- andd, and

the azimuthal anglé as shown in Figl.2
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Figure 1.2: Definition of the helicity angles f&° — p° K*0.

The helicity angles are defined in the rest frame of the vetson,f -« is the angle between the
charged kaon and the meson in thei* rest framep,, is the angle between the positively charged
(or only charged) pion and th® meson in the rest frame. In the analysis of tli€*(892) channels,
we make use of the helicity observables, definedhfer p, K* asH, = cos(f,,).

The longitudinal polarization fractionf{) can be extracted from the differential decay
rate, parameterized as a functiondgf- andd,,,

d*T

1 . .
T doos Orcod cosd 1 (1 — f1)sin? O+ sin® 0, + fr cos? O cos? 6, . (1.4)
* p N

X

| =

QCD Factorization9, 10] predicts a hierarchy pattern for the(* polarization fractions,
fLE %) > fL(E*p7) > fL(K*%p") > fr(K*p%), (1.5)

which would be interesting to test experimentally.
The B — pK*(892) decays are of additional interest, as combined with fladK3),
they can be used to improve the determination of the CKM angibtained from measuring® —

pTp~ [11]; see Sec2.11.2
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The decays involving the scal&k 7)§ and f, mesons are of special interest, as well, for
the underlying structure of the scalar mesons is not wedlldished theoretically. By comparing
measured branching fractions of decays involving scalessome with theoretical predictions, we
can test whether four-quark or two-quark models of scalesang better fit the data.

Predictions have been made for many of the decays descrilibisithesis. By compar-
ing those predictions with theory, we can help refine thémaktnodels, improving our theoretical
description of SM processes. In this way, should discrejeanioce observed between theory and
experiment, we can be confident that they are the result ofaigwsics beyond the standard model,
rather than coming from higher-order (Standard Model)exirons that have not been previously
calculated.

The current state of theoretical predictions, as well asipos experimental measure-
ments are given in CI8. In Ch.2 we lay down some of the theoretical framework for understaind
B decays and’' P violation. If the reader is already familiar with this magr s/he is encouraged
to move directly to Se.11.2 where we discuss some applicationséf* measurements to con-
straining CKM matrix parameters. In Chwe describe th&ABAR experiment. Ch6.1-9 detail the
analysis of theB” decays measured in this thesis, with the results given irBCkVe summarize

our findings and discuss their relation to theoretical ptéatis in Ch.10.



Chapter 2

Theoretical Overview

This chapter begins with a brief introduction to particleygios, introduces the reader
to the mesons of interest for this thesis, and moves on taidesC P violation in greater depth.
Understanding” P violation is one of the main goals of th physics programs, and thie — pK*
decays measured here have some bearing on the issue. Inetiis, twe follow the convention of

h=c=1.

2.1 Overview of the Standard Model

Of the four fundamental forces, only three are relevant ¢éodistance and energy scales
of particle physics: the electromagnetic, strong, and wieretes. Over energies and distances we
can experimentally probe, gravity is negligible by comgani. In the Standard Model of particle
interactions (SM), we describe the interactions betweetictes as the exchange of gauge bosons
(particles of integer spin). Different gauge bosons medihe interactions, depending upon the
force in question. The “force carrier” of electromagnetisnthe familiar photon+). For the strong
force, the gauge bosons are eight color glugns The weak force is mediated by massive bosons,

theWw, W—, andZ°.
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Table 2.1: Properties of gauge bosons in the Standard MBdekach boson the elementary charge,
spin, mass, and interaction are given.

Boson Charge Spin Mass (GeV) Interaction
y 0 1 0 Electromagnetic
W +1 1 80 Weak
A 0 1 91 Weak
Gluon (8) 0 1 0 Strong
Higgs 0 0 Unknown -

Table 2.2: Properties of fundamental fermions in the Stahdiéodel. For each particle the ele-
mentary charge, mass, weak isospin and weak hyperchargjeefteft-handed components of each
fermion are given. The right handed components are alk$singlets and thus have a weak isospin
of zero. The fermions are separated into leptons (left) aradke (right). Each family is separated
into three generations. The associated anti-fermions trevequivalent quantum numbers as the
fermion with the opposite sign.

Mass Mass
Lepton Q(e) (I3). Yi (MeV) Quark Q(e) (Is)r Yi (MeV)
e 4 4 1 0511 2 53 3
v O f 'l 0 d _Ei -2l i 7
e 2 3 2 3
B 1 1% 1 105.7| ¢ %1 %1 % 1100
v, 0 5 -1 0 | s 4 -5 § 60
- -1 1% -1 1777 t 2 : % 173,800
v, 0 5 -1 0 b 3 5 5 5080

The strong interaction is described by the theory of QuanBimomodynamics (QCD),
based on the Lie algebra of $8)-. The weak and electromagnetic forces are unified at the weak
scale (where the scale is determined by the mass ofifiebosons,Myy) into the electroweak
theory, described by S@) x U(1). Together, these three groups form the standard modeh give
SU(3)¢ x SU(2) x U(1). The fundamental fermions (quarks and leptons) are speci§ienultiplets
with certain transformation properties under these gaugeps fL2]. The properties of the gauge

bosons are given in TaB.1, the fundamental fermions in Tab.2[13].



8 Chapter 2: Theoretical Overview

2.2 Mesons

Mesons are particles with integer spin, which are compo$eadjaark and an anti-quark.
The two quarks do not have to be of the same flavor, and hencalixdenote a meson generically
asqq . For our upcoming discussions 6fP violation we will focus on beauty meson8(), so we
discuss those first. We can representfizemesons as a system of two Isospin doubléts-(1/2).
The top element of the doublet héds = +1/2, the bottom element ha = —1/2; we denote
the quark content of the mesons in parentheses. Note thataonerite similar isodoublets for the

kaons,D-mesons, an@;-meson systems.

B (ub) B’ (db)
B=+1 ., B=-1 (2.1)
BY (db) B~ (ub)

B-mesons are short-lived particles that rapidly decay int@argety of hadronic and/or
leptonic final states. As th8; mesons listed above are the lightest mesons containinguark,
they decay by changing the flavor of thgquark; these decays are mediated by the weak interaction.

Mesons are intrinsically unstable, though for our purppaeswill regard the lowest lying
meson states (the pseudoscalar pions and kaons) as stahley Aave comparatively long lifetimes,
O(10~®) seconds. Compare this with the lifetime of tB8 meson,1.5 x 10~'2 seconds. Mesons
decaying strongly (such as tlreand K* to be discussed presently) decay even more rapidly.

Creating mesons out of the lowest-lying quarks=£ w,d, s), one readily forms what
is known as the pseudoscalar meson nonet, Eiy(left). The mesons are stacked vertically in
increasing strangeness (thguark has strangeness= —1, its antiquark ha$ = +1) and hori-
zontally as a function of charg@. The central mesons in the octet are linear combinationgzpf
dd, andss.

The meson’s spiy satisfies the relation

l—s|<J<|l+s], (2.2)
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() -0
0= 0 0=+ 1

Figure 2.1: Pseudoscalar (left) and vector meson (rightetso

wherel is the orbital angular momentum of thy@ state, and is O (antiparallel quark spins) or 1
(parallel quark spins). The meson multiplets are delirtebtetheir.J” value, whereP is the parity
eigenvalue (see Sez.4for a definition of parity). The pseudoscalars with = 0~ (Fig. 2.1 (left))
and the vectors witi” = 1~ (Fig. 2.1 (right)) arel = 0 states. The orbitally excitetd= 1 states
are the scalars/’ = 07), axial vectors { = 17), and tensorsf” = 27) [2].

Although the makeup of the axial vector and tensor stateslisued to be given by the
quark model, the scalar states are not well understood.iglesicalar mesons such as thg980)
are believed by many to be four-quark states, which makefqirey branching fractions involving
these states difficult. By measuring branching fractiomsliring these scalar mesons, we can test

theoretical predictions that assume the scalars to bea@nvo-quark mesons.

2.3 Flavor changing interactions

In the B-meson system, the massivguark decays into a lighter, more stable quark. The
only interaction that permits changes in quark flavor is teakvnteraction. For example pajuark

can decay into a quark by emitting a virtual’ —, which subsequently decays. One such diagram
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describing this interaction can be seen in FigRuz

i P> ) (]/w

¢ —

S
[

Figure 2.2: Tree diagram describing the deﬁ)yﬁ J/ng.

A b quark cannot, for instance, decay into aguark by emitting ay; only weak inter-
actions can change quark flavor. Experimentally, only flal@anging charged currents (exchange
of a W) have been observed. Although flavor changing neutral otgr@xchange of &) are
theoretically possible, their contribution is heavily pugssed in the Standard Model. It is, however,
still possible for & quark to decay into amquark; this is a second-order weak interaction, and will

be discussed further (and sample Feynman diagrams shov8egid.11.1

2.4 CP Violation

The non-conservation of charge conjugation and pa€ty (for short) has been a topic
of great interest for physicists since the 1964 discoveay thP symmetry is violated in decays
of neutral kaons 4, 15]. Like neutral kaons, the neutrd-meson was expected to exhilditP
violating asymmetries. Before the inception of tBaBAR and Belle detectors at the PEP-II and
KEKB asymmetrice™e ™ colliders,C P violation experiments in th&-meson system were difficult
both due to a lack of statistics and due to fhrenesons being created at rest in the laboratory frame.
With the large datasets collected BpBAR and Belle over roughly a decade of collisions, we have
achieved a greater understandingCaf violation in the B-meson system.

In the analyses presented in this thesis, aofli? violation in decay (see Se.7) is
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measured. However, as measurementg/of decays can be combined with other information to
measure the CKM anglesand~y (see Sec2.10), we give a broader overview @f P violation and

the Unitary Triangle.

2.4.1 Operator definitions

The charge conjugatior() operation, amounts to a reversal of all the internal quantu
numbers, which describe a particle. Under th@peration, for example, a particle with electric
chargeQ = +1 would end up with a charge @) = —1. Additionally, quantum numbers such
as beauty ) are reversed. As a result,2 (db) would become &' (bd); thus theC' operation
caused a change of beautyB| = 2. In general, the”' operation can be said to change a particle
into its antiparticle. Charge conjugation is a discretataup operation; eigenfunctions @f have
eigenvalues of-1. We refer to these states as everi) and odd (1). For aC' eigenstatéy ), we

can write the charge conjugation operation as
Clye) = £[ye) - (2.3)

The P in C'P violation represents the parity operation. Simply spegkthe parity op-
eration can be thought of as reflecting an object in a mirrtars(p rotation of 180 degrees). For
a vectorr, this means that L, 7 Aswith charge conjugation, we can define states of definite
parity. TheseP eigenstates will also have eigenvaluestdf as shown in equatior2(4) for a parity

eigenstateyp).
Plp) = £lpp) (2.4)

Another discrete operation, related@oand P is time reversal]'. Just as parity reversed
the spatial direction of vectors, so time reversal revetisesdirection” of time. That is{ N —t.

Unlike parity and charge conjugation, however, we canndatevan eigenvalue equation for thé
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operator on a wavefunction). This is a direct consequence of the antiunitarity ofTheperator,

which is required to preserve normalizabilitig(y) = 1).

2.4.2 Relations betweerd', P, and T

Until the mid-1900’s, parity, charge conjugation, and tinegersal were all believed to
be good symmetries of nature. Experiment currently verifies P is a good symmetry for the
electromagnetic and strong interactions. In 1957, howé&Verand her collaboratord §] showed
that parity is not conserved in weak interactions. Subsaguerk also showed that although charge
conjugation is a good symmetry for the electromagnetic drahg interactions, it is maximally
broken in weak interactions. Taken together, howeg&P, seemed to be a good symmetry. In
1964, however, it was observed thaiP symmetry is slightly violated in the decays of neutral
kaons [L4, 15].

AlthoughC' P is no longer considered a good symmetry of nature, takerttiegwith time
reversal, the symmetry does appear exact. That is to sayjjqaildy any Hamiltoniand commutes
with the operatiorCPT": [H, CPT] = 0.

Invariance of the Hamiltonian under tliéP7T" operation, and the presence@f viola-
tion in weak decays, requires tHAtsymmetry also be weakly broken. A theoretical explanation
for this was proposed by Kobayashi and Maska#@ja [f a non-vanishing phase is present in the
Standard Model, the@' P violation is theoretically possible within the frameworktbe SM.

To be more precise, we can describe the coupling of partioléslds (eg. & quark to a
W ™) by a complex number. Through redefinition of the phase &ssatwith that complex number
(where the coupling is given y?, andg is the phase), we can make the coupling real. Depending
upon the Lagrangian, which describes the field of interestay be possible to completely eliminate
all complex phases, or some phases may remain. If there mmgexphases, which renormalization

cannot eliminateC' P violation can arise.
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2.5 TheC P Operation on Mesons

As it will be useful to our future discussion of CP violatiom the charged and neutral
B-meson systems, we will briefly discuss thé> operation on mesons. As above, We will denote
the meson generically a& = ¢g. The meson)M is said to be a flavor eigenstate; that is, it
contains a definite flavor (quark) content. Flavor eigeestatre often the most useful basis in
which to represent particles when discussing productidmchvfrequently is the result of strong
(flavor conserving) interactions. Flavor eigenstates e aseful when investigating decays, as it
is natural to draw Feynman diagrams describing particlaylécterms of individual quarks.

We can also write down thé€ P-conjugate flavor eigenstate fd, which we denote as
M = qq'. In general, flavor eigenstates are not eigenstatésraf We can write the”' P operation
asCP M = ¢“m M. The phasg, is arbitrary, and a redefinition of it does not change the joisys

For the B° mesons, for example, we would write,
CP|B% =¢%5B%,  CP|B’) =e5|BY) . (2.5)
In the case where we have(aP eigenstateM-p, the C' P operation simplifies and one
is left with the original eigenstate times the eigenvalyeA = +1) of CP,

CP Mcp = e®Mcr Mop = nepMcp (2.6)

When the flavor eigenstate is not automatically & eigenstate (as is the case, for exam-
ple, with neutral, flavor non-trivial mesons such asB9, itis possible to construct P eigenstates
as linear combinations of flavor eigenstates. For neutralom&\/ andM as described above, the

C'P eigenstates are given by:
Mycp= (M£M)/V2 . (2.7)

Before the discovery aof’ P violation in the neutral kaon system, it was believed that th

linear combinations given in equatioR.q) for the K° and K" were not only theC' P eigenstates,
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but also eigenstates of mass and lifetime. Understandigthis is not the case leads us to write
a slightly different equation for the mass/lifetime eigiass of neutral, flavor non-trivial mesons.
This will be discussed in more detail for ti&-meson in Sectio2.8.1, as the background t6'P

violation in mixing.

2.6 Types ofC P Violation in the B Meson System

With an understanding of some of the physics backgroundssacg for a discussion of

C P violation, we summarize the three types(oP violation possible in thd3-meson system.

1. C'Pviolation in decaymay occur in both charged and neutiaimeson decays. This violation
manifests itself as an amplitude difference betweénmeson decay and théP conjugate

process. This is also referred to as “dirétP violation”.

2. C'P violation in mixingmay occur when two neutral mass eigenstates cannotbeigen-

states. This is also known as “indirectP’ violation”.

3. C'P violation in the interference between decays with and withroixingmay occur when

both theB° and theB® can decay into the samé’'P eigenstate) final state.

We will begin our discussion with' P violation in decay, as this is the most conceptually-

simple type ofC' P violation in the B-meson system.

2.7 C'P Violation in Decay

C P violation in decay occurs when the rates 0P conjugate processes are not the same.
As a result, this type of’ P violation can occur in both neutral and charged systems.rderdor
such a rate difference to arise, a decay must have contituiom at least two Feynman diagrams.

Not only must there be at least two diagrams, but there mastla phase differences between the
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diagrams. There are two types of phase differences whicthrbagresent in order to haveéP
violation in decay: the so-called “strong” and “weak” phsse

Complex coupling constants can result in phases, whicbkrdiff sign between a process
and itsC P conjugate process; that is, the Lagrangian that contsbtdeghe decay amplitude is
complex. In the Standard Model, these phases arise onlyeilC#M matrix (discussed in Sec-
tion 2.10, which describes weak interactions, hence they are calledk phases”. Depending
upon the Feynman diagrams that contribute to the decay tt@ar be several different couplings
and thus different weak phases present in a decay.

Another type of phase occurs even when the Lagrangian is Tei type of phase does
not change sign between a process and’itsconjugate process; as a result, this does not lead to
C P violation. These phases arise from intermediate statdgidécay process; this rescattering is
due mainly to strong interactions and the phases are ardédimaed “strong phases”.

For both strong and weak phases, it is important to note tiesalbsolute phase carries no
physical meaning because it is possible to perform a glohase rotation to change that value. As
a result, we wish to look at differences between phaseslitedlifference between the strong phase
of one contributing diagram and that of another), as thesephysically meaningful quantities.
With this in mind, we will write the amplitudes of a decay pess and itS”'P conjugate with
three parameters describing each diagramis the magnitude of the diagram’s contribution to the
overall amplitude of the decay'?: describes the weak phase, aftl describes the contribution of
the strong phase in that diagram. Using this notation, we g amplitude for &-meson to decay
into the final statef, with contributions from each diagraimin equation 2.8). Equation 2.9) gives

the amplitude for th&’ P conjugate procesdy, 18|.

Ap = (flH|B) = Y Aje’oto) (2.8)

A+ = (flHB) = ei(ff—ﬁB)ZAiei(éi—@) (2.9)

~
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Recall that we defined the overall phagaa equation 2.5).
If we look at the difference in rates between the two proceé®szall that decay rates are

proportional to the amplitude squared of the process) givequations2.8) and .9), we find (for

i # ),
|A]? = [AP? = -2 ZAiAj sin (¢ — ¢;) sin (6; — §;) . (2.10)
i,J

Writing the rate difference in this way makes it clear that tivo rates will be identical if the
contributing Feynman diagrams have either the same relationg or weak phases. We also note
that if the theory were such thatP was conserved, then the weak phases for all possible diagram
would be equal.

Experimentally, it is very straightforward to measdr& asymmetries in charged decays.
We define the asymmetry,;,, to be

_IBY - -TB — ) 1-[A/AP
CT(BY = )+ 0BT —f)  1+[AJAR

A (2.11)

where the ratio clearly must satisfyl/A| # 1 if C'P violation is to be present. This is true in
neutral decays, as well, though one must choose a final btteefinitely tags whether the decay
was from aB° or BY. For instance, il3? — p"K*9, the sign of the charged kaon from the decay
K*0 — K*r~ tags whether one had/&@*? or aK*0, and thus whether the original parent particle
was aB” or BY. As mentioned in Chi, for the decays studied in this thesis, we measure

r--ort

Ap = ——r
S

(2.12)

where the superscript on the decay witithefers to the charge of the kaon from tR& decay.

The general statement 6fP violation in decayis

i

Ay

. ZZ Aiei(éi_d)i)

= [§ | 21 (2.13)
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2.8 C'P Violation in Mixing

The second and third types 6fP violation can occur only in systems of self-conjugate
pairs of mesons (the neutral, D, B;, andB, systems). In this section, we investigate the second
type of C'P violation, C' P violation in mixing. From the discussion of tlie” operation on mesons
in Section2.5 we know that ifC' P is not a good symmetry of nature, then eigenstate€’ Bf
are not necessarily eigenstates of mass and lifetif2. violation in mixing arises when we are
unable to write mass/lifetime eigenstates as eigenst&t€3°o In order to better understand when
this occurs, we will discuss mass eigenstates and the mofirfigvor eigenstates for the neutral

B-meson system.

2.8.1 Mixing in the neutral B-meson system

In order to understand the decay of adrmeson, we would like to consider the time

evolution of a state, which has the general form
a(t)|B°) + b(t)[B") + c1(t)n) + ca(t)|n2) + es(B)lng) + ... (2.14)

whereB? andB" are our initial statesa(0) # 0, b(0) # 0) andny, no, ... are states into which the
B%or B’ can decay (these states do not initially exist)) = 0). What we would like to calculate,
in order to understand mixing in triéo—Fosystem, is the time evolution of tHe° andB: we are
not interested in the myriad possible final states. We thashesWigner-Weisskopf approximation,
which allows us to describe a beam of oscillating and decagiutral mesons in its rest frame as
a two-component wave function. This approximation trehesweak-interaction Hamiltonian as
a perturbation to the strong and electromagnetic HamatoniTheB° and B’ are eigenstates of
the strong and electromagnetic interactions with a commassm z and opposite flavor content.
Because the strong and electromagnetic interactions ame-ftanserving, these interactions do not

cause oscillations between ti® and B" states; only when the weak interaction is considered do
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we have mixing.

The Wigner-Weisskopf approximation can be used to desaonieng in any neutral me-
son system. We, however, will not explore this approxinraiioits general case but rather will focus
on the B, system; the interested reader can find a more general disgusgexts such aslf]. In

our case we have

[$(8)) = 1 ()| B®) + 4o (t)[B°) . (2.15)

The time-evolution of this wavefunction is given by a Sdinger-like equation

d | a a a
i =H =(M-.T . (2.16)
at | )

The matrix H, however, is not Hermitian; if it were, the mesons would dynpscillate forever
and never decay. The matricdd andI', on the other hand, are Hermitian. We can write the

“Hamiltonian” more explicitly as,

. M — i My — L@y M M, i I T
— _ -5 7

MfQ o %F>{2 M — %F Mf? M FT2 r

(2.17)

where we have made the Hermiticity M andI' explicit. As we have chosen to look specifically
at the B; system, we can simplify equatio@.07) by using the fact that'y; < Mi5. This allows

us to re-write the Hamiltonian as

M — % Mo
H= . (2.18)
My, M -—A4ir
Determining the eigenvalues of our simplified Hamiltoniarsiraightforward. Doing the calcula-

tion, we find

1
pe =M — 5T & [Mao] . (2.19)



Chapter 2: Theoretical Overview 19

The two eigenvalues give us two states of definite mass (if ageth simplified the Hamiltonian,
these would also have different lifetimes). For tBg system, we define the two eigenstates corre-
sponding to these eigenvalues, labeling thBm = Bpe..y and By, = B The eigenvalue for
the By is p— = pup, = M — LT — |My,; for the By we take the plus sign in equatioB.{9. It is

traditional to write

|By) = p|B% —qB°) (2.20)

IBL) = p|B% +4q[B") , (2.21)

with the requirement thdp|? + |¢|> = 1. The eigenstates of the Hamiltonian are clearly distinct
from the flavor eigenstates3f andB").

As B-meson production commonly occurs through (flavor consgjvstrong interac-
tions, we may start out knowing the flavor composition of &imeson. For example, the (strong)
decay of ther'(45) (abb bound state) results in &° and aB’ about half the time (the other 50%
of the decays result in B* and aB~). Thus we know that at time= 0 we have one3” and one
B Ifwe pick out theB? produced by the reaction, however, and “watch it” as it iseéong, we
will see that it does not remainA°, because th&" is a flavor eigenstate and particles propagate

through space as mass eigenstates. Thus this iBitiseems to “mix” with aB' as it travels along.

2.8.2 Relationships between mass andP eigenstates

Equations 2.20) and @.21) suggest that if the ratipy/p| = 1, the two states|B) and

|B1)) are orthogonal. If this is true, these equations simpbfy t
0 04 Y
BYp = (B +B )/\/5 , (2.22)

whereBiC p in the above equation is clearly recognizable as the twoneigées ofC' P, as dis-

cussed in SectioB.5. From this, it is clear that the requiremeqfp| = 1 leads toC' P conservation
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in BO-B’ mixing. We, however, are interested (hP non-conservation, and thus wish to investi-

gate the situation wheg/p| # 1. Using equations2.16), (2.19 and @.21), we can solve for the

ratioq/p.
j P M—4il' My P
(M - %r) - 2 (2.23)
q M, M -3 q
[ ) p
= |M = 20— |My| (2.24)
- q

Where the first equality just presents the Schrodinger tezuaxplicitly for | B) and we use the

| B1,) eigenvalue in the second equality. From here, we find that
i i
(M - §F - |M12|> p = <M - §F> p+ (Ma2)q , (2.25)
—|Mplp = Mg . (2.26)

The ratio ofp/q is clearly just

q | M2

(2.27)

p My
It can also be useful to consider the square of this ratio. Wine write it this way, we can see that
when the relative phase betwe#f » and M7, vanishes|p/q|> = 1. The relative phase vanishes
when|By) and|B;) areC P eigenstates. We have established the conditiorCfBrviolation in
mixing (in the B, system) to be:

2 *
— M12

‘2 _
Mo

£1 . (2.28)

2.9 CP Violation inthe Interference between Decays with and withait
Mixing

The third type ofC P violation can arise when neutr&l-mesons (or kaons, etc.) decay

into final states, which aré'P eigenstatesfi-p). These final states can be produced from either
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B or B decays. To better understand how sd¢R violation comes about, we will first look at
the time evolution of 83-meson that at timé = 0 is known to be in a particular flavor eigenstate.
We next introduce the parametg&f, . We will find that when\ # £1, C'P violation, and if
another condition is satisfied, P violation in the interference between decays with and witho
mixing, occurs. To avoid repeatedly writing such a long nathis type ofC' P violation is often

abbreviated asC P violation in the interference between mixing and decay”.

2.9.1 Time evolution of neutral B-mesons

As discussed in Sectidh8, flavor eigenstates of the neutiatmeson are not mass eigen-
states. From equation.20 and @.21) we can rewrite the relationship between the mass and flavor

eigenstates as

|B%) = %(|BL>+|BH>) (2.29)

0

[B) = |Br) = |Bu)) - (2.30)

1
5
q
In order to simplify future calculations, we will turn spécally to the B, system so we can continue

to use the simplifying assumption thBt, < M;,. Recall that the eigenvalues of the simplified

Hamiltonian in equation2.17) are
1
pe =M= T & |Mia| . (2.31)

Using the above relations along with equatioB22() and .21), we can describe the time evolution

of a state that begins at= 0 as a flavor eigenstate. Recall that if we havB%at timet = 0, that

BO will “mix” with a B’ according to the time-dependent Schrddinger equation.d&¥gnate a

state that starts out asi? at¢ = 0 as|BY,,, . (¢)), where from 17, 20] we have

hys

| Bppys()) = % [e_”‘*t (p\BO> + q!§0>> +e it (p!B°> - QI§O>>] (2.32)

_ i(M=iT/2)t [COS (A”;Bt> IBY) i (%) sin (Aﬂ;Bt> |§0>] . (2.33)
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We can write a similar equation for a state that starts out?ﬁ%, a
_ , . Ampt\ — Ampt
\thys(t» = e HM-il/2)t [cos (%) ]BO> +1 (g) sin (%) ]BO>] . (2.34)

Equations 2.33 and .34 make it explicit that in the time evolution of thg® andEO,
mixing is a result of the mass difference between the two migenstates. If we wanted to write out
the time evolution equations for the neutral kaon systentherother hand, the lifetime difference,
AT, would be very important (though them term still drives the oscillation betwedii® andi’
states).

The nature of the time evolution d8-mesons is extremely important I8 factory ex-
periments (such aBABAR and Belle), where aff (45) decays into a cohered B pair. The time
evolution of the twoB-mesons is such that when one is in & flavor eigenstate, the other is a
B’. This property allows3 physicists to “tag” whether a decay (eg. int@'@® eigenstate, such as
J/¢K3) was the result of &8, (t)) or |§2hys(t)> decay by knowing whether the othBrmeson
decayed as B° or BY. In this way, physicists can measure time-dependent asyriesién B°
versusB’ decay rates as discussed in SecBdh4 We now look specifically aB decays intaC' P

eigenstates and how they lead@ violation in the interference between mixing and decay.

2.9.2 Neutral B decays intoC'P eigenstates
If the final state of ouB decay is &' P eigenstate then it satisfies the relation
CP|fcp) =njeplfcp) - (2.35)

We are now interested in the decay amplitudes fB0@and B’ decaying into the final statg-p:

Ajep = (fop|H|B®) (2.36)

Ao, = (foplH[B') . (2.37)
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Using this and the definitions @fandq from Section2.8.1 we define the quantity;,,, as

_ q‘lfcp q fcp
fep pA Nfep pAf ) ( )

fep cpP

where the second equality comes from the relation,, = 7., A5 . This form is useful both in

fep

calculations of theoretical time-dependent asymmetmesiathe physical interpretation ofy,, .
From the discussion af' P violation in decay (Sectio@.7), we know that wherC' P is
conserved, the decay amplitudes will satisfy:

fep

C P conserved —
AfCP

1. (2.39)

Our discussion of” P violation in mixing (Sectior2.8) led to the observation that @ P is con-

served, the following equation is also satisfied:

CP conserved — 'g' =1. (2.40)
p

Additionally, whenC' P is conserved, the relative phase betwégfp) and(AFCP /A¢. ) vanishes,
leaving us with: Ay, = £1. Clearly, if C'P violation in decay and/or in mixing is present, then
|Afop| # 1. However, it is possible to have bothy. .| = 1 and the presence 6fP violation. This
is the condition forC' P violation in the interference between decays with and withoixingand

arises when:
‘)‘fcpy =1, Im {)‘fcp} #0 . (2-41)

2.9.3 Simplification of \s,,,.

As we are interested in the imaginary part\gf,, in order to understand' P violation in
the interference between mixing and decay, we will spentilatime here putting\ s, in terms of
physically meaningful quantities. We will then be able tdlfier interpret these quantities in terms

of angles of the Unitarity Triangle (described in Sect®bh() for specific decay chains.
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The Hamiltonian for weak decays can be written as a sum ofiboitions from individual
diagrams. In writing the Hamiltonian we note thidtmust be unitary and that weak phases change
sign between a process anddt$ conjugate process. Using the transformation of the Haméto

underCP (CP H; CP = H}) we have

H = Z ei¢jHj + Z e—i%H]T , (2.42)
where, for a givery, the first term comes from a particular process and the seteondarises from
the C'P conjugate process. In the case where only a single diagranta@ribute to the decay
(that is, when all other diagrams are highly suppressed)amesay, for example, that the process

BY - fop is governed by,,. If this is so, then the only contribution B — fop is from H,i

Making use of this information, we can rewrite equatioRs86) and @.37) as in R0[:

Afep = (fop|H|B%) = (fople' Hy|B°) (2.43)
Afep = (ferlHB") = (fople o H]|B) (2.44)
= (feple **CP H, CP|B% (2.45)
= MOy, (forle ™ H B)WBYCPIB)  (2.46)
— %y A (BY|CP[BY) . (2.47)

Now that we know how to writed s, in terms of As,,,, we will perform some more
manipulations on\y,, itself. From equation2.38), we know how to write) ., in terms ofp, ¢,
and decay amplitudes. Recalling the simplification for Byesystem thal’;» <« M5 and using

the expression fof /p from equation 2.27), we can write,

Afop = quCP _ _’Ml?yzfcp )
o pAfCP M Afcp

(2.48)

The simplifying assumption that the width difference of tleutral B-meson mass eigenstates is

negligible allows us to re-write equatio.48) in terms of the Hamiltonian from equatio8.(8 as

_O J—
(BY|H|B") Ascr

fep
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Now making use of equatior2(47), we can further simplify this expression into

-0
_KBYHIB )| aig,

-0
— n BY|\CP|B") . (2.50)
<BO|H|BO> fcp( | |B")

)‘fcp =

We will return to this expression after a brief discussiohaf CKM matrix in Sectior2.10

2.9.4 MeasuringC' P violation in the interference between mixing and decay

C P violation in the interference between decays with and withmixing is arguably the
most important type of’ P violation for B physicists today. As such, we will briefly discuss how
one measures this type 6fP violation, before discussing the CKM matrix.

As mentioned in SectioR.9.1, knowing the time-evolution aB-mesons allows physicists
to measure asymmetries in the rates¥fand B" decays into a particular final state. This is the
basic idea behind measurements(aP violation in the interference between mixing and decay.
Specifically, one compares the rate foBameson to decay into the stafe.» when theB starts
out at timet = 0 as aB° versus the rate when at= 0 a B is present. We thus define the
time-dependent asymmetry as

T(BYs(t) = for) = T(Bpyys(t) — fop)
T(BY,s(t) = for) + T(Bypys(t) — for)

If we delve slightly deeper into how the experiments are altyperformed, however, we see that

(2.51)

Afcp =

rather than knowing what specieB{ or FO) the B-meson was at = 0, physicists reconstruct

a variety of particles in the detector. In tlBABAR and Belle experiments, a pair @éf-mesons is
created from the decay of tHE(4S), which is created in an asymmetric collision such that the
center of mass of th&(45) is moving relativistically 3y ~ 0.5) with respect to the laboratory
frame. As mentioned in Sectidh9.1, the two B-mesons evolve coherently until one decays. The
relativistic motion of the”(4.5) in the lab allows physicists to measure the time betweenyutazh

of the B-mesons and their subsequent decay by measuring the disteee-meson traveled before

decaying.
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Say we determine that one of tiemesons produced from a certaiif4.S) decayed into
the final state {~p), which we are interested in; we will call thi3-mesonB,... (because this is the
decay we are interested in, tiemeson is fully reconstructed from the tracks and electegnetic
showers in the detector). From the tracks (charged pasjieled showers (photons, electrons, etc.)
in the detector for eacff(45) decay, it is in many cases possible to determine the spetibe o
other B-meson that was produced at the same tim8,as. We call thisB,,,, as we “tag” whether
itisaB’ orEO, but are not particularly interested in how it decayed. Wetb&n define the decay

rate f,.(f_) whenB,,, is aB°(B") as (for example,41])

—|At| /T
fr(At) = ¢ o [1 £ Sf.,sin (AmpAt) F Cf,., cos (AmpAt)] (2.52)

whereAt = t,.. — t4 is the difference between the proper decay timeB,Qf and B, andr is

the mean lifetime of thé3®. We defineS;,,, andC/,, using the parametex;,.,, as

2Im{As.p } 1— [ Aopl?
St,, = —— 2L = Jer 2.53
fep 1+p‘fcp’2 fep 1+’)‘fcp‘2 ( )
Making use of these definitions, we write the time-dependeRtasymmetry
fi(A) — f_(AY)

A = 2.54

for = L&D T (A1) (259

= Sy.psin(AmpAt) — Cy., cos (AmpAt) . (2.55)

When|\;. .| = 1 (no CP violation in decay is present), the onfyP violation is from

the interference between mixing and decay and the expressiguation 2.55 reduces to:
Asp = —Im{As,, }sin (AmpAt) . (2.56)

For these decays whej®;. .| = 1, one can experimentally fit the time-dependent asymmedtity wi
a sine function to extract the value bfi{\s., }. In reality, experimentalists commonly fit the data
to a function that can include both sine and cosine termshdfdontribution of the cosine term
is negligible C's., ~ 0) then experiment has verified thgts .| = 1. When this is the case,

Im{\;.,} can be cleanly interpreted in terms of parameters in therelgeak Lagrangian.
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2.10 The CKM Matrix and Unitarity Triangle

A flavor-neutral particle such as th&4.S) (a bb meson) can decay strongly into a final
state containing quarks (egBOFO); the B-meson, however, must decay weakly in order to change
the flavor of theb quark. The quark mixing matrix, which describes the striemmjtflavor changing
charged currents (weak interactions), is known as the CKixg@fter Cabibbo, Kobayashi, and
Maskawa) ¥, 6].

The CKM matrix “rotates” thel, s, andb flavor eigenstates (quarks of definite flavor)
into eigenstates of the weak interactiafi; s’, andd’. We describe this with three quark doublets,
pairing au-type quark {, c, or t) with the appropriately “rotatedd-type quark ¢, s’, or v’). We

write this rotation operation in matrix form as

d/ Vud Vus Vub d
S| =| Ve Ves Vi s | o (2.57)
v Via Vis Vi b

where the matrix elements specify the weak coupling betvweemuarks (one:-type and onel-
type). For examplel, gives the relative strength of tthe— ¢ transition. The CKM matrix ) is
commonly expressed in terms of the Wolfenstein Paramatesiz[22] with four parametersa, A,
p, andn. We expand about the parametedefined as\ = |V,s| ~ 0.22; the quantities4, p, andn

are allO(1). The parameten represents th€' P-violating weak phase.

1— A2 A AN3(p —in)
V= DY -3 A +O0(\Y) (2.58)
AN(1—p—in) —AN? 1

Requiring that the CKM matrix be unitary leads to a varietyrelationships among the matrix

elements, such as

VuaVp + VeaVay + ViaVy, = 0. (2.59)
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This relationship can be represented by a triangle in thept@aplane and is commonly referred
to as the “Unitarity Triangle”, for it is the only such relatiship (derived from unitarity of the
CKM matrix) where the three sides of the triangle have simiagth (V,,V.| ~ [V.dV| ~
[ViaVip| o A3). Having sides of similar length makes the angles in thangle large enough to
be experimentally measured. In Figite8, the Unitarity Triangle has been drawn using a phase
convention whergV.4V ;) is real. Additionally, the sides of the triangle have all beescaled by

dividing by [V.4V;| and the points are those given by the Wolfenstein pararaatenm.

(P, M)

0, 0) 1 (1,0)

Figure 2.3: The Unitary Triangle in the SM.

The anglesy, 3, and~ of the Unitarity Triangle can be determined by measuiing
violation in the B system. Lengths of the sides are determined by measuriry dates and mixing
(for example,V, < Amp). We discuss one measuremenhahn Sec.2.11.2and+y in Sec.2.11.3

as they pertain to theK™* measurements presented in this thesis.

Over-constraining the Unitarity Triangle is one of the mgoals of today’sB physics
programs. The hope was that by making complimentary meamsunis of the Unitary Triangle
parameters, we would expose discrepancies requiring ttidicadof beyond-the-Standard-Model
physics. Although there have been hints of such disagresni@ithe~ 20 level), the experimental

resolution available from the fuBABAR and Belle datasets appears to be insufficient to expose non-
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Standard Model physics effects. The current world knowdedfthe Unitary Triangle is shown

graphically in Fig.2.4[23].

— T T
fitter

ICHEP 10

sol. w/ ¢os 2B < 0
(exclat CL > 0.95)

Figure 2.4: World average experimental constraints on thigaly Triangle as of summer 2010.

2.11 Casting)y,, in Terms of CKM Parameters

We now return to our expression far,, from equation 2.50, which we give again
below.

-0
_WBYH[B)| i,

-0
— n BY|\CP|B") . (2.60)
<B0|H|BO> fcp( | | >

>\fCP =

In the Standard Model, we determine the quantiB|H |§0> from the box diagram shown in
Figure2.5with a virtual¢ quark.

We can write the transitions corresponding to our matrixnelet, ( B°| H |§0), in terms
of the relevant quarks ds — t — d andd — t — b. These transitions both introduce factors
of Vi V;5 so that the overall phase from the first term in equat2i6@ comes from(V;)? o

¢%” in the denominator. Thus we have introduced an overall pbéase?# into \;... More
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Figure 2.5: Box diagram describin@o—F0 mixing in the SM.

complicated calculations are required in order to furthierpéify A, ., so we simply quote the
result and reference the interested reader to the literdéug. 7], [24]). In the end, recalling that

¢y, is the weak phase of thB — fcp decay,\y,, simplifies into
Afep = nfCPe_ziﬁ_%(z)k : (2.61)

For certain decays, where we understand the weak phasee further simplify this expression

into one containing only parameters of the Unitary Triangkediscussed in Se2.11.12-2.11.2

2.11.1 Experimental measurements ofin(20)

As the B-meson is rather massive:(5.28 GeV/c?) there is a great deal of phase space
for its decay products. As a result, unlike thé, which decays into two pions about half the time
and three pions or a semi-leptonic channel the other hafSitmeson decays into a menagerie
of particles R]. Looking only at hadronic decays for the moment, we woulgest the 3-meson
to decay primarily into charmed particles because the ittansh — c is less suppressed in the
SM than the transitio® — w. Indeed this is experimentally verified with a number of char
or charmonium decay channels that have branching fractiatsare©(10~3), versus charmless
branching fractions, which are typicalt9(10~°) or less.

So the natural place to start looking f6tP violation in the B-meson system is in charm
and charmonium decays, where statistics are reasonabtly fawe wish to measuré’ P violation

in the interference between mixing and decay, we must bdutacechoose final states that are
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CP eigenstates. Some likely candidates inclutfe/ K9, ¢(2S)K?2, xc1 K3, andnc K2, all of
which haven;,, = —1, andJ/¥K?, which hasn,, = +1. These decays have been used by
both BABAR and Belle to measure the quantifiy (23). Using equationZ.61), we can understand
how measurements of time-dependent asymmetries in thedesngive rise to a measurement of

the angles of the Unitarity Triangle.

i > ) J/¢

-

SH
[

Figure 2.6: Tree diagram describing the deﬁ)yﬁ J/ng.

For illustration purposes, we will look at the decBy— J/ng. This process is dom-
inated by the “tree” diagram as shown in Fig@&. The quark transition foB" — J/z/;Kg is
b — ccs. If we look at the Wolfenstein parameterization of the CKMtrixa we see that the
C P-violating phase; is introduced only in transitions from third generatidn 4) quarks to first
generation, d) quarks. As the only quarks involved in " — J/ng decay are from the sec-
ond and third generationsg;, for this decay is zero, and we find thaf,, = —e~ 2 (the negative
sign is becausgy,, = —1 for J/z/;Kg). Recall from equation2.56) that physicists experimentally

measure the quantity
Asp = —Im{As,, }sin (AmpAt) . (2.62)

(This is an oversimplification; the actual experiment is endifficult. For details, see the litera-
ture [21], [25].) Thus, knowingAm g for the B-meson system, fitting for a sinusoidal component

allows us to determiném{\;,.,. }. For J/y K2, this is just

Im{Agep} =sin(28); (B — J/$KQ) . (2.63)
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The world average constraint eim (23) from charmonium decays is given by the blue
diagonal constraint in Fi.4.

Although charmonium modes provide for the easiest measmeofsin (23) (because
of relatively large branching fractions), it is possiblent@asurein (23) in other channels as well.
Decays dominated by — s penguin diagrams, such as FBy7 for B — /K2, also measure
sin (23) if the contamination from tree diagrams (witth a- « quark transition, and thus a different
weak phase) are small. The validity of this assumption issuesl by fitting for a cosine component

as well as a sine component, as discussed in58al

) W+ ) W+
b 5 b 5
BY t 9 &g BY t 9 %g
> KO > 77/
d d d d

Figure 2.7: Penguin diagrams describing the deBdy— n' K.

In Fig. 2.8 we show the world average measurementsiof2/3) from b — s penguin
transitions, compared with the world average from the cloaiom channelsZ6]. There is a hint of

some systematic shift in the value ®from b — s penguin channels, but the significance is poor.

2.11.2 Experimental measurements ak using pp and pK*

The Unitary Triangle anglg is the easiest to measure because we can make use of high-
statistics charmonium modes. As we begin using charmlestesnwith smaller branching fractions
to study Unitary Triangle parameters we run into difficidtighen various (possibly higher-order)
diagrams contribute to the same decay (recall that thisezahtioC' P violation in decay, for which
case|\r..| # 1). In some channels, however, a particular diagram tend®nairthte. This is

the case withB? — pTp~ andn* 7, where the tree diagram (shown on the left in FigRr@)
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Figure 2.8: Average values ein (23) (left) from b — s penguin channels compared to the world
average value from charmonium channels (vertical gold hartuke directC P-violating parameter
C for the equivalent channels is given on the right. The redhelddine indicates a value of or

C=0.

dominates over the penguin contribution (right).

In the tree diagram, the decay can be described by the iansit- wud; this introduces

a coupling of’;, which has a phase of If we assume that only the tree diagram contributes, then

¢, in equation 2.61J) is given byy. Assuming thaty + 3 + v = = for the Unitary Triangle, we can

then write,

Im{As.p} = sin (2a);

(B—nrr7) . (2.64)

Note that it has been experimentally demonstrated thatethgyin contributions ta™ 7~

are larger than those i p—, as seen by the branching fractio@}, [

B(B°

B(B°

(1.62 £0.31) x 107° (2.65)

(7.34+2.8) x 1077 (2.66)
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Figure 2.9: Tree diagram (right) and penguin diagram (feitthe decayB? — 7+~

The larger “penguin pollution” int*7~ makes the extraction of the CKM angletheoretically
complicated. The penguin pollution is a concern even forghe~ channels. The “standard”
method for relatingr. ;s as measured iB° — 777~ or p™p~ to the CKM anglea involves
isospin relations among the other or pp channels27].

In Ref. [11], Benekeet. al. propose an alternate method for extractingrom B —
pTp~, which uses information fronB — pK* decays in combination with flava8U (3). They
relate the penguin amplitude it p~ to that of p* K *0 and find that, even with the large uncertain-
ties fromSU (3) breaking, they can compute with smaller uncertainties than using the standard
isospin analysis. Benelat. al. note that an additional constraint could be obtained bygusin
formation on the longitudinally polarize®® — p~ K**+ decay. Prior to the work of this thesis,
however, this was not feasible, as previous measurem28jthdd provided only an upper limit on

the decay rate.

2.11.3 Experimental measurement ofy using pK*

Most measurements of the Unitary Triangle angles requine-tiependent measurements
of C'P violation in the interference between mixing and decay &ee2.9.4 which require large
samples of signal events and are experimentally rather leomim Ref. B], Atwood and Soni pro-

pose a method for determinirgand-~y using only directlyC' P-violating parameters (see S&c7).
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The directC P-violating asymmetry4.; can be measured in any decay which does not involve a
C P eigenstate final state, and for which it is possible to deitezrthe flavor of the pareri®-meson.
The decays described in this thesis, for instance, all waval* in the final state, and we consider
only its decays: K* — KTr~ and K*t — K*70; the sign of the kaon therefore tags the flavor

of the B-meson, and we can write
-1t
T I+t

Acn

where the superscript on the decay wifithefers to the charge of the kaon from tR& decay.

The method of Atwood and Sor]requires input from one purk — s penguin mode
(a channel with no contribution from tree diagrams) suclBas — pt K*0 as well as from one
channel with tree—penguin interference, suctBds— p~ K** or Bt — p°K**. The inclusion of
information from multiple channels improves the measumme

This method uses three approximationst/(3) is a good symmetry for penguin pro-
cesses, the effects of electroweak penguins (wif# ar v from the loop instead of a gluon) are
small, and theyg pair produced in the strong penguin (ie. tie pair from theg in Fig. 2.9 (right))
does not form a single vector meson.

The improved measurementsok * channels from this thesis will therefore allow for an

improved measurement gfthrough this method.
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Previous Results and Theoretical

Predictions

All charge states oB — p/ fo K*(892) have previously been measured B§BAR on
a dataset approximately half the total datag8].[ The internal BABAR supporting documenta-
tion for these analyses can be found in BAD-1420][for p~ K**, BAD-1211 [BQ] for p°K*°
and pt K*Y, and BAD-1216 81] for p°/foK**. BABAR has recently updated the measurement
of Bt — p°/foK** on the full dataset32], and a full angular analysis is being performed on
Bt — pt K*0 (see BAD 195133)). There are results from Belle on some of these mo@4s35).

We summarize the current experimental landscape in3ab.

3.1 Theoretical predictions using Heavy Quark Effective Tleory

We have previously mentioned theoretical predictionsBemeson branching fractions,
Acn, fr, etc. without much discussion of how these predictions amden In general, theoretical
predictions of weak non-leptonic decays of a heavy mesorcamngplicated by the interplay of

short-distance (SD) and long-distance (LD) quantum chaymamics (QCD) effects]]. If we

36
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Table 3.1: Summary of the current experimental measuresraard recent theoretical predictions
from QCDF. Branching fractions are in units ti—%. The upper limits (in parentheses if a central
value is not significant) are at the 90% confidence leli.[9, 36] it is pointed out than an error
in [10] causes the, predictions forp K*0 (p° K*~) to be under- (over-) estimated. The predicted
foK*0 BF is multiplied by a factor of /2, as Ref. 87] includes a factor oB(fy — 7*7~) = 0.5,
whereas the previouBABAR result measure§(B — foK*(892)) x B(fy — wtn™).

| BABAR[28, 32 Belle[34,35 | CY[9,36] BRY[10]
BO N pOK*O
B 5.6+£09+1.3 21705402 4.673°9 2.4155
fL 0.57 £ 0.09 & 0.08 — 0.3975:59  10.2210%3
Acp 0.09 + 0.19 + 0.02 — —  —0.157g3;
B — pK*F
B 54738 + 1.6 (12.0) — 8.91%2 55159
f1 —0.1870-22 — 0.53703  0.615555
Acr = — — 0055y
Bt — pOK*—i-
B 46+1.0+04 — 557073 4.5%33
fr 0.78 4 0.12 + 0.03 — 0.67103%  10.841028
Acp 0.31 £0.13 +0.03 — — 0.161522
Bt — p+K*O
B 9.6 £1.7£15 89+17+12 | 92138 5.9752
fr 0.5240.10 £0.04  0.43 4+ 0.117003 | 048792 0.56705
Acp —0.01 £ 0.16 £ 0.02 — — 0.0075:05
| BABAR[28, 32 Belle[34) | CCY[37]
BO N fOK*O
B 2.6 £ 0.6 £ 0.9 (4.3) <22 3.2135
Acp —0.17 + 0.28 £ 0.02 — —
Bt — fol*F
B 4240.6+0.3 — 3.738

Acp

—0.15£0.12 £ 0.03
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consider a hadronic decay — M; M,, using the effective weak Hamiltonian, we can write the

decay amplitude

A(B — My My) = % 3 her() (M MO B) 1) (3.1)

where)\; are the CKM B, 7] matrix elements(; are the four-quark operators, andy) are the
Wilson coefficients that incorporate strong interactidie&s above the scaje Evaluating the ma-
trix elements of the four-quark operatdi®/, M»|O;|B) is difficult. Heavy Quark Effective Theory
(HQET) uses the factorization theorem, relying on the hezss of thé quark, to disentangle SD
QCD dynamics from non-perturbative hadronic effects. Raveerections of orderlgcp/my, are

suppressed in the heavy quark limit, though they remaindbece of large theoretical uncertainties.

The most basic approach is given by Naive factorization)(Mich approximates the
matrix element; M,|O;|B) as a product of a decay constant and a form factuf; | /1, |0) (M| J5 | B),
where J, is a bilinear current.. Naive factorization, however|lsfab accurately predict most
hadronic branching fractions. Three popular theoretipplr@aches go beyond the straightforward
vacuume-insertion assumption of NF: QCD factorization (& Dperturbative QCD (pQCD), and
soft-collinear effective theory (SCET). Further discossof these approaches is beyond the scope
of this thesis. In the limitsn;, — oo anda; — oo, wheremy, is theb quark mass and; is the

strong coupling constant, QCDF and pQCD recover NF [

Recent results from QCD Factorizatid® B6, 10, 37] make predictions for many of the
branching fractions and longitudinal polarizations otnatst here. We include those predictions in
Tab.3.1 The fyK* predictions from 87] use3(fy — n"n~) = 0.5; we have factored this back
out to compare to the experimental results, which mea(i® — foK*) x B(fo — 777 ~). As
it is difficult to make theoretical predictions when one asss the scalar mesons are four-quark

states (see Se2.2), the predictions in37] assume that th¢, is aqg meson.

As mentioned in Chl, QCD Factorization9, 36, 10] predicts the following hierarchy
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Table 3.2: Summary of recent theoretical predictions froBDE and pQCD. Branching fractions
are in units ofl0~%. The two scenarios reported in Re3g] represent two interpretations of the
scalar mesons (see text). For simplicity, we have addedhtwy errors in quadrature.

Branching Fraction \ QCDF [37] pQCD SI[38 pQCD Sl [38]
B(B® — p"K;(1430)°) | 3777 0.475051 4.8717
B(B® — p~K3(1430)") | 5175 3.3%7 10.5%5g
B(Bt — K (1430)%) | 21%%0 34712 84154
B(B* — p*K;(1430)°) |  66%%; 327 12.177]

pattern for thep K* polarization fractions,
FLE %) > fL(E*p7) > fL(K*0p%) > fr(K*p”) (3.2)

The (K7)§ andK5(1430) channels have not been previously studied experimentaty.
have theoretical predictions from QCD factorizati@V][and perturbative QCD38], which we
summarize in Tal3.2

In Ref. [37], Chenget. al. find that the rates foB — pK;(1430) are larger than those
for 7K ;(1430). As the later have been measured experimentally, this wdltlallow us to test
this prediction. Chengt. al. also point out that their predictions fd& — ay(980)K and B —
ag (980)7~ rates will be too high compared to experimental limits if @ssumes that the, (980)
is a conventionadg bound state. They thus conclude that the scenario in whiels¢hlar mesons
with masses above@eV are the lowest lying;g scalar states, and the lighter scalar mesons are
four-quark states is the preferable assumption.

Ref. [38] presents the results of two scenarios: Sl, in which/lj¢1430) is viewed as part
of the first excited state scalar nonet; and SlI, in whichAfj¢1430) and associated scalar nonet is
considered to be the scalg ground state (in this case, the scalar nonet with masse® liekzV
is considered to be exotic states, such as four-quark baatesy The authors conclude that the

second scenario Sl is preferable. These predictions ugdeading-order diagrams. In Ref3§],
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the authors note that should the branching fractiop? f: (1430)° be larger thai®(10~7), it would

indicate that this decay may be sensitive to next-to-legdimler corrections.
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Experimental Overview

The results described in this thesis are obtained from algaafg471.0 + 2.8) x 106
BB pairs collected with thé8ABAR detector at the PEP-II asymmetric-energye collider at the
SLAC National Accelerator Laboratory. These data corredpo the full BABAR dataset collected

from 1999-2008. In this chapter we give an overview of botfPREand BABAR.

4.1 PEP-II Collider at SLAC

PEP-II [39]is ane™e™ collider fed by the 3.2km-long Stanford Linear AcceleraBanter
(SLAC) linac. A schematic of the collider is shown in F4g1, in which the linac is labeled “existing
injector.” PEP-II consists of two counter-circulating gig the electron beam (shown in red in
Fig. 4.1) has an energy ¢f.0 GeV, and is termed the “high energy ring”; the positron beamehlu
the “low energy ring,” has an energy &fl GeV. The center-of-mass (CM) energy is 1068V, the
mass of th@"(4.5) resonance. Th#(4.5) decays taB B pairs> 96% of the time at 90% confidence
level, with approximately equal rates 6f B~ and B°BY [2]. Atthe T'(45) CM energy, theBB
production cross section is approximatelfe™e~ — BB) = 1.1nb.

With the asymmetric energy configuration, thé4S) is produced with a Lorentz boost

41
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Figure 4.1: Schematic of the PEP-II collider and SLAC linac.

of v = 0.56. This boost makes it possible to reconstruct theneson decay vertices, determine
their relative time of decay, and thus perform the time-dejgat analyses described in S2@.4
PEP-II was designed to operate at a luminosity of 10?3 cm~2s~!. However, due to
extraordinary efforts by our accelerator physics collesgUWPEP-II achieved a peak luminosity of
12.069 x 10?3 cm~2s~!. Additional innovations such as trickle injection enabédidwed PEP-II to
deliver excellent integrated luminosities. Trickle irjea involved “trickling” additional electrons
or positrons into the storage rings (during active colhisip in order to keep high currents in both
beams despite losses from normal operations. The integiat@nosity delivered by PEP-II (blue)

and recorded b¥BABAR (red) throughout the operation of the experiment is ploitteiig. 4.2
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Figure 4.2: Integrated luminosity delivered by PEP-1l aadarded byBABAR.

Additional collisions below thg&"(4.5) resonance were delivered by PEP-II and recorded

u, d, s, c) production, but are not essential for the work reportedis thesis.

— qq (¢ =
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Figure 4.3: Longitudinal section of tH8ABAR detector.

4.2 TheBaBa detector

The BABAR detector B9 is a multi-purpose, cylindrical detector designed andthay
the large, internationaBABAR collaboration. Fig4.3 shows a longitudinal section of tH8ABAR
detector; Fig4.4shows an end view. In order to take advantage of the booste@roWded by the
asymmetric energy collisions, the entiBABAR detector is offset from the interaction point, with
greater than 50% of the detector in the direction of the b@iostard the incoming low-energy ring),

as can be seen in Figt.3.

The BABAR detector consists of cylindrical detector systems, withiarticle vertexing
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Figure 4.4: End view of th&ABAR detector.

and tracking systems closest to the interaction point, deioto minimize the amount of material
traversed by the particles before detection. The innerctiateonsists of a silicon vertex tracker
(SVT), a drift chamber (DCH), a ring-imaging Cherenkov d#te (DIRC), and a CsI(TI) elec-
tromagnetic calorimeter (EMC). These are surrounded byarsonducting solenoid, designed to
produce a 1.5T magnetic field in the central region. The #iiweteturn of the solenoid was initially
instrumented with resistive plate chambers (RPCs) for nanahneutral hadroni(?) identification.
Early on in the operation dBABAR, the resistive plate chambers were found to be degradingyMa
efforts were made to halt this degradation, with some sgcchs 2004, some of the RPCs were

replaced with limited streamer tubes; the replacementebtrrel RPCs was completed in 2006.
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The detector covers a polar angle from 350 mrad in the fordmedttion and 400 mrad in
the backward direction, defined relative to the high enersgnin. The experiment’s-axis coincides
with the principle axis of the drift chamber, which is aboQtrérad offset from the beam axis in the
horizontal plane. The positivg-axis points upwards, the-axis points away from the center of the
PEP-II storage rings.

Care was taken to minimize the amount of material traversetdidgh energy particles
on their way to detector systems. The average momentum odrgeth particle from & meson
decay is less than GeV; thus the precision of track parameters is sensitive toipt@lCoulomb
scattering. Similarly, any material traversed by low-gygrhotons impacts their energy resolution
and detection efficiency in the calorimeter. The vertex deteand several PEP-Il magnets are
housed in a support tube, the central region of which is coatsd of a carbon-fiber composite in
order to minimize the number of radiation lengths travetsggarticles.

In Tab.4.1, we provide an overview of the detector subsystems, thejulan acceptance,
number of channels, number of layers, segmentation, arfdrpence for XGeV particles (un-
less otherwise stated). The performance statistics ane Ref. [39], published in 2002, and have
changed somewhat during detector operation. More detadlagh subsystem can be found in the

following sections.

4.2.1 Silicon vertex tracker

Charged patrticle tracking iIBABAR is performed by two systems, the silicon vertex tracker
(SVT) and the drift chamber (DCH).

The SVT is composed of five layers of double-sided silicoipdetectors, that are as-
sembled into modules with electronic readouts at both etids, limiting the amount of inactive
material within the acceptance volume. The strips on oppasdes of each sensor are oriented

orthogonally to each other, with- and z-measuring strips. The SVT is shown in F5.
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Figure 4.5: Schematic of the silicon vertex tracker silistnip sensor modules, transverse (top left)
and longitudinal (bottom) section. In the longitudinal thae, the bottom half of the SVT is not

shown. Photo of the fully assembled SVT (top right); the plager of sensors are visible, as is the
black carbon-fiber space frame.
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Table 4.1: Overview of the coverage, segmentation, andpagnce of theBABAR detector sys-
tems. The notation (C) and (F) refer to the central barrelfandard components of the system,
respectively. The detector coverage in the laboratory érémspecified in terms of the polar angles
0, (forward) andd, (backward). The number of readout channels is listed. Regnce numbers
are quoted for GeV particles, except where noted, and are based on the firss yizda taking.
The performances for the SVT and DCH are quoted for a combitaahan fit [39]. The IFR is
not included as its performance and specifications havegeubdramatically over the course of the
experiment.

System \ 01 0 Channels Layers Segmentation Performance
SVT 20.1 —-29.38 150K 5 50 — 100 pm r — ¢ Ody = D5 pm
100 — 200 pm 2 0z = 65 pum
DCH 17.2 —-274 7,104 40 6 — 8mm o4 = lmrad
drift distance Otanx = 0.001

op, /Pt = 0.47%
o(dE/dx) = 7.5%

DIRC 255 —38.6 10,752 1 35 x 17 mm? o9 = 2.5mrad
(rA¢ x Ar) per track
144 bars
EMC(C) | 27.1 —39.2 2 x 5760 1 47 x 47 mm? op/E =3.0%
5760 crystals oy = 3.9mrad
EMC(F) | 15.8 27.1 2 x 820 1 820 crystals og = 3.9mrad

The inner three layers primarily provide position and atiigiermation, used to determine
decay vertexes for particles of interest (iB’-mesons). These layers are mounted as close to the
water-cooled beryllium beam pipe as practical, in order itmimmize the impact of multiple Coulomb
scattering in the beam pipe on vertex determination. Therinost layer is 32mm from the center

of the beam pipe (the beam pipe has a radius of 27.8mm).

The outer two layers are at larger radii, with the fourth fagea radius of 91-127mm
from the center of the beam pipe; the range of radii for theday due to the arch-like shape of
the fourth and fifth layers (see Fig.5 (bottom)), so designed as to increase the angular acceptanc
while limiting the amount of required silicon. The outer éay are designed to provide coordinate

and angle measurements necessary to link SVT tracks wiie tfrewonstructed in the drift chamber.
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Figure 4.6: Drift chamber layout, longitudinal sectionniginsions are given in millimeters.

4.2.2 Dirift chamber

The drift chamber is designed primarily to obtain momentusasurements for charged
particles. Information from the DCH is also used in a chargedicle trigger and to measure the
ionization energy lossE'/dz. dFE/dxz measurements provide particle identification information
which is combined with information from the Cherenkov dédem the barrel region; in the extreme
forward and backward regions, particle identificatione®lon the DCH. A schematic of the DCH
is shown in Fig4.6.

The DCH has a relatively small radius (57cm instrumentetkreling to a radius of 81cm
from the interaction point), but is almost 3m long. It is camepd of 40 layers of hexagonal cells.
The DCH readout electronics are mounted on the backwardlaedpf the chamber, minimizing
the amount of material in front of the calorimeter endcap.

In addition to its principle tasks, the DCH is also used t@restruct decay and interaction
vertices outside the SVT, such a8 decays. As a result, the DCH must be able to measure the
longitudinal position of tracks with a resolution of aboumih. This is achieved by placing 24 of

the 40 layers at small angles to theaxis. The layers are arranged in groups of four, creating te
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superlayers. Within a superlayer, the wires have the samela@norientation. Each superlayer is
staggered by half a cell. This arrangement allows for tragrsent finding within a superlayer,

even if one out of the four signals in that superlayer is migsA schematic of the drift cell layout

is shown in Fig4.7 (left) for the four innermost superlayers.

Each drift cell is hexagonal in shape, approximately 11.9mym9.0mm along the radial
and azimuthal directions, respectively. The sense wire@rm diameter gold-coated tungsten-
rhenium, kept at a positive high voltage (around 1900V). ather wires that make up the drift cells
are gold-coated aluminum, with the field wires kept at gropaténtial. The DCH is filled with a
80:20 helium:isobutane gas mixture at a constant ovenpress 4 mbar.

The specific energy losdF'/dzx, is derived from measuring the total charge deposited in
each drift cell, as part of a feature extraction algorithmd &ntegrated over approximately 1L8.

ThedE/dz measurement as a function of track momenta is given in&#fright).

4.2.3 Detector of internally reflected Cherenkov light

Particle identification (PID) is crucial to thB physics program aBABAR. The ability to
distinguish charged kaons from pions is important in flaegging (and thus in the study 6fP
violation in the interference between mixing and decay;3e®2.9.4 as well as for analyses such
as the ones described in this thesisBth— pK*°, for instance, the ability to distinguish thé*
from ant is the difference betwees? K0 andp*p—, which have similar branching fractions but
are governed by different physical processes.

The detector of internally reflected Cherenkov light (DIR€ novel system designed to
provide a~ 4¢ or greater separation between charged kaons and pions fi@pidn Cherenkov
threshold of 700/eV up to 4.2GeV. As mentioned above, PID below 78&:V relies primarily on
dE/dx measurements in the DCH and SVT.

The DIRC is based on the principle that reflecting light frorited surface maintains the
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Figure 4.7: Schematic layout of drift cells for the four inm@st DCH superlayers (left). Lines
have been added between field wires to aid in visualizatiothetrift cells. The numbers on the
right give the stereo angles (mrad) of the sense wires inlegein The 1mme-thick beryllium inner
wall of the DCH is shown at the bottom. DCH measurementd/ofdx as a function of track

momenta (right); the lines represent Bethe-Bloch presfistifor six particle species.
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magnitudes and angles of the incoming photons. #ig(left) shows a schematic of one of the
DIRC bars, which acts as both a radiator and light pipe fot@m®trapped in the radiator by total

internal reflection. The photons are generated by Cherergdation, which is caused by a charged
particle traversing a medium at a speed greater than the gipéight in that medium. The photons

are emitted at an angle from the particle’s trajectory, ther€nkov anglé. defined by

cosbo = % (4.2)

wheren is the index of refraction of the medium (for the DIRC radratdused silican = 1.473)
andj = v/cis the speed of the particle in units af For particles with3 ~ 1, some photons will
always lie within the limit for total internal reflection, drwill be transported to either one or both

ends of the bar, depending upon the particle incident angle.
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Figure 4.8: Right: Schematic of DIRC silica bar and instratagon. Left: diagram of the me-
chanical support structure for the DIRC.

The DIRC bars are 17mm thick, 35mm wide, and 4.9m long, andenzddused syn-
thetic silica. The bars are placed in 12 hermetically sealathinum-hexcel boxes; the 12 boxes
are arranged in a dodecagonal barrel around the DCH. Witigh box, 12 bars are optically iso-

lated by~ 150 ym air gap between neighboring bars. At the forward end of eachamirror is
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affixed to each bar to reflect incident photons to the backwad! At the backward end, a fused
silica wedge at the bar exit reflects photons at large anglésetbar axis, reducing the size of the
detection surface and recovering photons that would otilsere lost due to internal reflection at
the silica/water interface. The photons leave the silicaafovater-filled standoff boxi{ ~ 1.346),
which is instrumented with a densely packed array of phottiphier tubes (PMTs). The PMTs are
surrounded by reflecting light catcher cones, which cappin@ons which would otherwise miss
the active area of the PMTSs; the effective active surfaca elight collection is about 90%. A

schematic of the DIRC is shown in Fig.9.
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Figure 4.9: Layout of the DIRC, longitudinal section. Ding@ns are given in millimeters.

The expected Cherenkov light pattern at the instrumentefdciis essentially a conic
section, where the cone’s opening angle is the Cherenkole &pgmodified by refraction at the
exit from the fused silica. The single photon resolutionbewt 10mrad.

Fig. 4.10(left) shows an event display of the DIRC readout foreda~ — p™p~ event.
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Figure 4.10: Display of aate™ — p* ™ event reconstructed iBABAR with two different time
cuts. On the left, all DIRC PMTs with signals within the300 ns trigger window are shown. On
the right, only those PMTs with signals within 8 ns of the estpd Cherenkov photon arrival time
are displayed.

On the left, we show all DIRC PMT signals within tRe300ns trigger window. Most of the back-
ground comes from low energy photons from the PEP-II machitilng the standoff box. The
time distribution of real Cherenkov photons from a singlergvs about 50ns wide. Given a track
pointing at a particular DIRC bar and a candidate signal iV Rvithin the optical phase space of
that bar, the Cherenkov angle can be determined up to a diGxfobiguity. The goal of the recon-
struction software is to associate the correct track wighcdindidate PMT signal, requiring that the
photon have the correct transit time from its productionhi@ bar to detection at the PMT, within
the measurement error of 1.5ns. The reconstructed Chergiaions associated with the 1~

tracks are shown in Figl.10(right).

In Fig. 4.11we show measurements @f as a function of track laboratory momentum.
As can be seen, the DIRC provides cldsn- 7 separation at low momenta, and some separation

at the highest momenta. The curves are theoretical pred&cfrom Eq. 4.1).
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Figure 4.11: DIRC measurements tf versus track momenta. The lines represent predictions
from Eq. @.1).

4.2.4 Electromagnetic calorimeter

The electromagnetic calorimeter (EMC) is designed to detlsctromagnetic showers
with high efficiency and excellent energy and angular regwiwver the energy range from 20V
to 4GeV. This allows for the detection of low energy’s andn’s from B decays, as well as higher
energy photons from other processes. The EMC is built in ®etiens: the cylindrical barrel region
and a conical forward endcap, which cover 90% of the solideaimgthe center-of-mass system.
The EMC is a total-absorption calorimeter composed of ayfiseymented array of thallium-doped
cesium iodide CsI(TI) crystals, which are read out by siligghotodiodes. The photodiodes are
matched to the spectrum of scintillation light in the cristalhe barrel consists of 5.760 crystals
arranged in 48 distinct rings with 120 identical crystalsach ring. The endcap is composed of
820 crystals in eight rings. A schematic of the EMC is givefig. 4.12

The crystals have a tapered trapezoidal cross sectionpasmsh Fig.4.13 They range in
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Figure 4.12: Layout of the crystals of the EMC, longitudiisaiction. Dimensions are given in
millimeters. The bottom half of the EMC is not shown.

length from 29.&m in the backward direction to 32«¢n in the forward direction, with the length
increase designed to limit the amount of shower leakage higimer-energy particles.

At low energy, the resolution is measured with a radioaciverce, which yields g /E =
(5.0 £ 0.8)% at 6.13MeV. At high energy, the resolution is derived from Bhabha scait), where
the energy of the detected shower can be predicted from tlae gagle of the=*. This resolution
is determined to bep/FE = (1.9 + 0.07)% at 7.5GeV. A fit to the energy dependence yields

9E _ (2.32+0.30)% & (1.85 £0.12)% , (4.2)

E VE

whereF is the incident energy in units d&eV.

4.2.5 Instrumented flux return

In order to detect muons and neutral hadrons (maktfyand neutrons), the steel flux
return of the solenoid magnet is instrumented. The stedhénbtarrel and the two end doors is

segmented into layers, increasing in thickness from 2 cnieriniside to 10 cm at the outside. The
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Figure 4.13: Schematic of EMC crystal and instrumentatiwot {o scale).

layout of the instrumented flux return (IFR) is shown in Hgl4 Initially, the IFR used single

gap resistive plate chambers (RPCs) in the spaces betweestettl. RPCs detect streamers from
particles ionizing an argon-freon-isobutane gas via dépaaeadout strips on both sides of the
gap.

Early in the operation oBABAR, the RPCs began losing efficiency. Numerous attempts
were made to slow this premature aging, to varying degresganfess. It was determined that much
of the problem was due to the linseed oil (used to coat thelib@keirfaces facing the gap) running
and pooling. In 2002, efforts began on designing a replaocesyestem. In 2004, limited streamer
tubes (LSTs) were installed in the top and bottom sextantiseobarrel IFR. In 2006, the remaining
barrel RPCs were replaced by LSTs.

Ofthe 19 RPC layers in the barrel, only the innermost 18 wetessible for replacement;

after replacing the inner 18 layers in each sextant, the [B9#r RPCs were deactivated. To com-
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Figure 4.14: Schematic of the IFR for the barrel sectiont)(lefd forward (FW) and backward
(BW) end doors (right).

pensate for the loss of absorption, brass was installekitagers to increase the total absorption

length.

The LSTs A0 are 17 mm wide, 15 mm high PVC tubes, roughly 3.5 m long, with a
gold-plated anode wire in the center, which is kept at highage. The walls of the tube are painted
with a water-based graphite paint and maintained at growteingal. The tubes are filled with a
(89:3:8) mixture of CQ, Argon, and isobutane. When a charged particle passeggtiithe tube,
the gas is ionized and a streamer builds up; information isrstheamer is read out from the anode
wire. Simultaneously, a charge is induced on a plane mougtmv the tube. The charge from the
wire gives position information i, the induced charge is read out by strips segmented the

radial position of the tubes (their layer) gives informatia r.
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Figure 4.15: L1 trigger schematic. Indicated on the figueethe number of components (in square
brackets) and the transmission rates between componetetsria of total signal bits.

4.2.6 TheBABAR trigger

At design luminosity § x 10?3 cm~2s~1), beam-induced background rates are around
20 kHz each for> 1 track(s) in the drift chamber witlp;, > 120 MeV and at> 1 EMC cluster
with £ > 100 MeV. The goal of the trigger system is to keep the total eventuatier 120 Hz.
The total trigger efficiency is required to exceed 99% forfalk events and to be at least 95% for
continuum ¢*e~ — wua, dd, s3, c¢). To achieve thiSBABAR uses two levels of trigger: Level 1 (L1)

in hardware followed by Level 3 (L3) in software.

The L1 trigger uses information on charged tracks in the dhiimber, showers in the
EMC, and tracks in the IFR. A schematic of the L1 trigger isvehdn Fig.4.15for initial BABAR
running.

As the luminosity of PEP-II has consistently exceeded desigectations, the L1 drift

chamber trigger was upgraded to handle a higher data ragedfTihchamber track segment finder
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(TSF) was updated to send additional high-resolution médron to a new hardware module, the
ZPD, created in a Harvard-led effort. The ZPD uses both theestand axial layers of the DCH
(the original trigger system, the PTD, @;“discriminator,” used only axial) and performs a fast
x2 minimization to fit track segments to a helix and extract atue (/pr) andz,. Whereas the
original PTD provided only information, the addition of, information allows us to reject tracks

from the known background hot spots that aré5 cm up- or down-stream of the interaction point.

The L3 trigger receives the output from the L1 trigger, perfe event reconstruction and
classification, and applies selection filters. L3 runs on @lime computer farm, and refines and
augments the selection methodology used in L1. Better D@gktreconstruction (and improved
vertex resolution) as well as EMC cluster filters greatlyusmithe amount of beam backgrounds
and Bhabha events. As L3 operates in software, it is highkjtfle and can be modified to suit the

varying demands of luminosity and physics requirements.

4.3 Particle identification

TheBABAR patrticle identification (PID) group developed several siféers for performing
charged particle ID. In the analyses described in this sheg make use of the pion KMH]] and
the kaon BDT classifiers. All classifiers have several leeglsghtness (where a tighter classifier
has lower misidentification rates and a lower efficiencig®;choice of which level to use is based
upon the requirements of the analysis. This analysis usesitght criterion for the kaon BDT
selector (see Figt.16) and thel oose criterion for the pion KM selector (Figt.17).

The KM selectors use the Error Correcting Output Code (ECt@thnique 42|, which
combines multiple binary classifiers (in this case Boops#ggregate Decision Trees), which are
trained to consider different samples as signal vs. backgtoThe selector uses seven classifiers,

which consider between one and three of the following cassesignal: K, «, p, and/ore, as
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Figure 4.16: Tight kaon BDT selector kaon efficiency (topdl guion mis-ID rate (bottom) as a
function of track momentum. Left to right: efficiency fer tracks,— tracks, and the ratio of data
to MC efficiency.

shown in Tab4.2 Each classifier outputs a real number betwednand 1 according to its own
definition of signal and background. We then compare the suhesquared distance (generalized
Hamming distance) of the output values for each classifién thie rows of Tab4.2, to determine
which particle species is most likely; we call this distaiifewherea is the particle typek, =, p,

or e).

To define which tracks end up in which PID list, the KM seleatonsidersH,, for that
particle type, as well as the ratio of Hamming distances tlierdther particle types. le. the pion
selector is based oH,, Hx /H,, H,/H,, andH./H.. We then define constants for each PID list
and tightness level: the smaller the valueff, the more likely the track is to bezg the smaller

the ratioH / H,, the more likely the track is to not be misidentified as a kaon.
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Figure 4.17: Loose pion KM selector pion efficiency (top) d&abn mis-ID rate (bottom) as a
function of track momentum. Left to right: efficiency fer tracks,— tracks, and the ratio of data
to MC efficiency.

Table 4.2: Exhaustive indicator matrix for the seven cfessoutputs used in creating the KM PID
selector. Each column indicates what training samplés+, p, €) are considered signal Y or
background £1) for a given classifiertf, . . . tg).

Class| to t1 ta ts ta t5 tg
K 1 1 1 1 1 1 1
T |-1 1 -1 1 -1 1 -1
p 1 -1 -1 1 1 -1 -1
e 1 1 1 -1 -1 -1 -1

The kaon BDT selector is based on the same type of Bootstrgpe§igte Decision Tree
classifiers, but considers only kaon and pion hypothesesa wsult, it has somewhat lower pion

mis-ID rates for a given efficiency than the kaon KM selecidne trade-off is that the kaon BDT
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selector is not designed to rejector p. As the most problematic backgrounds in this analysis
are from charmles® decays (ie. B — pTp~, where one pion is misidentified as a kaon), the
improved K — w separation was chosen to be more important.

The kaon and pion samples come fr@m — D7+ with D° — 7 K —, with a number
of preselection cuts applied]]. The binary classifiers combine information from 36 valéah

with output from all detector subsystems except the IFR.
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Analysis Overview

In the analyses described in this thesid3 &andidate is formed by combining two res-
onance candidates—one withrar final state and one with &= final state—to form a neutral
B-meson candidate. The signal channels d@&:— p°K*°, BY — fyK*0 andB° — p~ K*¥,
where K* is used generically to refer to the scaldf ), vector K*(892), or tensork’;(1430).
The notatiorp refers to thep(770) [2] and f refers to thef,(980) [3]. The notation(K ) refers
to the scalatk'w, which we describe with a LASS modet,[5], combining the( K r);; resonance
together with an effective-range non-resonant component.

We reconstruct the, fy, and K* candidates as:

P — ntr

fo — wfn~ (5.1)

We place loose selection criteria (cuts) on eurfy, K*, B, etc. candidates, designed
to maintain high signal efficiency and allow for large enougits in the discriminating variables
to parameterize backgrounds well (Bh2). We use large samples of simulatBdmeson decays

(Monte Carlo) to determine the dominaBt decay backgrounds, which survive our preselection

64
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(Ch.7.2). Although the dominant backgrounds in this analysis commkte~ — ¢g events,BB
backgrounds must be treated carefully, as they usuallyaappere signal-like in the discriminating
variables.

Once we have determined ofB background categories, we create probability density
functions (PDFs) of four to seven discriminating variabldepending upon the analysis) for the
relevant event categories: sign&,B backgroundsgg background. These PDFs are used in an
extended, unbinned maximum likelihood (ML) fit to extrace thignal yields, branching fractions
(BFs), f1,, and A, values of interest (CH..1).

Before unblinding the dataset to determine signal yieldss,&tc., we perform numerous
validation studies to verify that the ML fitter is performirag expected and to verify that it can
handle the desired number of degrees of freedom. We alsdhase studies to understand any
biases in the yield extraction procedure (CH).

Although we initially considered an analysis strategy inchhall K* resonances would
be fit simultaneously, the number of potential signal (onalgike) final states, which were highly
correlated, proved problematic. Instead, we consider tassmegions, the low mass region (LMR)
for measuring thd{*(892) branching fractions and the high mass region (HMR) for deieing

the (Km)§ and (where appropriatey; (1430) BFs. These regions are defined by:

Low mass region : 0.750 < mg, < 1.000 GeV (5.2)

High mass region :  1.000 < mg, < 1.550 GeV (5.3)

The HMR is fitted first, and the measuréll 7);; BFs used in the LMR fit. Initial studies
of the HMR indicated that there was no need for an non-regervanomponent. In thér invariant
mass spectrum, the LASS parameterization (see6hincludes a non-resonaist-wave K 7; no
additional non-resonant component is included.

The main portion of this thesis focuses on #i&(892) analysis, as this was the primary
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signal of interest. In most ways, the analysis proceduré¢ii®HMR is similar to that in the LMR.

Additional details on the HMR fits are presented in ABpandC.
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Data Samples, Event Reconstruction and

Selection

In this chapter, we discuss tHABAR data samples used in this analysis as well as the
various BABAR software packages involved in the data analysis. We themdo discuss the event
reconstruction and selection criterea involved in preqathe data for the Maximum Likelihood fit

to extract the signal yields of interest.

6.1 Data Samples

The analyses described in this thesis are baseBARAR's Computing Model 2 (CM2)
data reconstructed in analysis-51 (release 24.3.6) anlgzadain analysis-43 (release 22.3.4).
We analyze the full run 1 to run 6 dataset 6§4S) on-resonance4@9 fo—!) and off-resonance
(44.8 fo~1) with the run 1 to 6 samples taken from the tagged dataset @eoly-Rur{1,2,3,4,5,6-

OnPeak-R24a3-v06. Tab.1 gives the detailed luminosities argl counting in each run. We esti-

67
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mate the number aB B pairs from the on-resonance data to be

Nyp = (471.0 £2.8) x 10°.

Table6.2lists the additional packages and their version numbers iasthe analysis.

Table 6.1: Luminosities an# counting for on- and off-resonance datasets. Uncertaictenbine

statistical and systematic contributions.

On-resonance

Off-resonance

Runs | Lumi (pb~ 1) Ngj Runs]| Lumi (pb~1)
Run 1| 3303 20596 22555999 + 137694 | 297 2622
Run 2| 5193 62068 68430457 + 412936 | 590 7030
Run 3| 3678 32680 35763258 + 216993 | 267 2496
Run4| 6663 100802 111421254 £+ 670995 | 648 10228
Run5| 8057 133887 147620363 + 888260 | 676 14546
Run6| 4115 79041 85194672 + 513624 | 347 7887
Total | 31009 429074 471000000 £ 2800000 | 2825 44809

Table 6.2: Packages and tags used for analysis-51 (relde&d@)Yand analysis-43 (release 22.3.4).

Package | ablTag | a43Tag
BetaPid V00-15-04 —
BtaTupleMaker V00-03-29 —
ProdDecayFiles HEAD —
Q2BUser HEAD HEAD
RooFitCore V02-00-09-03| V02-00-09-03
RooFitModels V02-00-09 V02-00-09
RooRarFit V00-01-72 V00-01-68
SimpleComposition V00-04-27 —
workdir V00-04-21 V00-04-21

Monte Carlo (MC) simulation43, 44] is used to describe signal a3 backgrounds;

the simulation is generated BABAR's Simulation Production release 10 (SP10). The signal MC

samples are listed in Tab&3. The signal and background MC samples are generated witli-con

tions covering the full data period.
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Table 6.3: Monte Carlo mode numbers and number of SP10 egentrated (in thousands) for
signal and non-resonant background MC samples. The sigmsfticles given in “Decay” should
be taken as those which correspond to the given analysis. e/ 7" for p_K;}tWO represents
atrOK+70)

(po/fO)K*O p_K}k{tﬂo
Decay Mode #evts| Mode # evts
pKm 7608 4269k| 7610 4261k

pK*(892) long. | 2359  429k| 2499 429k
pK*(892) trans. | 2360  429k| 2500 429k
pK3(1430) long. | 10012  373k| 9908 423k
pK;(1430) trans.| 10013  373k| 9909 423k

foK+m= 9988 4269k — @ —
foI*(892)° 3359 429k| — @ —
foI3(1430)° 9906  423k| — @ —
K 10253 4272k 10256 4280k
T K*(892) 2495  427k| 10254 427k
mr K (1430) 10252  427k| 10255 428Kk

To determine the importance of variol®3 backgrounds, we use geneifit3 MC: SP-
1237-BFourBody-Rufll,2,3,4,5,6-R24a3-v03.tcl fo3°B° and SP-1235-BFourBody-R{ih,2,3,4,5,6-
R24a3-v03.tcl forB™B~. These samples have a luminosity about three times thattaf dad
include all knownB decays with their measured (or predicted) rate. Once therdomB B back-
ground modes are identified, we use exclusive MC samplestterhanderstand the backgrounds;

see Sec/.2

6.1.1 (Kx); signal MC

TheJI = 0" component of thé{ 7 spectrum, which we denotd{ )3, is poorly under-

stood; we use the LASS parameterizatidn5] which consists of thé(;(1430) resonance together



70 Chapter 6: Data Samples, Event Reconstruction and Sefectio

with an effective-range non-resonant component. The anagiis given by

mo
_— _ mol'o" 2
Almgr) = 577r + 2108 5 5 0 7 o
gcotdp — iq (mg — mier) = imolom =7
1 1
cotéop = — + -rg, (62)
aq 2

wherem g, is the K7 invariant massg is the momentum of th&'n system, andjy = ¢(mxx).

We use the following values for the scattering length andatiffe-range parameters:= 2.07 +
0.10(GeV)~! andr = 3.32 4 0.34(GeV)~! [5]. For the resonance mass and width we use
mo = 1.412 GeV andl’y = 0.294 GeV.

In order to create samples pf (K30, fo(Km)i0, andp~(K=)5" events, we begin
with MC generated according to three-body phase space. Viaripereconstruction and most of
the preselection cuts (see Gh2), with the exception of the resonance mass and helicity amuts
the D vetoes. We then reweight th€ distribution to match the LASS parameterization using
LAURA++, an analysis package written by seveBABAR collaborators. Talb6.4 gives the LASS

scattering length and effective-range parameters paessased in this analysis.

Table 6.4: LASS parametergf]

LASS Scattering Length 2.07 £+ 0.10
LASS Effective Range 3.32+0.34

For thep(K ) channels, we perform a second reweighting procedure, alfteelection
cuts except for the one gnhelicity have been applied. We reweight the ftathelicity distribution
to the expected{? shape by checking whether{@ 1] random number is less th&mf, (where’H,
is the flat distribution); if the event passes this test, ietained. The efficiency of this procedure is

about 34%. The overall MC efficiency in these channels is theen by

Nsel

6.3)
Ngen X ELAURA X €M, ’

€ =
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where N, is the number of events surviving preselection and reweightV,.,, is the number of
three-body phase space events generaied; r4 andey, are given by the ratio of events retained

by the reweighting procedure divided by the number of eventsring the reweighting.

6.2 Event Processing and Selection

A B candidate is formed by combining two resonance candidabee-with arn final
state and one with & 7 final state—to form a neutraB-meson candidate. We reconstruct the
fo, andK* candidates as:

KO — Ktg-
fo — @t~ (6.4)
K** — Ktg°

A B-meson candidate is characterized kinematically by theggrsubstituted mass. pg

and by the energy differenc®E, defined in the"(4.5) frame as

1

mps = Zs—p*B2 and
1

whereq = (E}, pj) are the four vectors of th&-candidate in th@"(45) frame, ands is the
square of the invariant mass of the electron-positron systehe small correlation between these
variables is accounted for in the correction of the fit biae(€h.7.4). Signal events peak at 0 in
AFE and at theB mass 2] in mgg, with a resolution inAE of 17-37 MeV andngg of about 2.5

MeV.

6.2.1 BFourBody Skim

We skim the data and B generic MC samples with the BFourBody skim. BFourBody

filters the AllEvents stream based on the BFGMultiHadrondia@gnd applies the following selec-
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tions:

e A B-candidate with four daughters is formed from the chargecks in the GoodTracksVery-

Loose list ¢T) and the neutrals list piODefaultMassg’};
o |AE| < 0.3GeV; |mps — /5/2| < 0.1GeV/c?;
e At least one charged track is required in addition to thosmfthe signals.

The BFourBody skim combines nine skim sub-categories ifiletitby tag bits. For each
(sub)decay analyzed in this document, we require an “ORWofrelated tag bits, given in Tab.5.
Taking the OR of the “1” and “2” categories removes any cutcondr, the cosine of the angle

between the thrust direction of the B and the rest of the e{ROE).

Table 6.5: Tag bits, for each decay mode, required from theuBBody skim.

Decay | TagBitl Tag Bit 2 Description

PV K0 B4bodyhhhhl B4bodyhhhh2 B® — hth=hth~
p” K B4bodyhhppl B4bodyhhpp2 B — hth= 7970

K+x0

6.2.2 Reconstruction

Once the data are skimmed, we reconstiBictandidates as follows. No mass constraints
are applied to the, fy, or K* candidates, but we use TreeFitter to vertex theand require the

vertex probability be betweenr-0.1, 1).

e Then' candidate is formed from two photons from the GoodPhotoskdist;

e Two oppositely charged tracks from the GoodTracksVerykdist are combined to form a

oV — 7tr~ or fy — ntn~ candidate;
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e A 7% and a GoodTracksVeryLoose charged track are combinedrnodpr- — 7+7° candi-

date;

e Two oppositely charged tracks (GoodTracksLoose for thenk&@podTracksVeryLoose for

the pion) are combined to form&** — K7~ candidate;

e A GoodTracksVeryLoose charged track is combined wittf @andidate to form &+ —

K170 candidate;

e BY candidates are formed frompeor f, candidate and &*.

After the candidate list is formed, we apply the followingliminary cuts before3 can-

didates are considered for the ML fit.

e For preliminary event-shape selection, we use the “throgted 6, defined as the angle
between the thrust axis of thi¢ candidate decay products and the thrust axis of the reseof th
event. For signal events, the distribution|ebs 6| is flat, while it is strongly peaked at1

for continuum background. We requireos 6| < 0.7.

® Niracks = Niracksindecay mode 1 1 (IN Order to be able to define a thrust vector for the rest of

the event),
e |[AF| <0.1GeVin p’K*,

e —0.17 < AE < 0.1GeV in p~ K*T; this cut is asymmetric to account for the long low-side

tail on AE resulting from poorly reconstructed’s,
e 5.26 <mpgg <5.2893 GeV,

e Tag08 tagging category Fisher discriminant in the rajpgg 5| (see AppF),



74 Chapter 6: Data Samples, Event Reconstruction and Sefectio

o 470 < mqr < 1070 MeV (except for in the highr™ 7~ mass sideband study, used to under-
stand theB® — £,(1270) K*(892)° background, which require0 < m,, < 1470 MeV;

see AppD),
e 750 < mg, < 1000 MeV for the low mass region (LMR),
e 1000 < mg, < 1500 MeV for the high mass region (HMR),

e Helicity cuts for thep and K* are summarized in Tals.6. Note that we usécos(0,0)| as
our PDF variable fop?K*0, as the helicity distribution 0f° — 77~ is symmetric. For
p~ K**, we use the signecbs (6, ) distribution, as the acceptance for and background from

soft 7’s is worse than that from soft~’s.

Table 6.6: Helicity cuts applied to theand K* mesons.

Mode H(p) H(K™)

p"K*0 —0.9 <Hypo <09 —0.85 < Hgx < 1.0
pmK o —08<H, <09 —0.80 <Hg- < 1.0

e We require ther? to satisfy:

— 120 < m7, < 150 MeV/c?,
— Eqo > 250 MeV,

— E, > 50 MeV for the® daughters,
e PID requirements are (see Sdc3):

— Charged pion candidates must satisfy the Loose criteriaegdit onKMselector,
— Charged kaon candidates must satisfy the Tight criteriaek 80nBDT selector,

— The efficiency of the selectors in MC is corrected to matchrédsponse in real data

(PID tweaking),
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Table 6.7: Number of MC events generated (# evts gen), nusdected (# evts out), total MC
efficiency €), SXF rate, and number of combinations per event for sign@l $dmples. “In” and
“tr” designate longitudinal and transverse polarizatjaespectively.

| pPK*In PP K0 tr JoK* | pm K3 oIn pm KGE o tr
#evtsgen | 429000 429000 429000 | 429000 429000
# evts out 61506 107552 78501 21185 47963
€ (%) 14.34 £0.05 25.07+£0.06 18.30£0.06 | 4.94+0.03 11.18 +0.05
SXF (%) 7.30 1.86 4.13 21.9 12.9
#comb/evt|  1.06 1.02 1.03 1.17 1.13

e To reduceB — D decay backgrounds, we construct possibleandidates from the tracks
andz” candidates, and require that the invariant mass fall ceitsiaine range of the nominal

D mass fnpg = 1.8645 GeV, mpy = 1.8693 GeV). The specificD vetoes are:

— PP K impey - —mpo| > 40MeV, |mgtr—ne —mp-| > 40 MeV

— p K35 ot [mpcsn— —mpo| > 20 MeV, [mpc+ -0 —mpo| > 40 MeV (then® comes

either from thep~ or K*™)

For events that contain more than one signal candidate, et 4be candidate with the
largest B vertex probability. Before this selection there dré2 candidates per event jf K*°
on-peak data antl 16 candidates per event T K** on-peak data. See Tah7 for specific values
in signal MC.

We define self-cross-feed (SXF) candidates as those in vaiielor more of the generated
particles in the3 decay tree does not match the corresponding reconstruatéde. SXF rates for
each signal channel are given in Téb/. We include SXF events in the signal model.

Fig. 6.1 shows the effect of thé® vetoes and helicity cuts oB® — D—7t with D~ —
K+n~ 7~ in the p° K*0 analysis. This is the dominar® background in this mode that has the

same final state as signal. The other dominanbackgrounds typically lose a soft pion and thus
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do not have signal-like features ingg or AFE, making them similar tgg background. Som&

backgrounds are explicitly included in the maximum likelild fits; see Se€.2
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Figure 6.1: The red (solid) histograms show thdse — D—7t, D~ — Ktz — 7, events sur-
viving all p° K*0 preselection cuts; black histograms do not incliitleetoes or helicity cuts. From
top to bottom, left to rightAE, mps, p mass,K* massH o, Hk~, 2-body D° mass, 3-bodyD*
mass. The MC efficiency for selecting this mode a8 A*0 candidate is 1.2% after all cuts.



Chapter 7

Maximum Likelihood Fit Definition and

Validation

7.1 Maximum Likelihood Fit

We perform unbinned multivariate maximum likelihood (Mlojadyses, using theooRar Fi t
fitting package 46]. The cuts on the quantities used as input to the ML fit areddosallow for

high efficiency and to provide sufficient sidebands to chterae the background well.

The probability density functions (PDFs) describe the shafpthe discriminating vari-
ables (observables) for each category of signal and bagidras defined in subsequent sections.
Each PDF involves parameters that are determined by fit@mpws samples of data and Monte
Carlo. These PDF parameters are fixed for the ML fit. The exmepto this are the dominagg
background parameters, which are initially determined op@ak sidebands far from the signal
region. These parameters are allowed to float in the final Mlinfitorporating their uncertainties

into the statistical uncertainty on the fit results.

78
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7.1.1 Low mass region fit

In the low mass region, we obtain the yields, charge asynmesetr,;,, and longitudinal
polarization fractionsf; from extended maximume-likelihood fits to the seven obsdesbAF,
mgg, F, the masses and helicities of the two resonance candidates m ., and cos 0r,,
cos Uy,... The fits distinguish among several categorigs: background,BB background (see
Sec.7.2), and signal; the categories are defined in 3ek3 The signalg® K*(892)° andfo K*(892)°
are fit simultaneously. For each evérdnd categoryj we define the probability density functions

(PDFs)P; as

Pi = Pi(mps")Pj(AE)P;(F)P;j(mi, ) Pj(mic,)Pj(cos Oy )Pj(cos by, ), (7.1)

with the resulting likelihood.:

TV

L= —5 1D (7.2)

i=1 j

whereY; is the yield for category and NV is the number of events entering the fit. For fHéf,
analyses, we use the absolute valué<fin the fit, as the distribution is symmetric. We split the
yields by the flavor of the decaying meson in order to measuré.;,. We find correlations among
the observables to be occasionally as high(# in simulations of the3 B backgrounds, whereas
they are small in the data samples, which are dominategjlihackground. In signal, correlations
are typically less than 1% and occasionally as large as 148frefations amongst observables are

accounted for in the fit bias (see S&d)) and are tabulated for thE*(892) channels in AppA.

7.1.2 High mass region fit

In the high mass region, the ML fit uses only the observableg:, mgg, F, m,., and
mg-. The charge asymmetry is not floated in these fits and, as mtyh@hformation is included,

we do not floatf;, for the V'T" (vector—tensor) channels.
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Forp~(K)y", these five observables are combined in an extended ML fih@asa

For thep®/ fo(K)§? and foK3(1430)° channels, we perform the fit in two steps. In the
first step, we perform an ML fit using onbk ', mgg, F, andmg,. This first step allows us to
extract “inclusive”( K r);” and K3 (1430)° signals from the backgroung and B B events, without

any requirements on the" 7~ mass distribution. The PDF for the first step can be written as

P; = Pj(mps’)Pi(AE"YP;(F')Pj(mi,) (7.3)

J

for eventi and category.

We apply thesPlottechnique 47] to the results of this first fit, which allows us to calculate
a weight value for each event in each category (sigBaB background, etc.) based upon the
covariance matrix from the likelihood fit and the value of fiBF for that event. Specifically, the

sWeightfor event: of categoryn is given by

N .
| Ve VP

sWeight! = M (7.4)
n Nc 7

where N, is the number of categories in the fif,; is the covariance matrix element for categories
n andyj, andY}, is the yield of category:, as in EqQ. 7.2).

One can think of thesWeighton a given event as indicating how much that event con-
tributes to the total yield in that categoisiVeightan be less than zero and even greater than one,
but the sum of alWeightdor a given category reproduces the ML fit yield for that catgg

ThesWeightsrom this procedure are used to create two datasetsWeighted K )’
signal and theWeightedx; (1430)° signal sample. These weighted datasets allow us to ackurate
plot the w7~ mass distribution for the two signal samples we are intecest; thesesPlotsare
faithful representations afu,.. for the (K)° and K;(1430)° signal components, assuming no
correlation betweem ., and the observables used to generatestieights As mentioned above,

the correlations are generally small.
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In the second step, we fit teWeighted Kr);" and K (1430)° m.., distributions top°
and f, hypotheses (a non-resonant~— component was found to be unnecessary). This fit gives
us the final signal yield for thg? (K ), fo(K7)50, and fo K5 (1430)° channels. This procedure
also measures the K;(1430)° yield, but as we do not include helicity information in the fite
cannot measuréz, and thus we consider that yield a background.

Due to the two-step nature of thé/ fo (K )" and fo K3 (1430)° fits, the statistical un-
certainty has two components. The first is from the uncdstain them .. fit to extract the fraction
of p°/f, events in thesWeightedsample. The second is a fraction of the uncertainty on thein
sive” (K" or K3(1430)° yield, the coefficient of which is given by the ratio pf or f; events

to the sum of the two.

7.1.3 ML Fit Categories

Both the LMR and HMRx? K *? analyses include the following fit components:i *°,
foK*°, sevenBB backgrounds, angg background. The yields of thB backgrounds are fixed in
the final fit. TheB backgrounds are described in Gh2

For LMR p°K*(892)°, the BB background components arB? — f,(1270)K*(892)°;

BY — p%(Km)i% B — fo(Km)i’; B® — ay KT with af — p7~; a branching fraction-
weighted combination of 13 other charmleBsdecay channels, which have a high probability of
passing our selectio3’ — D7t with D~ — K77 ; and a combination of threB — DX
channels withD? — K+7—7Y.

For the( K 7);? and fo K3 (1430)° signals, the background categories are the same, except
that K*(892)° events replace théK )i’ background categories, and ZBdecay channels are
included in the cocktail of charmless decays. As is desdribeésec.7.1.2 the first stage of this fit
is insensitive to the exact nature of thé =~ resonance; therefore K *(892)°, foK*(892)Y, and

f2(1270) K*(892)° are included in the sami&*(892)° category.
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The p~ K** analyses includes the following fit componenis: K**, four BB back-
grounds, and;g background. Fop~ K*(892)7, the four BB background categories ar&® —
p~ (Kn)§t, B — a7y KT with ay — p~n% BY — pTp~, and B~ — D%~ with D’ —
KTn=x% Forp= (Km)§*, p~ K*(892)" replaces the signal mode as a background, and the other

categories remain the same.

In the HMR fits, the/(* (892) yields are allowed to float. In the LMR, then); branch-
ing fractions are fixed to the values measured in the HMR. Bhe— f5(1270)K*(892)° back-
ground yield is determined using a high_+ .- sideband, as described in SBs.this yield is fixed
in the p® K*(892)° fit. All other B B backgrounds are modeled from the simulation, with yieldsdix
to experimentally measurdgi values P]. For a few channels entering the combination background
of 13 charmless modes, no measurements exist; in those, thsesy predictions are combined
with educated guesses and a 100% uncertainty is assignieel boanching fractions. Uncertainties

on the BB branching fractions are accounted for in systematic uaitgi¢s (see Se®).

7.2 BB Backgrounds

The continuumete™ — qq (¢ = u, d, s, c) background is the dominant background for
the B-decay modes studied in this thesis. This background islynibst result of random combina-
tions of tracks and neutrals, and is very weakly peaked ikia¢imatic variables. This statement is
also typically true for the smallds to charm § — ¢) background, whose kinematic properties don’t
typically allow for significant peaking in any discriminatj mass or energy variables. However, the
wide mass ranges in this analysis allow for moderate cantabs from charm background, and we

are forced to include som@ to charm backgrounds as separate components in the fit.

Although smaller, the background coming from other chassil¢ decays tends to peak

in at least some of the discriminating variables. This bamlgd is generally composed of decay
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modes with final states similar to that of the signal, typicalith one additional (feed-down) or one
fewer (feed-up) track or neutral in the final state, or withia-identified particle (ie3° — p*p~
appearing as background 8’ — p~ K** because the™ is mis-identified as @& ). Due to the

peaking nature of these backgrounds, careful considerafitheir impact is necessary.

We have performed a variety of studies related3t8 backgrounds using SP10 Monte
Carlo. We have applied the full analysis selection to theegem3°B° and BB~ MC, indepen-
dently studying the® — ¢ and charmless backgrounds. From these studies, we obtahd |
dominant background modes. We obtain exclusive MC samplex)(k — 1M events for charm-
less samples; up t@\/ events forb — ¢ backgrounds) for each of the significaBi3 background

samples.

Modes with a large number of expected background eventseirotihpeak sample that
also have distinctive, signal-like features (iB? — a; K for p° K*°) may be taken as separate
background components. The remaining charmless backdsauay be combined in a cocktail in
appropriate proportions. Analogously, cocktailshof> ¢ backgrounds with similar characteristics

(ie. the DY cocktail in p® K*Y) may be formed.

The details of which background components are included iartie case of cocktails,
exactly what goes into each component, are given below &inttividual modes. The tables in this
section use a common labeling scheme. We show selectioieatfic(“MC ¢”), the measured or
estimated branching fraction (“EsB”), appropriate product branching fraction for the resarean
daughters ([T B;"), estimated background normalized to 471 milliah3 events (“43B BKg”),
and the number of events included in the file we use to make F&Ha file”). A * after the B
indicates that it is estimated since no measurement exists.

The uncertainty in the number of events expected, in the @aee cocktail channels, is
determined by adding in quadrature the uncertainty in timelrar of events in each mode within the

cocktail (based on BF and MEuncertainty).
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In the LMR, all BB yields are fixed in the final ML fit. In the HMR, th& *(892) yields
are allowed to float. The HMB B backgrounds are similar to the LMR, and the details are thexe

relegated to the appendices, AfandC.

7.2.1 BB Background in p°K*(892)°

Seven categories @ B background are included in th€ K *(892)° analysis.
1. BY — pY(Kn)g°
2. B — fo(Km)y’
3. BY — f5(1270) K*(892)°
4. B — ay Kt witha] — o7~
5 BY - D ntwith D~ - KTn— 7~
6. D° cocktail withD® — K~ 7t 7

7. Charmless cocktalil

P (K7)i0 and fo(K )i Background to p° K*(892)°

The (K7)i? and non-resonant S-wavé*— are described by a LASS parameterization,
and the amount of®(K7);° and fo(K )50 in the nominal fit region is determined by a study of
the highK ™7~ mass region (HMR). The study is described in ABp.From this study, we expect

the following event yields for run 1-6 in the nominal fit regio

NpO(Kw)go = 215+34,
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f2(1270) K*(892)° Background to p° K*(892)°

The f5(1270) contributes significantly at hight7~ mass. We determine the expected
number of f5(1270) K ** events by fitting a widerrt 7~ mass range, and extrapolating down into
the nominal fit region. The study is described in App.From this study, we expect the following

event yield for run 1-6 in the nominal fit region:

Nf2(1270)K*O — 47 :l: 3 .

ay (p°7~) K+ Background to p° K*(892)°

This background is included as a separate component beicafisal state is identical to
the signal final state (ie. it is “signal” in a Dalitz plot se)s Further details are given in Tahl

We expect the following number of events in the run 1-6 datase

Ny gr =15+3.

a

Table 7.1: a; (p°n~) K™ background fop° K*(892)°.

Signal modeypK*(892)° | Mode #| MCe  Est.B  [[B; #BB
Bkg. channel | (%) (107%) Bkg

B — ay (p'm7)K* | 4871 | 0.38 16.3+£3.7 0500 15

D7+ Background to p° K*(892)°

B — D—znt with D~ — K*tn— 7~ is included as a separate component because its
final state is identical to the signal final state (ie. it isgfsal” in a Dalitz plot sense). Despite
the D vetoes, this background ha$d8% MC efficiency and some peaking structurening and

AFE. Further details are given in Tab.2 We expect the following number of events in the run 1-6
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dataset:

Np-p+ =209 410 .

Table 7.2: B — D—at with D~ — K*7~ 7~ background fop® K*(892)°.

Signal mode;° K*(892)° Mode #| MCe  Est.B  [[B; #BB
Bkg. channel (%) (10~%) Bkg

|
|
B’ — D nt (D- - Ktz n~)| 2437 | 018 268413 0.093 209

Of the six dominant — ¢ backgroundspB® — D~ p* (D~ — KTn~77) is topologi-
cally quite similar toB® — D=7 (D~ — KTz~ 7). This channel ha = (76 + 13) x 10~*
and[] B; = 0.093. We perform embedded toy studies (see TH.for the general procedure) in
which we embed the expected numbelldf o™ background events and either increaseffher™
yield proportionally, or keep it fixed at the expected numtfegvents. In both of these studies, the
biases on the signal yields are consistent with the nomiiagkels reported in Seé.4. Due to low
MC statistics inD~p*, we do not explicitly includeB® — D~ pt (D~ — K*tzn~7~) events in

the background models, but are confident they will not affieetsignal biases.

D Cocktail Background to p° K*(892)°

Of the five remaining dominarit — ¢ backgrounds, three contain/a’ meson with
D — K—7n+70% and are combined in a¥ cocktail”’, as shown in Ta.3. Due to rounding of
values in the MC ntuples, applying the preselection requémgs upon input to RooRarFit results in
a lower number of events passing preselection than is listédb 7.3; this scaling is taken account

of in our expected number of events in the run 1-6 datasetwhj

Npo Cocktail = 433 £ 23 .
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Table 7.3: DY cocktail background fop? K *(892)°.

Signal modep? K*(892)° Mode # | MC ¢ EstB J[[B: #BB #in
Bkg. channel (%) (1079) Bkg file
Bt — 52{+W,7r07r+ 2422 0.1 4756190 0.140 322.2 1568
Bt — Db, ot 2441 | 001 1340@:1800 0.140 1232 599
Bt — D*0pt 2423 0.04 519@260 0.087 79.8 388

(D" — D°7% DY — K*tn—70)
Total | | 525.2 2555

Of the six dominant — cbackgroundsB® — D*~7+(D*~ — D% ~, D° — K*rx—70)
is topologically quite similar to the channels in th¥ cocktail. This channel has8 = (27.6 &
1.3) x 1074, [ B; = 0.095, and MCe = 0.03%, leading to an expected number of events in the
on-peak sample oNp-- .+ = 38. We perform embedded toy studies (see TH.for the gen-
eral procedure) in which we embed the expected numbérofr™ background events and either
increase theD? cocktail yield proportionally, or keep it fixed at the expaEttnumber of events.
In both studies, the biases on the signal yields are consigtith the nominal biases reported in
Sec.7.4. Due to low MC statistics iD*~ 7+, we do not explicitly includeB® — D*~x* events

in the background models, but are confident they will notcaffee signal biases.

Charmless Cocktail Background top? K*(892)°

The remaining dominant charmleBs3 background modes are combined into a cocktail,
as shown in Tal¥.4. Due to rounding of values in the MC ntuples, applying thesplection
requirements upon input to RooRarFit results in a lower remaolb events passing preselection than
is listed in Tab7.4; this scaling is taken account of in our expected number ef&vin the run 1-6

dataset, which is,

NcChmls Cocktail= 76 +22..
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Table 7.4: CharmlesB B backgrounds fop® £ *0.

Signal mode;p°® K *° Mode # | MC ¢ EstB [[B; #BB #in
Bkg. channel (%) (1075) Bkg file
Bt — oK+ 4874 | 0.2 20 1.000 19 812
Bt =y K* 6748 | 0.15 71.13¢ 0293 152 650
Bt — Ktr~ 7t ( Dalitz) 6846 | 0.03 51.037 1.000 8 342
Bt — pt K% (L, fr, =048) | 2244 | 0.58 44710 0.666 8 340
BY — K3%, _utp 4777 | 218 1.08)5 0666 7.2 307
B - K K2 (L, fL = 0.8) 2398 | 2.39 128737 0444 64 273
B° — K*(L, fr, = 0.7) 5329 | 0.18 7 0.667 4 171
Bt —pt K9 (T,fr=048) | 2243 | 025  4.8}] 0666 3.8 162
Bt — foKi 3357 | 051  5.2)3 0222 28 118
B - Ko K9 (T, fL = 0.8) 2399 | 4.97 02670 0444 27 115
BT — ptpO(L, fr = 0.95) 2390 | 0.02 2285 1.000 24 103
Bt — oK (L, fr, =0.78) 2355 | 0.4 3650 0333 23 97
B® — a7 (p°n " )mt 2011 | 0.03 31737 0.500 2 84
BY — p%p0(L, fr, = 0.75) 2396 | 0.49 0.55937 1.000 1.3 54
Bt — a7t 4156 | 0.01 20.42% 1000 1.2 51
B® — p°p(T, fr, = 0.75) 2397 | 0.83 0.18)0 1.000 0.7 30
Bt — oK (T, fr = 0.78) 2356 | 0.3 1.093 0333 05 20
Total | | 87.5 3729

7.2.2 BB Background in p~ K*(892)*
Four categories o8 B background are included in the K*(892)* analysis.
1. B — p=(Km)§"
2. B" - oy K+ witha] — p~ 7"
3. BY = ptp~

4. B~ — DY(Ktn 79%)p~

p~ (Km)§* Background to p~ K*(892)*

The amount op~ (K )" background in the nominal fit region is determined by a study

of the highK+7° mass region (HMR). More details are included in A@p We expect the follow-
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ing event yields in the nominal fit region:

N, (sgmy+ = 6023 (7.5)

ay (p~m¥) K+ Background to p~ K*(892)"

This background is included as a separate component beitafisal state is identical to
the signal final state (ie. it is “signal” in a Dalitz plot se)s Further details are given in Tahb.

In run 1-6 data, we expect:

Npo  qrger =742

Table 7.5: B — aj (p~7") K+ Background tgp~ K*(892)"

Signal modep~ K*(892)" | Mode #| MCe  Est.B  [[B; #BB
Bkg. channel | (%) (10~ Bkg

B — aj (p~7")KT | 4960 | 019 163+3.7 05 7

pTp~ Background to p~ K*(892)"

The decayB" — pTp~ is included as a separate component because it is esseatiall
signal final state, except for mis-identifying a chargechps a kaon. This results in a shifted mean
for AE, but very signal-liken s andp mass distributions. Further details are given in Ta. In

run 1-6 data, we expect:

N, _=9+1.
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Table 7.6: B® — p*p~ Background tg~ K*(892)"

Signal modep~ K*(892)" | Mode#| MCe  Est.B  [[B; #BB
Bkg. channel | (%) (10~%) Bkg

B — ptp~(L,fr =0.978) | 2498 | 0.08 23.7+31 10 9

D°p~ Background to p~ K*(892)*

The dominant — ¢ background fop~ K*(892)* is B~ — DY(K =~ 70)p~. Efficien-

cies, etc. are given in Tal.7. In run 1-6 data, we expect:

Npo (gt n- 0y~ = 129%17.

Table 7.7: B~ — DY(K+7~7%)p~ background tg~ K*(892)*.

Signal modep~ K*(892)* | Mode #| MCe  Est.B  [[B; #BB
Bkg. channel | (%) (1079 Bkg

B~ — DKt~ 7%p~ | 2441 |0.015 134+18 0.139 129

Of the remaining dominant charm background modes, mode @&9% DY, _ ,7")
is the next most important, with an expected 15 events in tinelr6 data sample. Given this
background is not especially signal-like, we do not expdmta from neglecting this (or other, less

important)b — ¢ backgrounds.

Other Charmless Backgrounds top™ K*(892)"

To ensure that we are not biasing the fit yield by neglectiragrotess background modes,
we create a cocktail of the remaining dominant modes (see7T@land generate 500 pure toy ex-
periments (see CH..4for details on this procedure) with all of the above fit comgats included.

We then run an additional 500 pure toy experiments that aeticchl, except we also embed 26
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events from the charmless cocktail. The difference in meaas between these two studies is con-
sistent with zero. We therefore conclude that<*(892) " does not require an additional charmless

cocktail background component.

Table 7.8: Other charmless backgroundgtd<*(892)*.

Signal modep~ K*(892)™ Mode#| MCe Est.B [[B; #BB #in
Bkg. channel (%) (109 Bkg file
Bt — a)K+ 4874 | 0.08 20 1.000 7.7 350

B° — ay (p7")Ki} (L, fr=1) | 5323 | 0.47 20 0167 7.4 334
Bt — aO70K*+(892) e+ 0 (N.R.) | 10566 | 0.11 15 0667 51 230

Bt — K (L, fr=1) 5327 | 0.24 10 0.333 3.7 168

Bt — ptr K+ 2488 | 0.02 10 1.000 1.2 53

B — oK (L, fr = 0.78) 2355 | 0.18 3.6}5 0333 1 44
Total | | 26.1 1179

7.3 Probability Density Functions

For each component of the maximum likelihood fit (signgigpackground,BB back-
grounds), a probability density function (PDF) must be dateed. The PDFs are determined with
fits to the distributions for each of the observables:g, AF, F, etc.) in well-identified samples
of signal and background. The samples used to determineRResRapes are: Signal MC, data
in sidebands chosen to avoid potential signal events, acldsixe MC from theB B background
modes listed in Ch7.2

Different samples are used for different PDFs, dependintpherircumstances. For con-
tinuum background, we determine PDF shapes from sidebdhitie @n-resonance data. For all
variables exceptngg, we used the sidebandnggs < 5.27 GeV. For fitting mgg, we use data
satisfying| AE| > 0.07 GeV for p° K*¥ andAE < —0.12 andAE > 0.08 GeV for p~ K*+.

PDFs appear in ApfA.1for p° K*(892)°, App.A.2for p~ K*(892) ", App.B for (K)g°
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Table 7.9: PDF parameterizations fd*°. For the helicities, only the resolution function is listed
(see Sec7.3.2. DG=Double Gaussian, €Gaussian, BifcBifurcated Gaussian, CBCrystal

Ball, Exp=Exponential, V=Polynomial of orderV (Chebychev polynomials except in the case of
the helicities), and digGaussian with negative amplitude (see Se8.2. A + indicates the PDF

is a sum of the listed components,indicates a product. For resonant masses, the PDF is often fit
on one MC sample and used in several backgrounds; sometipagreomial is added to account
for larger tails in the mass distribution. These are indidaty giving the name of the MC sample
used to determine the PDF.

Decay | mes AE F m(KTr™) HE ™) m(ntr™) H(n ™)
PV K*(892)0 CB DG BifG DG P3 DG P dip
foE*(892)° CB DG BifG DG P1 DG PXdip
g continuum |  ARGUS P1 BifG+G p°K*04P2 P3 PO K0+ fo K*04P2 P2
PP (Km)s° CB DG BifG P1 P2 DG P1
fo(Km)50 CB DG BifG P1 P2 DG P dip
f2(1270)K* | G+ARGUS  G+P1 BifG DG P2 G+P2 P4
ay K+ G+ARGUS G+P1 BifG P4 Exp+P2 pPK*04P3 P2
D~ nt G+ARGUS G+P1 BifG G+P1 P4 P2 G
DO Bkg ARGUS P1 BifG G+P1 P6 P2 G
Chmis Bkg G+ARGUS P1 BifG  p0K*04+P2 Exp+P2 G foK*04+P2 P4

Table 7.10: PDF parameterizations ﬁOTK;{tﬂO. Abbreviations are equivalent to Tah9.

Decay | mgs AE F m(K+tr%)  HE 7))  m(xta%  H(zrT#Y)
p~ K*(892)" | CB DG BifG DG P5 DG P3dip
qq continuum| ARGUS Pl BifG+G p  K*t+P2 P4 p~ K*T4+P1 P2
p~ (Km)§t CB DG BifG P1 P4 DG P1
af K+ G+ARGUS P4 BifG P1 Exp G+P1 P2
o pt G+ARGUS P4  BIfG G+P1 P3 oK P2
D%~ ARGUS P2 BifG P1 P5 P2 P6

and fo K3(1430)°, and App.C for p~ (K 7);". Tab.7.9lists the PDF shapes used K *(892)°,
Tab.7.10lists those forp~ K*(892)". Similar parameterizations are used in the HMR fits. In all

cases, the best candidate is chosen before the PDFs ammidetthr

In the analyses described in this thesis, we determine dil liapes from the samples

described above. We then run the ML fit using these PDF shépesir final fits to on-peak data,
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as well as in our validation studies (see Séd), we allow the primary background parameters to

float, as described in Set.3.4

7.3.1 Data—Monte Carlo differences

To account for possible differences between data and MC erferm studies on control
samples with the same final state as signal (see BppThese studies demonstrate that the MC
is a reasonable representation of the data, but that the M&E beushifted and/or scaled to agree
with data. The exact amount depends on the number of neurtréile signal mode, and is given in

Tab.7.11

Recent results4g, 49, 50 show that the values used in the stand&4BAR Monte
Carlo for the K*(892) mass and width parameters differ by several standard dewsafrom the
most recent and precise determinations. We compute theatimms fork*(892)° from [48]; for
K*(892)", we use a weighted average of the results4®) 50]. The correction factors are listed in
Tab.7.11 The K*(892) mass corrections are only applied in the LMR, as&fwe mass cuts in the

HMR admit only the tail from the<*(892).

Table 7.11: Shifts and scale factors applied to signal PD&maters in order to correct for differ-
ences between data and Monte Carlo.

Parameter | PPEK*0 & foK*O | pm K*T
AF shift (MeV) —2.62+0.13 14+3
AF scale factor 0.968 £ 0.006 0.89 4+ 0.06
mpgg Shift (MeV) —0.133 +0.016 | —0.38 +£0.13
mpgs scale factor 0.970 £ 0.005 0.84 +£0.04
M c-(s92) Scale factor | 0.947 +0.029 | 0.916 £ 0.012
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7.3.2 Resonance helicity

In the case of vector—vectol’() decays of the3, the angular distribution of the final
state isa priori unknown. It is a combination db- P-, and D- wave contributions. For decays
B — W1 V,, with V4 and V5, decaying into pseudoscalar mesons, the angular distibiri the

helicity frame is

d*T 9(1
4

1 . .
T dcos 6d cos Oy 1 —(1 — fr)sin? @y sin® 05 + f1, cos® f; cos? 92} , (7.6)

where f, is the fraction of the longitudinal-spin component. Thdat&nt angular distributions
(transverse vs. longitudinally polarized) lead to differdetector acceptances for these two com-
ponents, so th¢;-dependence can substantially affect the measured branfraictions.

We take these detector acceptance effects into accouthiefdinal signal PDF, so the total

signal PDF can be written iRooFi t (the normalization for each component is omitted) as

ngl(él, 92, fL) == [(1 — FL) Sin2 91 Sin2 92 + FL COS2 91 COS2 92] X g1 (01)52(02) s (7.7)

whereg; (01) andG (62 ) are parameterizations of the detector acceptance eff@dtseftwo helicity

angles. The quantity7, is given by

JL
(1 - fL)Re +fL’

F = (7.8)

with R, (typically ~2) the ratio of transverse to longitudinal efficiency.

For the K* andp, 0y is defined as the angle between the direction of one ofdhgp
daughters and that of thE*/p in the K*/p parent rest frame. The daughter used is positively-
charged (or the only charged) for thease or the pion for th&™ case.

For continuum background, we expé¢t= | cos 07| to have a nearly flat distribution, as
the daughter particles are randomly combined to form resmnaandidates. ThBB background

cos B distribution varies according to the contributing modes.
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7.3.3 Input observable correlations

Note that the likelihood for one event defined by Ef2) is a sum of several components—
signal, continuum background, afti3 backgrounds. Each term is a product of distributions mea-
sured with MC or sideband data for each of the event obsessatd#scribed above. This procedure
assumes that within each component there are no corredatioong these observables. We measure

the correlation coefficients, given in Apf, and find that few of them are as large as 10%.

Correlations among signal observables can lead to smakgia the signal yield and are

accounted for by determining a fit bias in our validation sadsee Sed.4).

7.3.4 Floating background parameters

We choose to float the most important background PDF parasngtehe fit. These
include theA E slope, the background Fisher mean and sigmas, the ARGU&enpdhe dominant
polynomial coefficients of the resonance mass distribstenmd helicities, and the fraction of real
fo, and K* resonances in the background. We do not float parametersi¢ch wir signal yields are
insensitive (such as tail components of Fisher). By doiiigwre include uncertainties in the values
of these parameters in the statistical error from the fit isihcases, and improve the determination
of their values by making use of the larger statistics aléalan the full on-resonance sample. We
have tested with toy MC that our fitter can handle the numbelegfees of freedom we use in our

final fits.

The detailed lists of whiclyg background PDF parameters float for thié(892) signals

are given in AppA. For the HMR, the details are in ApB.andC.
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7.4 Validation of Fits

Before unblinding the dataset, we perform extensive vafidastudies. Some of these
studies for the*(892) signals are documented in this chapter. Additional studie® performed
in order to establish whaB B backgrounds to include, to inform the decision to sepayrdtethe
LMR and HMR, to determine how many continuum background PBfameters could be floated
in the final fit, etc. As the studies presented in this chaptemparformed before unblinding the
datasets, the number of signal aidr); events does not match that which is found in the final fit.
Additional toy studies are performed after unblinding; ddase the same procedure as described
here and are documented in Ghl The results of embedded toy studies for fiér);° and

foK3;(1430)° channels are given in Ap@. Those forp~ (Kr)5* are given in AppC.

We generate toy MC samples matching the size of the on-reser@atasets in order to
validate fit convergence, determine fit bias, and confirmweaare not neglectingg B backgrounds
which could bias the signal. In all cases, the continuum gemiknd is generated from the PDF
distributions. Typically, we embed events from the full Mithalation for signals and3 B back-
grounds, as this allows us to test the effect of correlatmm®ngst the observables (the fit bias
results come from such studies). Low MC statistics inithe ¢ backgrounds~ 5x the number
of events expected in data) limits the number of toy MC experits we can produce; thus our em-
bedded toy results have only 100 experiments. In cases weeage studying the effect of another
background (with high MC statistics) we generate signal Bi#l backgrounds from the PDFs in

order not to badly oversample those datasets.

Note: the studies in this section were performed using aoriact PDF for the/, dis-
tribution in p(K7){ MC. This is shown to have little effect on embedded toy biaJéw final toy

studies based on run 1-6 results (S&&) incorporate the correct PDF.
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Table 7.12: Results of embedded toy studies £k *(892)°. We report the number of events
embedded from MC (“Input”), the fit result, the bias on thadlglj and the mean statistical error on
the yield. In both studies, 100/100 fits converge. For thdysembedding no signal (bottom), we
fix fr, = 0.5 and signald,, to the A, of the dataset.

Mode | Input Fit Bias Stat. err.
PP K*(892)° 333 367 £3 34+3 37
foK*(892)° 149 153 + 2 442 21
I (0P K*(892)Y) 0.5 0.449 + 0.006 —0.051 £ 0.006 0.069
Acn (0°K*(892)%) | —0.039 —0.032 £ 0.012 0.007 £ 0.012 0.05
Acn (foK*(892)%) | —0.039 —0.052 4 0.016 0.013 +0.016 0.07
Acn (Bkg) —0.03911  —0.03915 4+ 0.0003 —0.00004 & 0.00030  0.004
PP K*(892)° 0 18+3 18+3 25
foK*(892)° 0 —142 —142 11
I (0P K*(892)Y) 0.5 0.5 — —
A, (BKg) | —0.03911  —0.03889 £0.0003  0.0002 % 0.0003 0.004

7.4.1 Validation studies inp? K*(892)°

In the p° K*(892)° and fo K*(892)° validation studies, we embed/generate the expected
number of BB backgrounds and fix their yields in the fits. These backgreuward: 204°(K ),

25 fo(Km)i0, 15a7 KT, 49 f5(1270) K*°, 209 D~ =+, 433 D° cocktail, and 76 charmless cocktail
events. Each experiment includes 18792 events, wherertenimg events are generated from the
qq background PDFs. We float the nominal g7 PDF parameters, as discussed in Se8.4and
listed in App.A.1.

The results of 100 embedded toy experiments are given in7TaB. 100/100 of the fits
converged. We give the results for two scenarios. In the fivetembed the expected number of
signal events based on the published run 1-4 analg28Jshd allow signald.;, andf;, parameters to
float. In the second scenario, we embed no signal and fiXor both o K*(892)° and fo K *(892)°

to the value in the on-peak data sample = —0.039) and f1, = 0.5.

From Tab.7.12 it seems that about half of the bias on fé*(892)° signal yield comes
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from imperfect modeling of thé B backgrounds, or correlations amongst the observable®geth
BB backgrounds. The bias gfj K *(892)° from BB backgrounds is consistent with zero.

We also run 500 pure toy experiments (all events generated RDFS), generating the
same number of events as for the top section of Tak2 The pulls from all floated variables are
listed in Tab.7.13 100% of these fits converge floating 17 continuum backgrdrDB parameters,
demonstrating the fitter's ability to handle these degrédseedom. The toy pull means (sigmas)
are all consistent with zero (one). The abbreviations ferfthating background parameters are

described in AppA.

7.4.2 Validation studies inp~ K*(892)"

In the p~ K*(892) " validation studies, we embed/generate the expected nuofiligf;
backgrounds and fix their yields in the fits. These backgreue: 42p~ (K7);", 7a; KT, 9
ptp~, and 129D°)~ events. Each experiment includes 9705 events, where thain#m events
are generated from thgg background PDFs. We float the nominal §@ PDF parameters, as
discussed in Se@.3.4and listed in AppA.2.

The results of 100 embedded toy experiments are given in7Ta#. 100/100 of the fits
converged. We give the results for two scenarios. In the fivetembed the expected number of
signal events based on the published run 1-4 analdsdnd allow p~ K*(892)" A, and fr,
parameters to float. In the second scenario, we embed nd aighéix A, for p~ K*(892)* to the
value in the on-peak data samplé.(, = —0.072) and f;, = 0.5.

We also run 500 pure toy experiments (all events generated RDFs), generating the
same number of events as for the top section of Tall The pulls from all floated variables are
listed in Tab.7.15 99% of these fits converge floating 13 continuum backgroUuDd parameters,
demonstrating the fitter’'s ability to handle these degrédseedom. The toy pull means (sigmas)

are all consistent with zero (one) except fdf- i« (z92)+ and fr. We discuss these below.
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Table 7.13: Results of a pure toy study fétK*(892)°. We report pull means and sigmas for all
parameters floated in the fit, as well as the mean error on eaaimgter. 500/500 fits converge.

Pure Toy Pulls
Parameter mean sigma | mean err
N0+ (892)0 —0.01+£0.05 1.03+0.03 | 36.088
FL 0K (892)0 0.02+0.05 1.07+0.03 | 0.0720
ACP,p0 K*(892)0 —0.05+£0.04 0.98+0.03 | 0.0532
Ny, ic+(892)0 —0.05+0.05 1.03+0.03 | 20.782
AP, fo*(892)0 0.04 £0.05 1.02+0.03 | 0.0696
Ngg 0.02+0.05 1.04+0.03 | 137.81
Acpgg 0.014+0.01 0.30£0.01 | 0.0040
de Bkg_ P01 0.00 £0.04 0.99+0.03 | 0.0134
fis.BkgC_asym —0.02+0.05 1.0440.04 | 0.0185
fis BkgC_mean 0.11£+£0.04 0.934+0.03 | 0.0066
fis.BkgC_rms —0.07£0.04 0.984+0.03 | 0.0044
hK_Bkg_P01 0.06 £0.05 1.03+0.03 | 0.0158
hK_Bkg_P02 —0.05+0.04 1.004+0.03 | 0.0117
hK_Bkg_P03 0.06 £0.05 1.00£0.03 | 0.0123
hR Bkg P01 0.01 £0.04 0.99+0.03 | 0.0131
hR_Bkg_P02 0.00 £0.04 0.95+0.03 | 0.0120
mK_Bkg_Poly PO1| 0.03+0.04 1.00+0.03 | 0.0167
mK_Bkg_Poly_.P02 | —0.05 +0.04 0.95+0.03 | 0.0207
mK_Bkg fracKst | —0.05+0.04 1.00+0.03 | 0.0117
mR_Bkg_Poly_ P01 0.06 £0.04 1.00£0.03 | 0.0202
mR Bkg_Poly P02 | 0.05+0.05 1.02+0.03 | 0.0247
mR_Bkg_fracRho 0.05+0.05 1.03+0.03 | 0.0162
mR_Bkg_fracfO —0.05+0.05 1.03+0.03 | 0.0052
mesBkg_c 0.10 £0.05 1.01 £0.03 | 2.7035
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Table 7.14: Results of an embedded toy studygfofi*(892)*. We report the number of events
embedded from MC (“Input”), the fit result, the bias on thailgli and the mean statistical error on
the yield. 100/100 fits converge.

Mode | Input Fit Bias Stat. err.
p~ K*(892)+ 70 83+ 2 13 +£2 25

fL (" K*(892)%) | 050  0.4474+0.028  —0.053 £0.028  0.22
Aen (p_K*(892)+) —0.072 0.046 + 0.032 —0.026 £ 0.032 0.16
Acn (Bkg) —0.072 —0.072 4+ 0.0004 0 + 0.0004 0.005
p_K*(892)+ 0 3.5+2.1 3.5+£21 19

fr (o~ K*(892)™) 0.50 — — _
Aen (7 K*(892)1) | —0.072 — — —
A.p, (Bkg) —0.072 —0.072 + 0.0002 0+ 0.0002 0.005

Table 7.15: Results of a pure toy study for K*(892)". We report pull means and sigmas for all
parameters floated in the fit, as well as the mean error on eaaeimgter. 495/500 fits converge.

Pure Toy Pulls

Parameter mean sigma | mean err
N, i (892)+ —0.12+0.05 1.06 +0.03 | 24.648
fL.p- K*(892)+ 0.23 +0.05 1.06+0.04 | 0.4255
Acp,p-Kk+(892)+ —0.02£0.04 1.00+0.03 | 0.2000
Ngz 0.02+0.04 0.99+0.03 | 100.82
Acpgg 0.02+0.01 0.23+0.01 | 0.0053
de Bkg_ P01 —0.02+0.04 0.96+0.03 | 0.0177
fis_BkgC_asym 0.05+0.05 1.01£0.03 | 0.0164
fis BkgC_mean 0.06 £0.05 1.034+0.03 | 0.0044
fis.BkgC_rms —0.03£0.04 0.994+0.03 | 0.0031
hK_Bkg_P01 0.05+0.04 0.96 £0.03 | 0.0147
hK_Bkg_P02 —0.01+£0.05 1.034+0.03 | 0.0128
hR_Bkg_P0O1 —0.02£0.056 1.034+0.03 | 0.0173
hR_Bkg_P02 —0.03+£0.04 0.99+0.03 | 0.0144
mK_Bkg_Poly_P01 0.03 £0.05 1.024+0.03 | 0.0207
mK_Bkg fracKst | —0.02£0.05 1.01 +£0.03 | 0.0121
mR_Bkg_Poly_ P01 0.02+0.04 0.98+0.03 | 0.0224
mR_Bkg_fracRho 0.01 £0.05 1.04 +£0.03 | 0.0130
mesBkg_c 0.01 £0.05 1.09+0.03 | 3.6462
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The longitudinal fractionf;, has a non-Gaussian distribution in pure toys. This issue was
observed in the previous analysis and is discussed in det8iéc. 5 (p. 14-18) of version 11 of
BAD 1430 [29]. For reference, we repeat the conclusions here.

We define the efficiency-corrected longitudinal fractifnin Eq. (1.4) as

1 d’r
I" dcos Og+od cos 9p+,o

—_

o 1(1 - fr) sin? O g« sin® 0, + fL cos? O+ cos® 0, .

But f;, is not a simple ratio of longitudinal to transverse signarég because the selection efficien-

cies are different for these two polarization states. Thugsgefine the uncorrectef}, as

Np

7 7.9
N, + Np ( )

fL,raw =

where N;, and Ny are the number of observed longitudinal and transverselseyents, respec-

tively. The relationship betweefy, ..., and f7, is given by

I eLfL
e erfr+er(l— fr)
fL raw €L
= ’ where R = = . 7.10
fL R + fL,raw(l - R) €T ( )

As shown in R9], the smallerk becomes, the less Gaussian the distributiofi,ofin o~ K*(892) 7,
R = 0.44. Additionally, Ref. P9] demonstrates that the asymmetry of fhedistribution decreases
for an increased numbers of signal events, as well as foedagjues off;,. For this reason, we do
not observe such a prominent asymmetryii*(892)°. In Fig. 7.1 we show thef;, distributions
from 500 pure toy experiments for bopht K *(892)* andp® K *(892)°.

Due to the asymmetry i, for p~ K*(892)*, the reported pull mean (from a Gaussian fit)
is shifted high. Fig7.2 shows the pull, value, and error gip for p~ K*(892)" with Gaussian fits
overlaid. The fit quality is poor for the value and error; thgdots are included only for reference
and the results of the Gaussian fits are not used.

The p~ K*(892)" yield pull in Tab.7.15is skewed negative. By looking at the pull

distribution (see Fig7.3), we can see that a few experiments with anomalously sméllvalues
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Figure 7.1: Fraction of longitudinal polarizatiofi;, from 500 pure toy experiments for
p~ K*(892)" (left) and p° K*(892)° (right). In both caseg; = 0.5 was generated. The small
ratio R = ey, /er = 0.44 for p~ K*(892)™ along with the small number of signal events (70) result
in the more asymmetric distribution.
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Figure 7.2: Fraction of longitudinal polarizationfy, fer 500 pure toy experiménts for
p~ K*(892)*. Pull (left), parameter value (center), and parameter gright) with Gaussian fits
overlaid. The pull quoted in Tal.15is from the pull fit (left).

are shifting the mean of the Gaussian fit. By eye, one expbketpull mean to be quite consistent

with zero.

In both pure and embedded toys for K*(892) ", we use the value for the ;s ARGUS
exponent (meskg_c) determined from floating this parameter in a blind fit to A+ on-peak
data. This fit finds me8kg.c = —11.0 + 3.7 whereas the PDF fit using onix E’ sideband data
finds mesBkg.c = —6.6 + 6.6. When we run toys using the ARGUS exponent from the PDF
fit, about 10% of the fits report a value for the ARGUS exponeatiad —1, accompanied by an
unreasonably small uncertainty. When we use the valueiohébed by a fit to the entire dataset,

the ARGUS exponent in all experiments converges to a reago(@aussian-distributed) value near
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2_7.n . d g - 2_ L L L L o
Figure 7.3:p~ K*(892)" yield from 500 pure toy experiments. Pull (left), parametdue (center),

and parameter error (right) with Gaussian fits overlaid. finequoted in Tab7.15is from the pull
fit (left).

—11.



Chapter 8

Results on the FullBBx Dataset

In the following sections we present the final results basetthe full BABAR dataset. The
results for theK™(892) channels are presented in S8cl, followed by those results involving a
(Km)i or K5(1430) in Sec.8.2

The branching fraction for each decay chain with a singlagzdtion is obtained from

Y - Y,
- 0 8.1
B EHBiNB’ ( )

whereY is the yield of signal events from the flt; is the fit bias discussed in Set4and given in
Tab.8.1and8.6, ¢ is the MC efficiency evaluated from the simulatid®),is the branching fraction
for the ¢th unstableB daughter B; having been set to unity in the MC simulation), aNg; =
(471.0 £ 2.8) x 106 is the number of produce®” mesons. The values & are taken from Particle
Data Group world averageg][

For theB — V'V channels /K *(892)), we must also take into account the fraction of
longitudinally polarized events and the different MC eéfieties for the longitudinally polarized
(er) and transversely polarized;() events. Thus for the K*(892) channels, we calculate the

branching fraction as
Y Y
frer + (1 — fr)er) [IBi Np~

Byy = ( (8.2)

104
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We assume the branching fraction6f45) to B*B~ and B’B" to be the same and equal

to 50%, consistent with the measureme2is YVe take

B(fo — mm) = 100% and

B(Km)t — Kr) = 100%

as these branching fractions are poorly known. Unlike inglevious BABAR analysis 28], we
include the ratio
[(rtn™) 2

I(7m) BER ®3)

in the product of daughter branching fractions.

For thep™ K** channels, we apply an efficiency correction to the MC of roy@i%/r°.
The specific value of this neutrals correction are deterthimecalculating a correction as a func-
tion of 7% lab momentum for a detailed MC simulation of the signal clenihe correction is
determined from a study of tau decays to modes wfts.

For all signals obtained from a one-step ML fit, we determheesignificance of observa-
tion S by taking the difference between the value-dfIn £ for the zero signal hypothesis and the
value at its minimum. Fop® (K50, fo(Km);", and fo K3 (1430)°, the fit method does not readily
provide a—21n £ curve, so we compute the significance assuming Gaussiamtainties, which
gives us a conservative lower limit ¢

Forp‘(Kw)(’;+, which has a significance 3¢ including systematics, we quote a 90%

confidence level (C.L.) upper limit, given by the solutiBg, to the equation

Bgo
L(b)db
b _EOD_ (8.4)
Jo L(b)db
whereL(b) is the value of the likelihood for branching fractibnSystematic uncertainties are taken
into account by convolving the likelihood with a Gaussiandtion representing the systematic

uncertainties.
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8.1 K*(892) Results

We show the results fos® K*(892)°, foK*(892)Y, andp~ K*(892)* in Tab.8.1 The
table gives the number of combinations per event for datbbpeselection of the best candidate),
the number of events to fit, the signal yield, the MC efficiemey corrections that are applied
to it, the product branching fractions (for final states veharspecific decay chain was required
in MC), the statistical significance, the central value @& tranching fraction, and the measured
charge asymmetry. For the{*(892) channels, we give both the longitudinal and transverse MC
efficiencies, as well as the longitudinal polarization fiat determined by the fit. The statistical
significance is taken as the square root of the differenced®zt the value of-2 In £ for zero signal
and the value at its minimum.

The results of embedded toy studies designed to approxithatft results are given in
Tab.8.2for p° K*(892)° and Tab8.3for p~ K*(892)". We extract the fit biases listed in Tehl

from these studies.

8.1.1 B’ — pK*(892)° and f,K*(892)° plots

We show sPlots, projection plots, likelihood ratio plotegsigma contours in branching
fraction andf,,, and—21n(£) plots including systematic errors fp? K*(892)° and fo K *(892)° in
Fig. 8.1-8.5. For the projection plots, we cut on the signal/backgroukelihood ratio, calculated

with the variable plotted removed from the fit, in order to @mte the visibility of signal.
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Table 8.1: ML fit results fo3° — pOK*0, fK*0, andp~ K**.

ML fit quantity PO K0 foEK*0 \ p K+t
Fit signal yield 376 4 37 220 + 23 167 + 27
Yield fit bias (evts) 44+ 3 21+1.6 23+ 3
Uncorr. f1, 0.3501 0 0% — 0.36710 138
fr Fit bias —0.045 £+ 0.008 — —0.009 + 0.014
#Data combs/evt 1.02 1.14
#MC combs/evt 1.06(In) 1.02(tr) 1.03 1.17(In) 1.13(tr)
MC SXF (%) 7.30(In) 1.86(tr) 413 21.9(In) 12.9(tr)
Evts to fit 18791 9705
MC ¢(%) 18.30 4+ 0.06
long. 14.34 +0.05 — 4.94 +0.03
trans. 25.07 £0.06 — 11.18 £ 0.05
Neutrals corr. (%) — — 94.3(In) 94.5(tr)
[18; (%) 0.667 0.444 0.333
fr 0.40 + 0.08 £+ 0.05 — 0.38 +0.13 £ 0.03
B(1079) 514+0.6+0.5 57+0.6+0.3 10.3+£23+1.3
Stat. sign. §) 111 14.0 6.4
Signf. w/ syst &) 8.0 11.9 5.1
Uncorr. signalA,, —0.065 4 0.092 +0.069 + 0.100 +0.197 + 0.151
Corr. signalA4., —0.06 £ 0.09 £ 0.02 +0.07 +£0.10 + 0.02 +0.21 £0.15+0.02
BackgroundA,, —0.040 4 0.008 —0.077 £ 0.011

Table 8.2: Results of embedded toy studies Aok *(892)°. We report the number of events
embedded from MC (“Input”), the fit result with the mean stti¢ial error on the yield, and the bias
on that yield. 99/100 fits converge.

Mode | Input Fit Bias

PP K*(892)° 333 377 + 36 4443

fr (0" K*(892)%) 0.387 0.342 £0.075  —0.045 + 0.008
Acn (0°K*(892)%) | —0.039  —0.024 £0.092  0.015 4 0.008
foK*(892)° 218 220.1 +22.8 2.14+1.6
Acn (f0K*(892)%) | —0.039  —0.026 £0.102  0.013 4+ 0.010

Acn (Bkg) ‘ —0.0391 —0.0389 £ 0.0080 0.0002 £ 0.0004
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Figure 8.1: Projection plots of the’ K*(892)° and fy K *(892)° fit results on run 1-6 data. Left
to right, top to bottom:mpgg, AE, F, m(K 7)), m(rtn~), H(K*7~), andH(x"7~). The
solid blue curve shows the total fit result, the green dagdledive iSpOK*(892)0, brown dashed is
foK*(892)°, and the dashed pale aqua is continuum background.
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run 1-6 data, blue curves are the fit result computed withwivariable plotted.
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Table 8.3: Results of an embedded toy studyfoi*(892)*. We report the number of events
embedded from MC (“Input”), the fit result with the mean stadial error on the yield, and the bias
on that yield. 100/100 fits converge.

Mode | Input Fit Bias

p~ K*(892)* 150 173 + 28 23 + 3
fo(p~K*(892)7) | 042  04114£0.127  —0.009 + 0.014
Aen (07 K*(892)™) | —0.072 —0.056 £0.153 0.016 £0.014
A.p, (Bkg) ‘ —0.072  —0.0722 £ 0.0004 0.0000 % 0.0004
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8.1.2 Discussion off, measurement inp” K*(892)°

In run 1-4, this analysis measurgd = 0.48 + 0.09 compared to the publisheBABAR
measurement on run 1-4 ¢f, = 0.57 + 0.09 + 0.08. On run 1-6, we measurg, = 0.40 +
0.08 &= 0.05, a marked decrease from the run 1-4 value. In this sectioneseribe several studies
performed after unblinding to understand this change, dsasg¢o understand the behavior of the
statistical uncertainty as a function 6f.

In Tab.8.4we show the uncorrectef}, result$ split into run 1-4 and run 5-6. It appears

that the value off, in the run 5-6 data has fluctuated downward compared to run 1-4

Table 8.4: p° K*(892)° yield andf, results split by run block.

Dataset| yield Raw fr,

Run 1-4| 201 £27 0.449 £ 0.090
Runb5-6| 173 +£25 0.238 £0.127

Run 1-6| 378 £37 0.348 £0.078

Dependence off, error and bias on f;, value

To investigate why the uncertainty for thfe measurement did not decrease much when
doubling the dataset, we run hybrid pure/embedded toyestudr a variety off;, values. We embed
344 P K*(892)° and 220f, K *(892)° signal events, but draw all backgrounds from the PDFs (as
we have low MC statistics in sever&B background samples). The number of background events
is equal to what was used in the run 1-6 fit. We run 500 expetisntem each case, with close to
100% convergence. The results are given in Bab. We find the fittedf; distributions mildly
non-Gaussian (especially for the lower valuesfgj; by eye, the fitted mean should be slightly

higher. However, the pull distributions are well descriligdGaussians, giving high confidence

!This study was performed with slightly differemB background values fg’ (K 7)i° and fo (K7)3° as we only
had preliminary results for those channels at the time.
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Table 8.5: Hybrid toy study embedding 344K *(892)° and 220/, Kk *(892)° events from MC
and generating alB B andqg background from the PDFs.

Generated;, | Fit f1, Bias
0.3 0.266 + 0.081 —0.034 4 0.004
0.4 0.361 £0.075 —0.039 £ 0.003
0.5 0.462 + 0.068 —0.038 4 0.003
0.6 0.561 +0.062 —0.039 4+ 0.003

in the uncertainty orf;. From these studies, the uncertainty clearly increasekeagaiue off;,
decreases.

Also included in Tab8.5is the bias onf;, from the hybrid toy study. The bias appears
quite constant across various values pf This value is fairly consistent with the measured bias in
Tab.8.2 though that bias is slightly larger, as one would expedtefliias is somehow sensitive to

the correlations in thé B backgrounds.

8.1.3 B — p~ K** plots

We show sPlots, projection plots, likelihood ratio plotegsigma contours in branching
fraction andf., and—21In(£) plots including systematic errors fpr K*(892)" in Fig. 8.6-8.10
For the projection plots, we cut on the signal/backgroukelitiood ratio, calculated with the vari-

able plotted removed from the fit, in order to enhance théiisi of signal.
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8.2 (Km)jand K;(1430) Results

We present the results fd3° — p0(K )0, fo(Km)°, foK3(1430)°, andp™ (Kn)§™.

Additional analysis details, including sPlots and pratiplots, are given in ApB andC.

In Fig. 8.11we show the—21In(L) curve including systematic errors for (Km)5".
In Fig. 8.12a) we project the data and fit functions from the first stephef HMR (K)3° and
K3(1430)° fits onto them g+, distribution. Fig.8.12b—c) shows the results of the second step
HMR fit, distinguishing betweep® and f, hypotheses; in these plots, we do not cutloif, as

thesesWeightedsamples already contain only ()5 or (c) K3(1430)° signal events.

Ref. [5] extracts the resonankt}(1430)° fraction of the LASS-parameterized<r);",
finding the resonant fraction to account for 81% of the LAS&pehinB™ — (K)i’7" decays.

Using this resonant fraction along with the daughter brangciraction B(K;(1430) — Kn) =
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Table 8.6: ML fit results forB® — pO(Km)0, fo(Km)i, foK3;(1430)°, andp~ (Kn)5". For
the (K'r); modes, we assumB((K ) — Knr) = 100%. *The significances fop~ (K r);" are
calculated the normal way; for all other modes, we conseelgtassume Gaussian uncertainties.

ML fitquantity | pO(Km) fo(Km)s0 foK3(1430)° | p~(Km)5t
Fit signal yield 1045 +£36 =118 88 £ 19410 134 +14 £ 23 221 £74
Fit bias (events) 80+ 11 T+£1 0+2 —54+8
Events to fit 37157 13259
MC (%) 9.60 12.48 15.32 4.80
Neutrals corr. (%) — — — 94.3
118 (%) 66.7 44.4 21.7 33.3
Corr.e x [[ B; (%) 6.40 5.55 3.32 151
B(lO‘G) 31+4+£3 31+08=£0.7 86+1.7£09|32£10%6
Stat. sign. §) 7.6 3.9 5.0 3.2*
Signf. w/ syst §) 6.4 3.0 4.4 2.8*
(93 £ 10)% [2], we find the resonant branching fractions
B(B® — pPK;(1430)°) = 27+44+2+3

B(BO — f0K§(143O)0) x B(fo — mm)

B(B® — p~ K;(1430)™)

27+£0.7£05£03

28+10£5+3,

where the uncertainties are statistical, systematic, eord the K;(1430) — K= branching frac-

tion, respectively.
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Chapter 9

Systematic Errors

We itemize estimates of the various sources of systematicseamportant for these mea-
surements. Tabk@.1show the results of our evaluation of these uncertaintiestalbulate separately
the additive and multiplicative uncertainties. That is, digtinguish between those errors that con-
cern a bias on the yield and those that affect the efficiendytatal number ofBB events, since
only the former affect the significance of the result. Theitds systematic uncertainties are the
dominant source of systematics for the results presentéaidrpaper. The final row of the table

provides the total systematic error in units of branchirgtion for each channel.

9.1 Additive systematic errors

e ML fityield: In order to determine the ML fit yield systematic, we woukklito float PDF
signal parameters in the fit. For the moderate number of bayeats observed, however, this
is not practical. As an alternative, we use control sampuesudy how well the MC models
the data i\ E, mgg, F and the resonance masses. From these studies, we deteamimah
shifts and scale factors to apply to our signal PDFs; thesection factors are tabulated in

Tab.7.11for AE, mpg, andmg-. For F, we found no correction necessary for the nominal

122
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Table 9.1: Estimates of systematic errors.

Quantity PR UK foRKO foKS  foR3Y pm KT prKgt
Additive errors (events)
ML fit 2.7 3.7 11 0.3 0.7 6.7 21.3
Fit bias 22.2 41.8 1.9 125 5.0 11.9 8.4
BB background 14.8 5.1 2.7 0.4 0.6 6.0 3.2
f0(980) parameters 3.5 10.0 8.8 10.0 25 — —
LASS parameters — 29.5 — 2.5 7.7 — 31.0
Interference 10.1 57.5 1.8 6.5 9.9 8.4 18.1
Total additive (events) 28.9 77.9 9.6 175 16.8 171 42.7
Multiplicative errors (%)
Track multiplicity 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Track finding 0.7 0.7 0.7 0.7 0.7 0.4 0.4
7 efficiency — — — — — 3.8 3.6
NumberBB 0.6 0.6 0.6 0.6 0.6 0.6 0.6
Branching fractions — — — — 1.2 — —
MC statistics 0.08 0.07 0.06 0.04 0.05 0.06 0.05
cos O 15 15 15 15 15 15 15
PID 1.0 1.0 1.0 1.0 1.0 1.0 1.0
fr uncertainty 2.6 — — — — 2.1 —
Total multiplicative (%) 3.4 2.3 2.3 2.3 2.6 4.9 4.2
Total systematic/(10~5)] 0.5 2.7 0.3 0.7 0.9 1.3 6.1

fit, but include the statistical uncertainty from the cohsamples when we allowed thg
signal parameters to float (see Afif). We vary the signal parameters around their nominal
values by the uncertainties listed in Tablland App.E to obtain the fit yield systematic
error. This uncertainty is larger for the” K** channels, as th&"7" control sample has

lower statistics than th® 7 sample used for the” K*° channels.

e ML fit bias: The fit bias arises mostly from correlations among the fitaldes, which are
neglected in the ML fit. Studies of this bias are describeddn. %.4; the associated uncer-
tainty is the sum in quadrature of half the correction andsiégistical uncertainty. For the
p°/ fo(Km)® and fo K;(1430)° channels, we add the uncertainty on the total bias in quadra-

ture with half the bias scaled by the ratio@for f, events to their sum. This is the dominant
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Table 9.2: Systematic errors dii*(892) BFs (in events) from varying3 B background yields
within their uncertainties.

Quantity | P°K*0 foK*O | pm KT
OtherBB Background| 1.08  0.22 | 0.27
£2(1270) K yield 039 028 —
p(K7)i0 yield 147 054 | 5.99
fo(K )50 yield 089 258 —

systematic in the® K*(892)° channels and is among the top systematics in the others.

e BB background We take into account our uncertain knowledge of B¥8 backgrounds by

varying the BB background yields (which are fixed in the nominal fit) by theemainties
listed in Sec.7.2for the K*(892) channels and ApB andC for the (K); and K73 (1430)
channels. These uncertainties take into account the @mtiges on the measured branching
fractions and efficiencies for these background modes. thelations between these yield
parameters are taken into account for the fiia background systematic. For ti#é*(892)
channels, the dominant effect is from our uncertainty onfkie); yields. In Tab9.2we list
the contributions of the various background channels taiebackground uncertainty for

our K*(892) signals.

e f1(980) width: The width of thef, is not accurately measured. The PDG quotes a width
between 40 to 10BleV and it is simulated iBBABAR MC with a width of 50MeV. In the
LMR, we allow thef, width and mean to float in the fit and take half the differencashift
in yield as a systematic. In the HMR, the statistics are toutéid to allow these parameters
to float. Instead, we use the parameters from allowingf##€*(892)° mean and width to
float in the LMR, and quote half the resulting variation inlgteefrom the nominal HMR fit.

This is amongst the top systematics figf K );" andp®(K )50,
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e LASS shape In the HMR fits, we reweight the nonresonant MC with LASS paeters
shifted by plus and minus one standard deviation (see @dpand take the larger of the
yield differences with respect to the nominal as the systierearor. The LASS systematic is

the dominant one fop~— (K )" and second-leading fof (K);".

e Interference In our nominal fits, we do not account for interference beméhe scalar and
vector K*, or between the vector and tensor. The interference betpfeand f, integrates to
zero over the symmetrig/, range. We estimate the magnitude of #ié interference effect
in a separate calculation, which takes into account the@amtemass and helicity acceptance
functions, and varies the relative strong phases betwempaoents over the full range. As
interference can affect thi€* lineshape, we conservatively take this systematic to biiaeld

This is among the dominant systematic uncertainties in tidRHits.

We know mass and helicity dependence of the magnitude arskpifahe complex ampli-
tudes that describe the decay via each partial wave. If thetaot, overall phase shift)
between amplitudes were known, we could integrate the squsum of the amplitudes to
determine how much the interference contributes to theydest®. Sinced, is unknown,
we average over this parameter when computing the inteidereslated systematic uncer-
tainty for each mode. We integrate the decay rate for valfidg &om 0 to 27 in steps of
0.1. We find the maximum fraction of the interference contribntand scale it by /\/ﬁ
(because we assume thigtis uniformly distributed over the rang@®, 27)) to find the rms
error. We find this systematic error to Be8 — 5.0% in K*(892) — (Kr); interference and
5.5 — 8.2% in (K)§ — K5(1430) interference. One expects this systematic to be larger for
(Km)§ — K5(1430) interference, given the overlap of the resonances. Fotihe); chan-
nels, we calculate botfisw)§ — K*(892) and (K )j — K5(1430) interference effects and

add them in quadrature.
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9.2 Multiplicative systematic uncertainties

e Trigger efficiency The B counting group measured the trigger efficiency for multhios

events to be in excess of 0.9993. We neglect the systematicaer the tiny inefficiency from

this source.

e Track multiplicity: This is for the cut on the minimum number of tracks in the ¢vafe

require the reconstruction of at least one track from therthdecay. The signal MC ineffi-

ciency for this cut is a few percent. We assign an uncertainhtyb.

e Track finding/efficiency The Tau3-1 tracking efficiency stud$]] determines that no effi-

ciency correction is needed for R24 data and SP10 MC. Thersgsic uncertainty derives
from the following formula: 0.172%/GoodTracksLoose traptks 0.170%/GoodTracksVery-
Loose track added in quadrature with the correction fadtOril5% (GTL tracks) or 0.111%
(GTVL tracks). We use the average correction factor basethemumber of each type of

track in our sample, though the difference is negligible.

o 7Y finding: We use a script provided by the Neutrals Group to calculagerf efficiency
correction (about 97%/) and its associated systematic (about 1£8%/ We compute this
correction separately for the? from the p~ and from theK**, and multiply the correc-
tions together to determine the final neutrals correction.thfe systematic uncertainties are

correlated, we add them linearly for the tw's in the p~ K ** events.

e Luminosity, B counting We determine the error oB counting from the error given by the

official luminosity/B counting script, whereV ;5 = (471.0 + 2.8) x 10%. The B counting

group finds a 0.6% systematic uncertainty for R24 dagh [

e Branching fractions of daughtershe K* daughter branching fractions come from the Clebsh-

Gordon coefficients and so are not assigned an uncertaing/.al¥é do not assign an un-
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certainty forp — wm. As the branching fraction ofy — 77~ is unknown, we quote
B(BY — foK*°) x B(fy — =), where the ratid'(fy — n+77)/T(fo — 7o) = 2/3

is used. For thd{;(1430), the branching fraction uncertainty is taken from the P2 [
For the(K ), we assume thaf((Kn)j — Km) = 100% and do not assign a systematic

uncertainty, as this branching fraction is poorly measured

e MC statistics This is calculated for the number of MC signal events sirmadldor each decay
(typically around 430,000), and is determined based on

e(1—e)

, (9.1)
N generated

0(e) =
wheree is the MC efficiency a”WgeneratedS the number of MC events generated.

e Event shape cutd here are two variables used for event shape cuts)lr andF. Forcos 6,

the systematic uncertainty estimate is from the controlpdarstudy in App. C of BAD 1772

[53]. Itis given by:
dcosop = 0.05 x (1 — (| cos O] cut valug) 9.2)
For F, the systematic uncertainty is included in the ML fit yield@issed above.

e Particle ID We apply PID tweaking in these analyses to make the MC effftgienore closely
match that in data. In previous analyses to quasi-two-bauyl &tates, the effect of these
corrections has been determined to be small. We quote arsyfteuncertainty of 1%, which

we believe to be conservative.

e f uncertainty Signal yield reconstruction efficiency for tHéV channels depends of}.
As a result, any systematic uncertainty fintranslates into a systematic uncertainty on the

efficiency through the following expression:

Ae €, — €T

e fre+(1— fo)er Al ®3)
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The systematic error ofy, (A f1) is given in Sec9.4; the longitudinal and transverse signal

efficiencies are given in TaB.1

9.3 Charge asymmetry systematics

Most of the systematic uncertainties found for branchiragtion measurements cancel
for the charge asymmetry measurement. The primary soufcb&® could be due to tracking
differences between opposite charged tracks, PID diftmgndifferences due to the interaction

cross sections in the detector and the effedBéf background.

We have studied this bias in a number of ways including cosaamples and fits to other
data samples. The bias for large samples of signal MC witlgla-tiomentum pion is small, typi-
cally consistent with zero and the bias for modes with a mglmentum kaon is-0.007 + 0.002
[54]. The measured asymmetry fgg§ data is near-0.001 + 0.004 (Sec. 11.2 of $4]). It is not
clear why we see a difference between the values in data andNd@@se a combination of control
sample studiesp], various calculations of detector interaction effectsl #ime results mentioned
above from B4] to conclude that an approximate averadg, bias is—0.010 + 0.005 for modes
with a primary kaon and.000 + 0.005 for modes with a primary pion. We assign a correction
and systematic, as appropriate, to the signal charge asyiaméBecause of the softer momentum
spectrum of the kaons and pions here, we assign a systemati@£0.015 rather than 0.005. This
is supported by the charge asymmetry of the background;diteaed backgroungd!., is always

smaller than 0.015.

To study the potential effect of a bias due #,, from BB background, we fix the
charmlessBB A, to £0.10 in the fit and take the change in the sigo&l, as a systematic error.

This effect is negligible (the change j§ 0.005 in all cases).

In addition, there can be a dilution effect due to the yieldf#s. This effect has been
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very small for most previous studies. Since the asymmetdyfabiases are fairly small for this
analysis, we take this effect to be negligible for this as&lalso.

We round the totald.;, systematic error up to 0.02 for all measurements.

9.4 Systematic uncertainty onf;,
We report the systematic uncertaintiesfgffor p° K*° andp~ K** in Tab.9.3.

e Bias uncertaintyWe use embedded toy MC to evaluate any bias inftheeasurements. We
correct for the bias and assign an uncertainty equal to 1008 walue® the uncertainty on

the bias.
e ML fit: We vary the signal parameters as discussed in$%éc.

e BB background We assign a uncertainties based on varying B8 background yields

within their uncertainties, as in Sez.1

e £5(980) width: We allow thef, width and mean to float in the’ / fo K *° fit and take half the

shift in p° K*0 f; as a systematic.

Table 9.3: Estimates of systematic errorsfgn

Quantity | PPK*0 p KT
Bias 0.046 0.016
ML fit 0.003 0.012

BB background| 0.019  0.024
f0(980) width 0.004 _

Total | 0.050 0.031




Chapter 10

Summary and Discussion

We observe for the first tim&® — fo K*(892)°, p~ K*(892)T, and p°(K)y" with
greater tharso significance, including systematics. We present first exadefor B° — fo (K )50
with 3.00 and fo K3 (1430)° with 4.40 significance. All branching fraction measurements have
greater tharBo significance including systematics, excapT(Kﬂ)8+ for which we also quote a
90% C.L. upper limit. No significant direat’P-violation is observed. Our results are consistent

with and supersede those reported in R28).[

130
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For the K*(892) modes, we find the following results

B(B° — p°K*%) = (51+0.6+0.5)x107% (10.1)

fr(p’K*%) = 0.40 £0.08 +0.05
A (pP°K*) = —0.06 £ 0.09 £ 0.02
BB’ — p~K*") = (10.3+23+1.3)x107% (10.2)
fo(p” K*Y) = 0.3840.134+0.03
Aan(p”K*T) = +0.214+0.15£0.02

B(B° — foK*°) x B(fo — 7n) x B(fo — 7n) = (5.7£0.6+0.3) x 107¢ (10.3)
A (foK*°) = 4+0.0740.1040.02.
The p°K*0 results agree with previouBABAR [28] and Belle B4, 35] results and are consistent
with predictions from QCDFY, 36, 10]. The p~ K** results are within the previouBABAR upper
limit and agree with QCDF predictions. BotHK * andp~ K ** BFs are, however, higher than the
theory central values. The predictggd for p~ K** is higher than the measured value, though the
theory errors are still large. We find a branching fraction fighd *° somewhat larger than previous
90% CL upper limits, though it is within one sigma of the QCDEdiction37].
For fo(K )0 and foK3(1430)°, we find,
B(B® — fo(Km)i®) x B(fo — wr) x B((Kx); — Kr)
= (3.1+£08+0.7)x1076 (10.4)
B(B" — fok3(1430)°) x B(fo — m7)
= (86+1.7+09)x1075. (10.5)

We are aware of no theoretical predictions with which to camphese results.
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For p(K)§, we find,
B(B® — p’(K7)y’) x B((K7); — K)
= (314+4+£3)x107° (10.6)
B(B® — p~ (Km)5*) x B((Km)§ — K7)
= (324£10+6) x 107° (10.7)
< 48 %1076 . (10.8)

Using the K;;(1430)Y resonant fraction of the LASSK7)3° from Ref. 5], we can calculate the

branching fractions for th&’;(1430) component of ouf K ) channels. We find,

B(B® — p°K}(1430)°) = 27+4+243 (10.9)
B(B® — foK;(1430)°) x B(fo — 7rr) = 2.7+0.7+£0.540.3 (10.10)
B(B® — p~K;(1430)T) = 28+10+5+3. (10.11)

These results are consistent with the QCDF predicti8is fhough the experimental central values
are lower than the predictions. The pQCD predictions, hewearedo low for p° K (1430)° and
1.40 low for p~ K (1430)™ in the second scenario presented in R&8] [Sl1); the situation is worse
in the first scenario (SI), in which the predicted centralied$’s are roughly an order of magnitude
too small forp~ K (1430)* and a factor of 50 too small for' K} (1430)°. The difference between
the two pQCD scenarios involves including thg (1430) resonances in the lowest lying scalar

nonet (SlI) or in the first excited state nonet (SI).

10.1 Discussion off;, measurements

As mentioned in Chl, QCD Factorization9, 36, 10] predicts the following hierarchy

pattern for thep K*(892) polarization fractions,

fL("K*) > fr(p” K*7) > fu(pt K*) > fr(0"K*). (10.12)
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We compare the experimental values including our updatedltsee We use th&ABAR result in
Ref. [32] for the p" K** polarization {1 (p°K*t) = 0.78 + 0.12) and averaging the previous

BABAR [28] and Belle B5] results forp™ K*0 (f1(pt K*°) = 0.47 & 0.08). Thus we find

FLPK* ) > fr(ptK®) > fL(p°K™) 2 fulpm KT (10.13)

0.78 £0.12 0.47 £0.08 0.40 £ 0.08 £ 0.05 0.38 £0.13 £ 0.03

which agrees with the experimental finding thfat (o°K**) is largest. With the current experi-
mental sensitivities, the three smallgstvalues are consistent with each otheilat Thus a true
comparison of the rest of the hierarchy requires additierpkrimental input.

We can compare thg, results frompK*(892) to the othed”V channels in whichf;, has
been measured. A compilation of charmless longitudinadnztion fraction results as of August
2010 is given in Fig10.1[26]. The pK*(892) f1 values measured in this thesis are somewhat
lower than, but consistent with, thiek* andw K™ results, which are also dominated by penguin

diagrams.

10.2 Branching fraction comparison for pK;(1430) and 7 K (1430)

In Ref. [37], Chenget. al. find that in QCDF the rates faB — pK;(1430) are substan-
tially larger than those for K ;(1430) because two penguin amplitudes contribute constructively
for p and destructively forr. Though Chenget. al. find that their predictions for K ;(1430)
channels are typically low compared to experiment by a faot®3 — 4. The QCDF predictions
in Ref. [37] do not include weak annihilation amplitudes, which thehaus suspect are important
for the 7K 5(1430) channels. In Tabl0.1we compare the measured<;(1430) world average
branching fractions with the/;(1430) branching fractions measured in this the&6][ Only the
BY — (du)~ K (1430)* channel has been measured for betindr; in this channel, the branch-

ing fractions are in excellent agreement, contrary to tlegligtion that thep channels should have
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Polarizations of Charmless Decays

HFAG = ——— ¢K§(1430)+
August 2010 . 0K(1430)°
PKi (1270)

—Y
— ¢K*0
: wkK3;(1430)°
: wi3(1430)*
wK*t
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K*‘Op+
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Figure 10.1: World averagg;, results from charmlesB decays 26].

Table 10.1: Branching fraction comparison betwegn— 7K (1430) [26] and pK;(1430)
channels.

7K (1430) BF | pK;(1430) BF
TrK;(1430)° 45T | pt K (1430)° —
w0 K (1430)* — | PPK(1430)T —
7T K3(1430)T 33+ 7 | pm K3(1430)7 28+ 10+543
w0 K (1430)° — | p°K(1430)°  27+4+2+3

larger rates than the channels.
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Table 10.2: Summary of the results presented in this thestent Belle results, and recent
theoretical predictions from QCDF. Branching fractions ar units of 1076, The upper limits
are at the 90% confidence level. The predicfgd*° BF is multiplied by a factor of3/4, as
Ref. [37] includes a factor of3(fy — 7" 7~) = 0.5, whereas this thesis uses only the isospin ratio
I'(fo — mtn7)/T(fo — mn) = 2/3. TIn [9, 36] it is pointed out than an error irlP] causes the
f1. predictions forp? K*° to be under-estimated.

| BABAR (this thesis) Belleg4] | CY[9,36] BRY[10]

B 51406405 21108409 1 4 6736 2.4735
fr 0.40 + 0.08 £ 0.05 — 0397057 f0.2270 7
Acp — 0.06 £ 0.09 + 0.02 — — 0157047
BY — pK*t
B 10.3+£234+1.3 — 8.9 55559
fr 0.38 4 0.13 + 0.03 — 0535035 0615055
Acp 102140154002  — — 0.05+5:19
| BABAR (this thesis) Belleg4] | CCY[37]
BO fOK*O
B 5.7+0.6+0.3 <22 4.8%53
Acp +0.07 £ 0.10 £ 0.02 — —

10.3 Numerical comparisons with theory

In Tab.10.2 we compare thd{*(892) results measured in this thesis with theoretical
predictions and, if available, Belle results. The predicfgk *° BF is scaled up by a factor of 0.75,
as Ref. B7] includes a factor o3(fy — 7"7~) = 0.5, whereas this thesis uses only the isospin
ratioI'(fo — 777 ~)/T(fo — 7mw) = 2/3. In Tab.10.3we perform the same comparison for the

(K)§ channels.
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Table 10.3: Results from this thesis compared with recezurttical predictions from QCDRY]
and pQCD B8]. Branching fractions are in units af)~%. The two scenarios reported in Re3g]

represent two interpretations of the scalar mesons (see&3gcFor simplicity, we have added the
theory errors in quadrature.

Branching Fraction \ BABAR (this thesis) QCDF37] pQCD SI[38 pQCD Sl [38]
B(B® — p°K;(1430)%) | 27+4+2+3 37 0.477021 4.810

B(B® — p~K;(1430)t) | 28 +104+5+3 5170 33711 10.5+14




Appendix A

PDF Plots, Correlations, and Final

Parameter Values in K*(892) Channels

In the following sections, we include PDF plots, correlaipand the values of the param-
eters that float in the final fits for oudf*(892) (LMR) analyses. The naming convention for the float-
ing parameters isA E polynomial coefficientsqe _Bkg_P01); F mean{i s_BkgC.nean), F rms
(fi s_.BkgC.rns), F asymmetry{i s BkgCasym; mrs ARGUS exponentries Bkg_c); real
por K* fraction (e.g.nR.Bkg_f r acS); resonance background slope terms (glg.Bkg_Pol y_P01);
and polynomial coefficients for theand K* helicities (e.ghK_Bkg_P01). We include the fit yield
of background riBkg) and signal eventsnRKst 1 and nf OKst 1), the longitudinal fraction of
B — pK* (f L), and the fraction of positively charged events in the digaanple

(Frac_nRKst 1_chgCat _Pl us andFr ac_nf OKst 1_chgCat _PI us).

For the plots, individual components of a two component fithsas a double Gaussian

are shown as dashed and dot-dashed lines.

Resonant mass PDFs are occasionally fit on one MC sample addtaigslescribe that

resonance in a similar mode. For example, in ghé<** analysis, thep~ mass is fit onp~ K**

137
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MC, but the same PDF is used to describerthe™ mass forp~p™ BB background. In such cases,
the PDF (blue dashed line) is overlaid on the signal MC saingleestion (histogram). The scaling

between PDF and MC is approximate.

Al BY— p'K*(892)° Correlations, Fit Results, and PDF Plots

A.l1.1 p°K*(892)° Correlation Tables

Correlation matri x for onDat a:
mES del t aE fisher nKst ar nmRho hKst ar
del t akE -0. 0158
fisher -0. 0646 0. 0045
nKst ar 0.0130 -0.0032 -0.0198
nRho 0. 0216 -0.0143 -0. 0607 0. 0082
hKst ar 0. 0044 -0. 0025 0. 0212 -0. 0096 -0. 0036
hRho 0.0174 -0.0168 -0.0727 0.0146 0.1169 -0. 0006

Correlation matri x for RKst OMC:

nES del t aE fisher nKst ar mRho hKst ar
del t aE 0444
fisher 0513 -0.0128

- 0.
- 0.
nKst ar 0.0271 -0.0133 -0.0179
nmRho 0. 0107 0. 0014 -0.0230 0. 0022
hKst ar 0.1143 0. 0309 -0.0174 0. 0087 -0. 0504
hRho -0.0766 -0.0116 0. 0444 -0. 0167 0. 0315 -0. 0459
Correlation matrix for RKst1LMC:
nES del t akE fisher nKst ar nRho hKst ar
del t akE -0.1018
fisher -0.0105 -0. 0049
nKst ar 0. 0094 0. 0221 -0. 0050
nmRho -0. 0329 0. 0379 -0. 0002 -0. 0008
hKst ar 0.0177 -0.0154 0.0120 0.0120 . 0000
hRho - 0. 0509 0.0278 0. 0035 - 0. 0097 0.0175 0. 0269

o

Correlation matrix for RKst1TMC
nES del t akE fisher nKst ar nRho hKst ar
del t akE -0. 0953
fisher -0.0148 -0.0108
nKst ar 0. 0025 0. 0307 -0.0068
nmRho -0. 0058 0.0162 -0.0083 -0. 0035
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hKst ar 0.0121 -0. 0029 -0. 0020 0. 0051 -0. 0026
hRho -0.0260 -0.0018 0. 0017 0. 0012 0. 0008 0.0119
Correlation matrix for fOKstOMC
mES del t aE fisher nKst ar nmRho hKst ar
del t akE -0. 0237
fisher - 0. 0497 -0. 0157
nKst ar 0. 0068 0. 0055 -0. 0156
nRho 0.1062 0. 0418 -0.0325 0. 0043
hKst ar 0. 0924 0. 0361 -0. 0260 -0. 0039 0.1275
hRho -0. 0466 -0.0086 0. 0080 0. 0009 -0.1334 0. 0035
Correlation matrix for fOKst1MC
mES del t aE fisher nKst ar nmRho hKst ar
del t akE -0.0971
fisher -0. 0149 -0. 0066
nKst ar -0.0042 0.0196 -0. 0068
nmRho 0. 0637 0. 0307 -0.0186 0. 0052
hKst ar 0. 0159 -0. 0155 0. 0041 0.0125 0. 0004
hRho -0. 0466 0. 0100 0.0014 0. 0036 -0. 0628 0. 0217
Correlation matrix for alnKpMC:
mES del t aE fisher nKst ar nmRho hKst ar
del t akE 0. 0164
fisher -0.0430 -0.0225
nKst ar 0. 0226 -0.0115 -0.0132
nmRho -0. 0039 -0. 0099 0. 0008 -0. 0051
hKst ar 0. 0428 -0.0239 -0.0238 - 0. 0552 0. 0532
hRho 0. 0531 -0. 0634 -0.0117 -0. 0037 0. 0908 0.1227
Correlation matri x for f2KstLnMC
mES del t aE fisher nKst ar nmRho hKst ar
deltaE -0.0407
fisher -0. 0147 0. 0085
nKst ar 0. 0021 0. 0080 -0. 0096
nmRho 0.2073 -0.0718 -0.0479 0. 0245
hKst ar 0. 0082 -0.0088 -0.0160 0. 0268 -0. 0065
hRho -0. 2075 0. 0993 0. 0353 -0.0122 -0.4113 0. 0272
Correlation matri x for f2KstTr MC.
nES del t aE fisher nKst ar nmRho hKst ar
del t akE 0.0181
fisher -0.0610 -0.0178
nKst ar 0. 0105 0. 0230 -0. 0239
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nmRho 0. 3500 0.0370 -0.0856 -0.0132
hKst ar 0. 0022 0. 0224 0. 0038 0. 0302 -0. 0229
hRho -0.1970 -0.0765 0.0478 - 0. 0066 - 0. 3525 0. 0164

Correlation matrix for Dpi MC
nES del takE fisher nKst ar nRho hKst ar
deltaE -0.0520
fisher - 0. 0549 0. 0038
nKst ar -0. 0449 0. 0314 0. 0045
nRho 0.0298 -0.1218 -0.0289 -0.0033
hKst ar -0. 0640 0. 0390 0. 0052 0.2722 -0. 0593
hRho 0.1521 -0.1882 -0.0402 -0.0233 -0. 0543 0. 0495

Correlation matrix for DOBkgMC:
nES del t akE fisher nKst ar nRho hKst ar
del t aE 0.0142
fisher -0. 0153 0. 0020
nKst ar -0. 0194 0. 0514 0.0371
nRho -0.0075 -0.0659 -0.0039 -0.0259
hKst ar -0. 0026 0.0363 -0.0110 0. 0629 -0. 0049
hRho 0. 1427 -0.0895 -0.0595 0. 0409 -0.0487 -0.0641

Correlation matri x for Chml sMC
nmES del t aE fisher nKst ar nmRho hKst ar
deltaE -0.0269
fisher -0. 0227 -0.0102
nKst ar 0. 0195 -0.0116 0. 0093
mRho -0. 0537 0. 0639 0. 0629 0. 0017
hKst ar 0. 1607 -0. 1582 0. 0023 0. 0819
hRho -0. 0367 0. 0374 0. 0476 0. 0241

o

. 0235
. 2383 0. 1904

o

A.1.2 pYK*(892)° Fit Results

The Run 1-6 fit orp” K*(892)° finds the following values for the parameters which were

allowed to float:
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Frac_nRKst1l chgCat Pl us
Frac_nfOKst1 chgCat_ Pl us

de_Bkg_PO1

fL

fis BkgC asym
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hR_Bkg_P02 1.4372e-01 1.1426e-01 (+1.24e-02,-1.24e-02) 0.070365
nK_Bkg_Pol y_P01 2.5177e-02 2.7766e-02 (+1.65e-02,-1.67e-02) 0.367206
nK_Bkg_Poly_ P02  -1.2796e-01 -1.3094e-01 (+2.11e-02,-2.08e-02) 0.625782
nK_Bkg_fracKst 1. 6692e-01 1.5963e-01 (+1.15e-02,-1.13e-02) 0.671722
mR_Bkg_Poly_ P01  -1.0238e-01 -1.1335e-01 (+2.03e-02,-2.05e-02) 0.665281
mR_Bkg_Poly P02 -8.2385e-02 -9.1596e-02 (+2.47e-02,-2.47e-02) 0.778904
mR_Bkg_fracRho 1.1271e-01 1.2148e-01 (+1.61e-02,-1.63e-02) 0.805159
nR_Bkg_fracfO 2.5791e-02 1. 6976e-02 (+5.12e-03,-5.03e-03) 0.660306
measBR_RKst 1 5. 0000e+00 5.0730e+00 (+6.53e-01,-6.28e-01) 0.572180
nmeasBR_f OKst 1 5. 0000e+00 5.6939e+00 (+6.04e-01,-5.84e-01) 0.218344
mes_Bkg ¢ -2.8679e+01 -2.0140e+01 (+2.72e+00, -2. 75e+00) 0.147246
nBkg 1. 7309e+04 1.7092e+04 (+1.38e+02,-1.37e+02) 0.182568

Asym wt Frac_nRKst1l chgCat_ Pl us
1-2x(Frac_nRKst1l chgCat Plus) = -0.0638797 +/- 0.093006 (+-0.0927479, -0.0933337)

Asym wt Frac_nfOKst1l chgCat_ Pl us

1- 2+ (Frac_nfOKst1 chgCat Plus) = 0.0693485 +/- 0.101424 (+-0.101194, -0.101931)

Asym wt Frac_nBkg_chgCat Pl us
1-2«(Frac_nBkg chgCat Plus) = -0.0396523 +/- 0.00798304 (+-0.00797943,

-0.00798752)
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Figure A.1: PDFs for?(K 7). From left to right, top to
H(Kt ™), m(rtn™), H(xTr™).
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Figure A.2: PDFs forfo(Kw)go. From left to right, top to bottomAFE, mgg, F, m(Ktx™),
H(Ktrn™),m(rtn™), H(rtr™).
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Figure A.5: PDFs forf2(1270) (K 7). From left to right, top to bottomAE, mgg, F, m(K T x~),
H(Ktn™),m(rtn™), H(mtr).
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Figure A.7:

PDFs for the charmless cocktail (background3fo— p°K*(892)°). From left to
right, top to bottom:AE, mps, F, m(K*Tn~), H(K n~), m(z+7n~), H(xtx ™).
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Figure A.8: PDFs folB" — D=t with D~ — K*t7— 7~ (background taB? — p'K*(892)0).
From left to right, top to bottomAFE, mpg, F, m(K ™), H(K 7)), m(xTnx ™), H(x 7).
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Figure A.9: PDFs for theéd® cocktail (background t&° — pYK*(892)?), which includesD%z+
and D*07+ with D*0 — D70 and DY — K+7— 7. From left to right, top to bottomAFE, mgg,
Fom(KTr™), H(Ktn™),m(rtn™), H(z 7).
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A.2 B’ — p~ K** Correlations, Fit Results, and PDF Plots
A.2.1 p~ K** Correlation Tables
Correlation matri x for onDat a:
nmES del t aE fisher nKst ar nmRho hKst ar
deltaE -0.0022
fisher -0.0218 -0. 0195
nKst ar -0.0038 -0. 0065 -0.0486
nRho 0. 0105 -0. 0002 -0. 0502 0.0108
hKst ar 0. 0020 0. 0018 0. 0275 0. 0544 0.0273
hRho 0. 0304 -0.0032 -0.0370 -0.0223 0.0742 -0. 0627
Correlation matrix for RKstOMC
mES del t aE fisher nKst ar nmRho hKst ar
del t akE 0.0878
fisher -0. 0613 0. 0052
nKst ar 0. 0550 -0.0102 -0.0108
nRho 0.0133 0. 0002 0. 0370 -0. 0071
hKst ar 0.1378 0.0106 -0. 0607 0.0182 -0. 0299
hRho 0. 0014 -0. 0595 -0. 0240 0.0147 0. 0349 -0. 0837
Correlation matri x for RKst1LMC:
mES del t aE fisher nKst ar nmRho hKst ar
del t akE -0. 0049
fisher -0.0428 0. 0009
nKst ar 0. 0393 0. 0621 -0. 0249
nmRho -0. 0093 0. 0450 0. 0007 -0. 0081
hKst ar 0. 0538 -0. 0806 -0. 0253 0. 0563 0. 0049
hRho 0. 0011 -0.1135 -0.0194 -0.0101 0. 0025 -0. 0559
Correlation matri x for RKst1TMC
mES del t aE fisher nKst ar nmRho hKst ar
del t aE 0. 0204
fisher -0. 0241 -0. 0201
nKst ar 0.0139 0. 0849 -0.0073
nmRho 0. 0107 0. 0524 -0.0080 -0.0116
hKst ar 0. 0320 -0.0220 -0.0174 0. 0202 0. 0003
hRho 0. 0044 -0. 0572 -0.0161 0. 0010 0. 0084 -0.0131
Correlation matri x for DOrhoMC
mES del t aE fisher nKst ar nmRho hKst ar
del t akE -0.0118
fisher -0.0083 -0. 0262
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nKst ar -0.0276 0. 0246 0. 0096
nRho 0.0195 -0.0266 0. 0433 -0. 0300
hKst ar - 0. 0513 0.0588 -0.0888 0.1351 -0. 0593
hRho 0.0962 -0.0614 -0.0727 -0.0659 0.0243  -0. 2557

Correlation matrix for alnKpMC:

mES del t aE fisher nKst ar nmRho hKst ar
del t akE 0. 0949
fisher -0.0731 0. 0008
nKst ar -0.0294 -0. 0330 -0. 0239
nRho 0. 0321 -0.0031 -0.0014 0. 0055
hKst ar 0. 0578 -0. 0290 -0. 0291 - 0. 0645 0.0734
0.

hRho 0929 -0. 0560 0.0125 0.0218 -0. 0216 0. 0462
Correlation matri x for rhorhoMC
mES del t aE fisher nKst ar nmRho hKst ar

del t akE 0. 1556
fisher -0.0716 -0.0768
nKst ar 0. 0499 0. 0814 -0.0793

nRho -0. 0029 0.0161 -0. 0092 0. 0089
hKst ar -0. 0388 -0.0176 0.0162 0. 1680 -0. 0031

hRho -0. 0463 -0. 0673 -0.0151 -0.0148 0. 0277 -0.0122

Correlation matrix for Chml sMC
mES del t aE fisher nKst ar nmRho hKst ar
deltaE -0.0478
fisher -0.0704 0. 0362
nKst ar 0. 0010 -0.0220 -0.0275
nmRho -0. 0229 0. 0386 0.0193 0. 0110
hKst ar 0. 0757 -0.1899 0. 0317 0. 1625 . 1006
hRho 0. 0086 0. 0997 -0. 0625 0.0711 0. 0876 -0.0081

o

A.2.2 p  K** Fit Results

The Run 1-6 fit onp~ K** finds the following values for the parameters which were

allowed to float:
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Appendix B

High K7~ Mass Region Study

The (Kn)i° has a long tail that overlaps th€*(892)". In order to accurately extract
the p" K** and fo K** branching fractions, we must first constrain thg contamination in the
low mass region. In doing so, we also extract branching ifrastfor p° (K50, fo(Km)g", and
foK3(1430)° 1. We perform this study in two steps, as described in 3ek:2 The first step is
an ML fit using four observablesn s, AE, F, and masgk "=~ ). This allows us to measure the
“inclusive” (Kn)i? and K3 (1430)° branching fractions. Second, as we see a signifigftsignal,
we use the sWeightedT] dataset corresponding #6;° signal and fit ther ™7~ mass spectrum to
determine how many sign&(;° events are paired with @ or f,. We perform a similar step with

the sWeighted<; (1430) sample in order to extract th K (1430)° yield.

The ML fit has eight componentgK )50 signal, K*(892)° signal, K3 (1430)° signal,
continuum background, andBB backgroundsB® — a; KT, D~ =, D° cocktail, and charmless
cocktail). TheBB backgrounds are determined in an identical fashion as éon¢iminal fit region

(see Sect.2), with the highK "7~ mass cut applied. Their yields are fixed in the fit to the folloyv

1This HMR study uses the ™7~ mass range (0.47, 1.2)¢V.
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values:

B’ —a K" = 4049
B - D nt = 922445
D cocktail = 1798 483
Charmless cocktail = 149 + 34 . (B.1)

The only difference between the LMR and the HMIB background channels is in the
composition of the charmless cocktail, which includes thanmels used in the LMR as well as
additional channels only relevant in the HMR. This cocktedls created with the intention of per-
forming a joint LMR-HMR fit, and is detailed in Tal.1 (see Sec7.2for an explanation of the
table). The number of events expected in the fit region in Bab.s for the entireK "7~ mass
range (0.75, 1.58%eV; reducing the range to the HMR results in the expected yrelq. B.1).

The PDFs for the HMR fit are given in Fi§.1-B.2.

B.1 Fitvalidation

To validate these fits, we perform 100 embedded toy expetsnas reported in TaR.2.
The biases are reasonable d0d% of the fits converge. We use the appropraite typg"df *° MC
for the differenti*° signal hypotheses; fdi *(892)° and K3 (1430)°, we assume, = 0.5.

The correlation coefficients between the thi€é yields are quite large (see below), as

expected.

PARAVETER CORRELATI ON COEFFI CI ENTS
NO. 7 8 9 10
nBkg 7 1. 000 -0. 146 -0.059 -0.027
nKst 0 8 -0.146 1.000 -0.674 -0.583
nKst 1 9 -0.059 -0.674 1.000 0.321
nKst 2 10 -0.027 -0.583 0.321 1.000
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Table B.1: Charmles$B backgrounds for HMR K 7);’ and K3 (1430)" analysis. The MC
efficiencies, number of expected background events in thgH1B Bkg), etc. are for the entire
0.75 < mg+,.— < 1.55GeV mass region.

Signal mode{K )’ & K;(1430)° Mode # | MC ¢ EstB [[B: #BB  #in
Bkg. channel (%) (1079) Bkg file
Bt — 0K+ 4874 | 0.63 20 1.000 59 2557
Bt — o, Kt 6748 | 0.49 71128 0294 47.7 2066
Bt — Ktz xt (Dalitz) 6846 | 0.12 51.037 1.000 285 1237
BY — fo(mtn K0, (T, fr, = 0.5) 10047 | 6.25 1.5 0.444 194 839
BT — pTp%(L, fr, = 0.95) 2390 | 0.17 2285 1.000 17.7 768
Bt — pT K3°(1430) k4o (L, fr = 0.5) | 10091 | 0.87 5 0.667 135 584
BY — fo(rtn)K30, (L, fr =0.5) 10046 | 4.07 1.5 0.444 126 546
Bt — pt K30 (L, fr = 0.48) 2244 | 0.88 4.4710 0.666 12 520
BY — K30 utus 4777 | 3.41 1053 0.666 11.1 480
B® = ay (P07 )mt 2011 | 0.14 31737 0.500 101 437
BY — aVK*9(L, fr, = 0.7) 5329 | 0.44 7 0667 95 413
Bt — p0 K3%(1430) ¢ ro (T, fr = 0.5) | 10094 | 1.06 5 0.333 82 355
B - Ko K19 (L, fL =0.8) 2398 | 2.83 1.289%% 0444 75 324
Bt — af7t 4156 | 0.07 20425 1000 7.1 306
Bt — foKi 3357 | 1.31  5.243 0.222 7 304
Bt — ptr KT 2488 | 0.13 10 1.000 59 255
Bt — pt K3°(1430) 4o (T, fr, = 0.5) | 10092 | 0.37 5 0.667 57 247
Bt — pt K9 (T, f1 = 0.48) 2243 | 0.38 4811 0.666 57 246
Bt — p® K37 (1430) g r0(L, fr = 0.5) | 10093 | 0.69 5 0333 53 230
Bt — p"K3 (L, fr =0.9) 2355 | 1.05  3.21% 0333 52 225
B - Ko K9 (T, fL = 0.8) 2399 | 5.68 0.260% 0.444 3 132
BY — p%p%(L, fr = 0.75) 2396 1 055937 1.000 26 110
BY — p00%(T, f1, = 0.75) 2397 | 2.04 0.1850% 1.000 1.7 74
BY — aK*O(T, fr, = 0.7) 5330 | 0.09 3 0667 08 36
Bt — af (p°7T)K*O(L, fr, = 0.5) 5333 | 0.7 0793 0333 0.8 35
Bt — p"Kit (T, fr, = 0.9) 2356 | 0.85 0.36035 0.333 05 20
Bt — af ("7 T)K*O(T, fr, = 0.5) 5334 | 0.2 07593 0333 0.2 9
Bt — p0 ¢ty 2814 | 0.02  3.057 1000 0.2 9

Total | | 308.5 13364
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Figure B.1: PDF plots for (from left to right)K7)5°, K*(892)°, K3(1430)°, continuum back-
ground. From top to bottomA E, mgg, F, K ™m~ mass.
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Figure B.2: PDF plots for (from left to right}® — a; K, the charmless cocktai® — D=7,
and theD" cocktail. From top to bottomAE, mgg, F, K7~ mass.
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Table B.2: Results of an embedded toy study for the Highr— region. BB background is also
embedded (with yields fixed) as described in the text. Eaglemxent includes 37157 events,
where the difference is generated from tligbackground PDFs. We report the number of events
embedded from MC (“Input”), the fit result with the averagatistical error, and the bias on the
yield. 100/100 fits converged.

Mode | Input Fit Bias

(Km)g0 1045 1132 +£127 87412
K*(892)° | 110 170+ 81 60+ 8
K3(1430)° | 337 337+ 60 0+ 5

We test whether these large correlations cause the finakfds/io be dependent upon their initial
values. We run similar toy experiments to those describedeltboth fitting the toy datasets with
the correct (# embedded) initial values and with signifilyadifferent initial values. These fits have,
on average, the same mean and statistical uncertaintynlexeriment-by-experiment difference
reveals that the yields move around a fair amount. As the maad widths of both ensembles of

experiments agree, however, we conclude that the cooptatire acceptable.

B.2 Fitto K;°and K3 “inclusive” signal in run 1-6 data

For the fit to on-peak run 1-6 data, we fix tfi&B background yields to the values in

Eqg. B.1). There are 37157 events to fit. The results are given in thadsive” column of TabB.3.

Fig.B.3shows the sPlots fah &/, m g, F, and masst™ 7). Ther ™7~ mass is not used
to discriminate between the signal and background hypethemd is included here for reference.
The K7~ mass sPlots are not shown as the fitter has no way to distingetsveen the different
K*0 components without this observable in the fit. FBgé gives the projection plots with cuts on

the K signal likelihood to improve visibility of those events.
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Table B.3: Results of fitting the run 1-6 data in the highi7— region. The “Inclusive” yield is the
result of the first part of the fit to the full run 1-6 dataset tixclusive” yields are determined by
fitting the sWeighted K 7)$° or K3 (1430)° signal in the run 1-6 dataset.

Channel \ Inclusive Exclusive

(KST)SO 1135+127

p 1045 £ 36 & 118
fo 88 £ 19 + 10

* 83
K*(892)° | 12373

K3(1430)° | 347755
e 212 417 £ 37
fo 134 + 14 + 23

B.3 nm mass spectrum in sWeighted< ;" and K" signal events

After performing the ML fit to extract the inclusiv& signal yield, we weight the on-
peak dataset with th&:° signal sWeights. The weighted number of events in the daigse34.
We then fit ther ™7~ invariant mass distribution over the range (0.47, G&y to two hypotheses:
pY and fy. The PDF shapes for these hypotheses are derived from sitfhaand have the same
functional forms as those used in the nomihz(892)" mass range fit; see Fig.5. We perform
an equivalent fit (using the same PDFs) for the sWeighitgd1430)° signal. In theK;(1430)°
sample, we have 347 events to fit.

The fit results are plotted in Fi@.6. The fit results are given in the “Exclusive” column
of Tab.B.3. In Fig. B.7 we give the results for the equivalent fit (using the same PRFsMeighted
K3(1430)° signal events.

We originally investigated including a non-resonaritr— component in addition to the
pY and fy hypotheses. When allowed this extra degreed of freedonfittbefinds a non-resonant
77~ yield consistent with zero. Fid3.6-B.7 visually indicate that indeed, a non-resonaritr —

component does not appear necessary.
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Figure B.3: sPlots of (left to right}(;°, K3, and continuum background.

mgs, AE, F, and masst™7 7).

Plots are, top to bottom:
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Figure B.4: Projection plots of the high mass region fit. lteftight, top to bottommpgg, AE, F,
and massK 7). The solid blue curve shows the total fit result, the greaweis K0, pink is
K79, dashed blue i%;", and brown is continuum background. A cut on #ig° signal likelihood
is applied to enhance the visibility of the signal.

B.4 Statistical uncertainty on the exclusive yields

The statistical uncertainties on the exclusive yields atemhined based on the(r*7~)
fit to the sWeighted K);° or K;(1430) signal datasets. These uncertainties do not take into
account the error on the inclusiv€;? or K3° signal yield measurement. This is equivalent to the
difference between a regular and an extended ML fit. We tbhezeddd by hand the appropriate
fraction of the inclusive( K'm)i® or K3 (1430)° yield uncertainty. This is included as the second

uncertainty in TabB.3.
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Figure B.5: PDF plots for the exclusive(r*77) fit. Left: p° hypothesis, right;f.

projection of Mpwith IRatioFunc_mRho0>0.0

; B | T T T T | T T T T | T T T T | T T T T | T T T T | T T T T T T T I_
8 i _
~150— —
N i _
AN | _
o
o - _
ElOO— —
2 i _
S i _
> | _
m — —
50—
Ce— ."' \\\ I -
T SO T
B .T_ | I i
_50r|—| 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 J—_
0.5 0.6 0.7 0.8 0.9 1 1.1 1.2
M, (GeV)

Figure B.6: Plot showing the results of the fit to ther — mass spectrum for the sWeightgl 7);;°
signal (points with error bars) in the higkit 7~ mass region. The solid blue curve shows the total
fit result, the green curve j& and pink isf.
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projection of Mpwith IRatioFunc_mRho0>0.0
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Figure B.7: Plot showing the results of the fit to thex— mass spectrum for the sWeighted
K3(1430)° signal (points with error bars) in the highi*7— mass region. The solid blue curve
shows the total fit result, the green curvelisand pink isfj.

B.5 Extrapolating (Kr):° yields to the LMR

The efficiencies for the various exclusive MC samples in hbthLMR and HMR are
given in Tab.B.4. Using the selection efficiency in the LMR and the final BF ftsslisted in

Tab.8.6, we calculate the number 6 7);? events expected in our LMR fit.

N((Km)’) = 215+34 (B.2)

N(fo(Km)p)) = 19+6 (B.3)

The final branching fraction results are given in Tal& for those channels we consider
signal. In TabB.5we compute the BF fop® K3 (1430)° assumingf;, = 0.5. This value is used to

calculate the interference systematic #8¢K )" (see Sec9).
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Table B.4: Number of events selected, number of MC eventsrgézd, and selection efficiencies
for the low (LMR) and high (HMR)K "7~ mass regionsT.Ngenfor p? (K )0 is the product of the
number of 3-body phase space events generated times thengfiiis to reweight th& 7~ mass
to a LASS distribution and that of reweighting thg, distribution.

LMR HMR
# evts Ngen € # evts €
Run 1-6 Data ‘ 18792 — — 37157 —
pO(KTr)SO 3723 168468 0.02210| 16446 0.09595

pPK*(892)% In | 61506 429000 0.14337 8750 0.02040
PP K*(892)" tr | 107552 429000 0.2507014610 0.03406

p°K3(1430)%In | — 373000 — | 44904 0.12039
PPK3(1430)0tr | — 373000 — | 79126 0.21213
fo(Km) 14881 506200 0.0294063192 0.12484
foK*(892)° 78501 429000 0.1829911024 0.02570
foK;(1430)° — 423000 — | 64820 0.15324

Table B.5: HighK "7~ mass sideband result faf K3(1430)° from run 1-6 data. Branching
fraction uncertainties are statistical only. Results fbother channels are given in Ta®.6.

ML fit quantity | p°K3(1430)°

Fitsignal yield | 212 4+ 17 £+ 37
Fit bias 0£5
Corrected yield 21214}

MC e (%) 12.0(In) 21.2(tr)
[18; (%) 325

fr (assumed) 0.5
B(1079) 8.3+ 1.6
signif (stat only) 5.3

B.6 High K"n~ mass fit results

The run 1-6 inclusive fit results, including all floating PD&rameters:
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Appendix C

High K T7! Mass Region Study

The(Kn)5" has along tail that overlaps t€*(892) ™. In order to accurately extract the
p~ K*T branching fraction, we must first constrain tF(gJr contamination in the low mass region

(LMR). We do this with a separate ML fit in the high mass regiBiMR), defined as
1.0 < m(K 7% < 1.55GeV . (C.1)

The ML fit includes five observablesups, AE, F, masér—7"), and mas&k 7). Seven com-
ponents are included in the fig— (K7)5", p~ K*(892)F, p~ K;(1430)*, continuum background,
and 3BB backgrounds B~ — D% __, ,p~, B — a7 K*, andB’ — p*p~). The BB back-

ground yields are fixed in the fit, and are discussed in moraildatSec.C.1 The PDFs for all

components are given in Sec.7.

C.1 BB backgrounds to high massik "’

To determine whichB B backgrounds to include in the fit, we first run on gendsi
MC. For those dominant modes passing preselection, we gienexclusive MC samples and apply

the high mass preselection. T&hlandC.2give the dominant backgrounds, as well as number of

176
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Table C.1: Dominant charif® B backgrounds fop~ K., in the highK * 7" mass region.

Signal modep° K *° Mode # | MC ¢ EstB [[B; #BB
Bkg. channel (%) (1079) Bkg
Bt - DK+W 0 p 2441 | 0.05  13400}5 0.140 433.6
B — DY,  ,m° 2191 | 0.18 2612, 0139 30.2
B° — D* p* (D*~ — D7z, D* — K+rn—7%) | 1239 | 0.01 6800950 0.094 24.4
Bt — Dop_ (D° — Kn) 2436 | 0.03 1340.01%7 0.0381 6
BY — D*070 (D*0 — D79 D° — Ktxn7) 9915 | 0.05 170755  0.026 1.1
Total | | 495.3

Table C.2: Dominant charmle$3B backgrounds fop~ K two in the highK *7% mass region.

Signal mode;” K *0 Mode#| MCe  Est.B [[B; #BB
Bkg. channel (%) (107%) Bkg
BY — ptp=(L, fi = 0.978) 2498 | 0.14 23.73] 1.000 154
BY — ay (p~n")K* 4960 | 0.34 16.337 0.500 12.9
Bt — d)K+ 4874 | 0.13 20 1.000 11.8
Bt - WOK*+(892) Kx+m0 (N.R.) | 10566 | 0.13 15 0.667 6.2
B — al (p~m )K;tWO(L fo=1)| 5323 | 0.27 20 0.167 4.3
Bt — af (ptn0)n? 4957 | 0.07 26.4%% 0.500 4
BY — K}}()+7r,7r0770 4148 | 0.18 5 0667 28
B — p~ntqd 2491 | 0.05 10 1.000 2.4
Bt — ptr K+ 2488 | 0.05 10 1.000 2.3
Bt — K (L, fr=1) 5327 | 0.14 10 0.333 22

events expected in the run 1-6 data.
Given these expectations, we include thi@® background hypotheses in the ML fit:
B~ — D% . op B — a7y K, andB" — p*p~. We fix theseB B background yields to their

expected values,

Npo - = 427£58,
N, g+ = 1343,
N._ = 1542, (C.2)
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To ensure that thé B backgrounds not explicitly included do not bias the fit rgswke
perform toy MC studies embedding additior2B background. As a representatifie— D back-
ground, we chos®’ — DY . _ 7 (as we have large MC statistics for it), and embedded 60
events. We also create a cocktail of the remaining charntlaskgrounds listed in Tal.2, and
embedded 30 events from that cocktail. As we have enfyx the expected number &° p— back-
ground events, we cannot perform a great many toy expergnenthich we embedded all signals
and backgrounds. Instead, we simulate the fitted compongtiishe PDFs and embed only the
DY, __ o7 and Charmless Cocktail events from MC. The results of thidystndicate no bias on

the p~(Km)§" yield from the neglected background channels.

C.2 p K*(892)" in the high massK " fit

For the purposes of this study, the K*(892)* yield can be considered BB back-
ground. Its MC selection efficiency is 0.848% (longitudnal.700% (transverse). Given the
run 1-4 result 28] of BF(p~ K*(892)}, ,) = 5.473, and assuming’;, = 0.5, we expect 11

p~ K*(892)7 events in the highit *7° mass sample. We allow this yield to float in the fit.

C.3 Fitvalidation

To validate these fits, we perform 100 embedded toy expetsnas reported in Takk.3.
The biases are reasonable ad% of the fits converge. We use the appropraite type of**+

MC for the different** signal hypotheses; fdk™*(892)" and K;(1430)", we assumgy, = 0.5.

C.4 Run 1-6 results for the high mass<+# fit

The results from fitting run 1-6 data are given in T&b4. The branching fraction results

for p~(Km)5" are given in TabB.6. In order to calculate the interference systematigfofk 7)5",
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Table C.3: Results of an embedded toy study for the Hight® mass regionBB background is
also embedded (with yields fixed) as described in the texthEaperiment includes 13259 events,
where the difference is generated from tliegbackground PDFs. We report the number of events
embedded from MC (“Input”), the fit result with the averagatistical error, and the bias on the
yield. 100/100 fits converged.

Mode | Input Fit Bias

(Km)gt 230 225+77 —5+8
K*(892)* 13 3463 1047
K;(1430)* | 88 94439 6+4

we must have an estimate of the K;(1430)" branching fraction. We assumg, = 0.5 and

calculate thep™ K3(1430)* BF in Tab.C.5

Table C.4: ML fit results for the higik *7° mass sideband.

Mode | Fit
pm(Km)§" 221 + 74
p K*(892)T | 9+67
p~ K3(1430)* | 76 4 36

sPlots are in FigC.1and projection plots are given in Fi§.2 The K7~ mass sPlots
are not shown as the fitter has no way to distinguish betweef§ii, K; ", andK;* components

without this observable in the fit.

C.5 Extrapolating p~ (Kn);" yields to the p~ K*(892)" mass region

The efficiencies for the various exclusive MC samples in hbthLMR and HMR are

given in Tab.C.6. Using these efficiencies and the branching fraction resejported in TalB.6,
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Table C.5: HighK+7° mass sideband results for K3 (1430)* from run 1-6 data. Uncertainties
are statistical onlyp~ (K);" results are in Tal8.6

ML fit quantity | p~ K3 (1430)*

Fit signal yield 76 + 36

Fit bias 6+4
Corrected yield] 92+39+5
MC € (%) 4.67(In) 9.41(tr)
[18; (%) 0.163

fr (assumed) 0.5
B(1079) | 13.0+£6.7

Table C.6: Number of events selected, number of MC eventsrgted, and selection efficiencies
for the K 7% LMR and HMR.T Ngenfor p~(Kn);* is the product of the number of 3-body phase
space events generated times the efficiencies to reweghi tr mass to a LASS distribution and
that of reweighting thé<, distribution.

LMR HMR
#evts  Ngen € # evts €
Run 1-6 Data \ 9705 — — 13259 —
p~ (K w)3+ 2046 171965 0.01190| 8125 0.04802

p” K*(892)" In | 21185 429000 0.04938 3638 0.00848

p” K*(892)" tr | 47963 429000 0.1118p 7293 0.01700
p~K3(1430)" In — 423000 — 19746 0.04668
p~ K3 (1430)T tr — 423000 — 39807 0.09411

we can extrapolate the fitted numberof( K)5t events into the LMR. We expect
Ny (gmypt = 60£23 (C.3)

in the K 7% LMR.

C.6 High K=" mass fit results

The run 1-6 inclusive fit results, including all floating PD& ameters:
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C.7 PDF plots for the high massk "= fit

PDF distributions for the high mag§* =Y fit are shown in FigC.3-C.9. The observables

are (left to right, top to bottom)AE, m s, F, mas$K T7), masgr— 7).
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Appendix D

High 777~ Mass Region Study

The previous analysis a8 — p"K*(892)° [28] included a high mass* 7~ resonance
as aBB background. To determine the importance of such high madesstwe open up the
m(nt ™) region to (0.47, 1.47eV, using the standard LMRS*(892)° mass region((75 <
m(KTn~) < 1.0GeV). We consider the resonancesy(770), fo(980) and f2(1270).

In the 2010 PDGZ], the f5(1270) has the properties:

mp,a20) = (12751 +1.2) MeV
[pazro) = (185.1739) MeV

B(f2(1270) — 7m) = (84.8724H)%.
In our MC simulation of thef2(1270), we use:

mf2(1270) = 1275MeV
Ff2(1270) = 185 MeV .
This study is performed in two stages, as in Agp. First, we obtain an “inclusive”

measurement of thé&*(892)" yield for the entirer™ 7~ mass range. For this, we use an ML fit

with with four observablesmpgg, AE, F, and masgk ™7~ ). Second, as we see a significant

191
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K*(892)° signal, we use the sWeighted7] dataset corresponding t§*(892)° signal and fit the
K*7~ mass spectrum to determine how many sighi&(892)° events are paired with &, f,, or
f2(1270).

We include the samé& B background components as in the LMR fit, determined in an
equivalent fashion to that described in SB@.1 After re-making the charmless ae cocktails
and re-running preselection on all samples, we expect fl@iog backgrounds in Run 1-6 data.
The(K);” component includes both th8( K ) and fo (K )i backgrounds, extrapolated from

the measured number of events in Agp.

Na;K* = 17
Np-.+ = 439

Npo = 931
Nchmis = 105

Nigemyo = 250 (D.1)

PDFs for all components are given in Fig.1-D.2.

D.1 Fit validation

To validate these fits, we perform 100 embedded toy expetsnas reported in Tal. 1.
The bias on the inclusiv& *(892)° yield is reasonable and)0% of the fits converge. For the signal

events, we embeg K*(892)° MC and assumg;, = 0.5.

D.2 “Inclusive” fitto K*(892)" signal with wide m(m*7 ™)

For the fit to on-peak run 1-6 data, we fix tiB3 background yields to the values listed

in Eq.D.1. There are 29147 on-peak events in the run 1-6 data set. Sbhksref the inclusive fit
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Table D.1: Results of an embedded toy study for the widte— region. BB background (see
Eq.D.1) is embedded with yields fixed. Each experiment includetZ23Vvents, where the differ-
ence is generated from tl@ background PDFs. We report the number of events embedded fro
MC (“Input”), the fit result with the average statistical @irand the bias on the yield. 100/100 fits
converged.

Mode | Input Fit Bias
K*(892)° | 1400 1456 +62 56 +4

Table D.2: On-peak Run 1-6 fit results fort7 < m(nt7n~) < 1.47 GeV. The fit is performed

in two stages, first extracting the inclusive*(892)° yield, then using the sWeighteli*(892)°
signal sample to fit for three™ 7~ mass hypotheses. The “Corrected” column has had the fit bias
subtracted off and includes a systematic uncertainty flusgrocedure.

\ Inclusive Exclusive Corrected

K*(892)° 1447 + 63 1391 + 63 + 28
p(770)0 K*0 577 £27+25 555427 +25+ 12
f0(980) K*0 2194+194+10 211 +£194+10+6
f2(127O)K*0 652 £ 27 £ 28 627 £27 28+ 13

Continuum 25929 + 173

are given in TabD.2.

We give the fit results after subtracting the fit bias in thert€oted” column of TakD.2.
For the exclusive yields, we subtract the appropriate isaaf the fit bias based on the fraction of
0%, fo, or f2(1270) events to the total. The uncertainty from this procedureicter as a systematic
error on the yield, which we define as half the fit bias on thatwesive yield® the uncertainty on
the total fit bias.

Fig. D.3 gives the projection plots with cuts on th& (892)° signal likelihood to improve
visibility of the signal events. FigD.4 shows the sPlots foAE, mgg, F, and mass{t =) from
the inclusive fit. Ther™7— mass is not used to discriminate between the signal and baakg)

hypotheses, but is included for reference.
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D.3 =7~ mass spectrum in sWeighteds*(892)° signal

After performing the ML fit to extract the “inclusivek ™ (892)° signal yield, we weight
the on-peak dataset with th€*(892)° signal sWeights. The weighted number of events in the
dataset i9448 events for run 1-6. We then fit the" 7~ invariant mass distribution over the range
(0.47, 1.47GeV to three hypotheses?, f,, and fo(1270). The PDF shapes for these hypotheses
are double Gaussians derived from signal MC. The fit resuitpbtted in FigD.5. The fit yields

are given in TabD.2.
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Figure D.5: Results of the fit to the™ 7~ mass spectrum for the sWeightéd(392)° signal
(points with error bars) in thé& 7~ mass region (0.75, 1.0§¢V. The solid blue curve shows the
total fit result, the green curve j8, pink is fy, and the dashed blue f&(1270).

Although we observe a large number £f(1270) events, we choose not to consider
f2(1270) K*(892)° as a signal in our analysis. There are several reasons for &ithough the

data seem to match the MC simulatggd 1270) shape, we cannot be certain that we are observ-
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ing f2(1270) events rather tharfy(1370) events (a resonance for which the 2010 P2Glists
m = (1200 — 1500) MeV andI' = (200 — 500) MeV; the decayf(1370) — =r is listed as
“seen”). Additionally, becausg,(1270)K*(892)" is a tensor—vector mode, it can be in &g, P—,
or D-wave state. Assuming we knew all the events were actyally270) K*(892)°, we could
measurefy, but given the unknown fraction ofy(1370) K *(892)° events, the problem becomes
quite complex.

Therefore we consider thg (1270) K*(892)" events as a background to theKx*" and
foK*0 analysis. The problem of whether we are seefa(1270) or fy(1370) events becomes
considerably less important in this case, as we are onlirdealith a small tail of these events

beneath our signal. For the LMR fit, we assume that all of tiessats aref,(1270) K *(892)°.

D.4 Extrapolating the f»(1270)K*(892)" yield into the LMR

The efficiencies forf,(1270) K*(892)° in both the LMR and wider ™7~ mass regions
are given in TabD.3. Using these efficiencies, we extrapolate the numbef, 0f270) K *(892)°

events expected in the LMR fit regidf.47 < m(r 7 ~) < 1.07) GeV:
Nf2(1270)K*O - 47 Z]I 3 . (D2)

Table D.3: Number of events selected, MC efficienciey @nd measured (extrapolated)

f2(1270) K*(892)° yields for the wide (LMR)7* 7~ mass region. For both the longitudinally

and transversely polarize}(1270) K*(892)°, 427000 MC events were generated. A longitudinal
fraction f;, = 0.5 is assumed.

Wide m(n ™) = (0.47,1.47) GeV | LMR m(x7~) = (0.47,1.07) GeV

# evts € measured yield | # evts € extrapolated yield
Run 1-6 Data | 29145 — 627 + 41 18792 — 47+ 3
f2(1270)K*% In | 50540 0.1184 - 4686 0.0110 —

f2(1270) K*0 tr | 87095 0.2040 — 5725 0.0134 —
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Control Sample Studies

The decays3? — D7t (D~ — KTr 7~ )andB? — D% (D° — K7~ 7°) have
similar topologies to the signal decays and large branchiangfions. They are used as calibration
channels. We apply the same selection criteria as desdritield. 6.2 except that then ., andm
mass criteria are replaced with a mass rahgé < mp- < 1.89 GeV orl.83 < mp, < 1.89 GeV
and noD meson veto is applied. We use the selected data to verifythatiL fit is performing
correctly and that the MC is properly simulating the AE, andmgg distributions. From these
studies, we extract small corrections to the MC distrimgiof A E andm g, which we apply to the
signal PDFs in our LMR and HMR likelihood fits (see Tabll). We find no correction necessary

for F.

E.1 B — D rn"with D~ — K*7r— 7 Control Sample
To study the agreement between data and MCHbr— p°K*°, we perform a ML fit
analysis ofBY — D~# T with D~ — K7~ 7. The branching fractions aré]|
B(B° - D n") = (2.68+0.13) x 1073
B(D™ — Ktr—n7) = (9.29+0.25) x 1072 .

200
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The ML fit includes two components: signal and backgrounde Signal comes from
539000 generated signal MC events (mode # 2437). The smiegfficiency is:(25.47 + 0.06)%.
Given the on-peak data sample 8f, 5 = (471.0 & 2.8) x 10%, we expec9900 + 1700 D7+
events. A fit to on-peak run 1-6 data finds a signal yiel@@f40 + 180 (statistical error only), in

reasonable agreement with expectation.

The PDFs are shown in Fig.1-E.2 The PDF variables amepg, AF, F, andD mass.

They are fit with the functions listed in TaB.1

Table E.1: PDF shapes used to fit the 7™ sample.

Variable | - Signal PDF Bkg PDF

mgs Crystal Ball ARGUS+ Gaus.
AFE Double Gaus. 1st order poly
F Asym. Gaus. Asym. Gaus.

D mass| Double Gaus.  2nd order poly

In order to evaluate the agreement between data and MC diorylave allow the “shift”
and “scale” signal PDF parameters to float in the fit to data. th® double Gaussian describing
AF, this applies the same shift to the means of both the coreah@aussians; the scale factor
multiplies only the core width. For the Crystal Ball desandpm g, the shift moves the mean and
the scale multiplies the width. For the Crystal Ball shapscdbingm g, we test allowing they
parameter to float; its value in data is consistent with MGe Thystal Ball parametet is fixed to

the signal MC valuep = 8.1 +0.8.

We find consistent shift and scale factor values across redl ofi on-peak data, so use the
values determined from floating those parameters in run at®. d he results are given in Tdb.2
We show projection plots for runs 1-6 in Fig.3, sPlots of signal and background are shown in

Fig. E.4
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Figure E.2:D~ 7" continuum PDFs based on on-peak sideband data from runs 1-6.
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Table E.2: Shifts and scale factors obtained from floatigmadi PDF parameters in the control
sampleB’ — D=7t with D~ — K*n 7.

Parameter \ D rt

AF shift (MeV) | —2.6240.13
AF scale factor 0.968 £+ 0.006
mgg shift (MeV) | —0.133 + 0.016
mpgs scale factor | 0.970 = 0.005

o
o
TT T
o
o
LA L

o
T Iol T T
1
Evgnts / £.002 GeV )
8
I

Eyents § 0.009293 geV )
3
I
o
o

o
o
TT T
o]

- 00 -
600[

C 400
400 r

J 200

200F

976~

- e e e e e e ...
-

o T ey b By | T el b b bewn b v a by boiw by o [
5265 527 5275 528 5285 $1-0.080.06-0.04-0.02 0 0.02 0.04 0.06 0.08 0.1
M, (GeV) AE (GeV)

Figure E.3: Projection plots fab~7" on Run 1-6 on-peak data 5 left, AE right. Points with
error bars represent data and the solid blue curves reprisefull fit function. The individual
fit components are continuum background (pink dashed)2ndr* signal (green dash-dot). The
plots are made with no cut on the signal likelihood, and dardd events in the sample.

E.1.1 FisherinB° — D—xt

We study the data—MC agreement for the Fisher signal PDF. \MbdiA L andmgg
shifts and scale factors to those given in Tal2 We then allow the Fisher signal PDF parameters
to float along with the signal and background yields. Theltesf this fit are compared with the

values obtained from MC in Tak.3.

Given that the data and MC values are consistent, we do ribtishisignal PDF parame-
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Table E.3: Fisher signal parameters for Data and MC from2her™ ML fit, as well as the Data-
MC difference.

Parameteﬂ Data MC Difference
Mean —0.658 £0.003 —0.6594 £ 0.0012 0.001 £ 0.003
RMS 0.429 + 0.002 0.4314 4 0.0008 —0.002 £ 0.002
Asym. 0.036 £ 0.010 0.028 £ 0.004 0.008 £ 0.010

ters forp" K*0, but do use these results to determine the systematic essociated with fixing the
Fisher signal parameters in th&K *0 fits. In determining the “ML fit yield” systematic fqu® K *0

(see Se9), we allow the PDF parameters to vary as

F mean shift = 04 0.003
F RMS shift = 0+£0.002

F asym shift = 040.010. (E.1)

E.2 B’ — D°7%with D' — K+7~ 7" Control Sample

To study the agreement between data and MCHEbr— p~ K**, we perform a ML fit

analysis ofB° — D79 with D° — K *#~x0. The branching fractions ar&]f

B(B® — D°z%) = (2.614+0.24) x 1074

B(D° — Ktr—n%) = (13.940.5) x 1072.

The ML fit includes three components: signBft — D°p*, and continuum background.
The signal comes from 1707000 generated signal MC eventdgrt@191). The selection effi-
ciency is: (10.11 &+ 0.02)%. Given the on-peak data sample8f; 5 = (471.0 £ 2.8) x 105, we

expect1727 & 171 D7 events.
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A study of BB generic MC showed the dominasit background to beBt — Dt
with D° — K*t7=x% We reconstruct exclusive MC (mode # 2441) and find an effogiesf
(0.294 + 0.003)%. Given the branching fraction @(B+ — D%p*) = (134 £ 18) x 1074, we
expect2577 4+ 354 events in the on-peak run 1-6 sample. We allow this yield tatfio the fit.

The PDFs are shown in Fig.5-E.7. The PDF variables amepg, AF, F, andD mass.

They are fit with the functions listed in TaB.4.

Table E.4: PDF shapes used to fit thér° sample.

Variable | Signal PDF  D%»* PDF Bkg PDF

mes Crystal Ball Crystal Ball ARGUS Gaus.
AFE Double Gaus. Double Gaus.  2nd order poly

F Asym. Gaus. Asym. Gaus. Asym. Gaus.
D mass| Double Gaus. Double Gaus.  2nd order poly
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In order to evaluate the agreement between data and MC diarylave allow the “shift”
and “scale” signal PDF parameters to float in the fit to data. th® double Gaussian describing
AFE, this applies the same shift to the means of both the coreah@aussians; the scale factor
multiplies only the core width. For the Crystal Ball desandpm g, the shift moves the mean and
the scale multiplies the width.

Due to the moderate statistics of this sample, we can rglitdrt these signal scale and
shift parameters only on the full dataset, not on individuak. In the fit to run 1-6 data, we also float
four continuum background parameters: thgs Gaussian fraction, the ARGUS exponent, and the
first and second degree polynomials describing. The signal andD®p~ yields are consistent
with expectation. The results of this study are tabulate@ain E.5. We show projection plots for
runs 1-6 in FigE.8, sPlots are shown in Fidg.9.

Table E.5: Fit yields for signal and background, as well aisshnd scale factors obtained from
floating signal PDF parameters in the control saniple— D7 with D° — K+7—xY.

Parameter | Fit Result
D 70 yield 1601 £ 87
D%p~ yield 2973 + 98
Continuum yield | 6574 £ 125
AFE shift (MeV) 14+3

AFE scale factor 0.89 4 0.06
mpgg shift (MeV) | —0.38 £ 0.13
mpg Scale factor | 0.84 4 0.04

E.2.1 FisherinB" — D%*

We study the data—MC agreement for the Fisher signal PDF. \\M@diA L andmpg
shifts and scale factors to those given in Tatband fix the backgrounch £ andm g parameters

to those determined in the above fit. We then allow the FisigeasPDF parameters to float along



Appendix E: Control Sample Studies 209

- , , e —_
> >
3 280
oo . 3
&t g70
5 [ g = ¢
880 . 260
o - c
St g
S =50
060~ ]
I 40
[ L
z
40 - 30
i 20
208
F et o X 0
T PR R il ATITATIT BT R obL i
D56~ 5265 527 5275 528 5285 0.15
Mes (GeV)
50-&IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIJ— —_~ FT
T 3%
° [ o F
g 80
o -
200 8 E
c S70F
Lﬁ i -~ F
C 260F
150 s
[ W50F
100 40¢
30F
50[ 20;
r 10F
L. aage, S ] 7% P83 184

fisher M,, (GeV)
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with the signal and background yields. The results of thiaritcompared with the values obtained

from MC in Tab.E.6.

Given that the data and MC values are consistent, we do ribtishisignal PDF parame-
ters forp~ K**, but do use these results to determine the systematic essociated with fixing the

Fisher signal parameters in the K*™ fit. In determining the “ML fit yield” systematic fop~ K**
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Table E.6: Fisher signal parameters for Data and MC frontitwe” ML fit, as well as the Data-MC

difference.

Parameted Data MC Difference
Mean —0.690 £ 0.019 —0.690 £ 0.001 0.000 £ 0.019
RMS 0.417 £0.014 0.4306 £+ 0.0007 —0.014 £+ 0.014
Asym. 0.056 £+ 0.068 0.036 £ 0.004 0.020 £ 0.068

(see Ch9), we allow the PDF parameters to vary as

F mean shift
F RMS shift

JF asym shift

0£0.02
0=+0.015

040.07. (E.2)



Appendix F

Tag 08 Fisher Discriminant

For event-shape discrimination, this analysis uses a Fidiseriminant based on four
variables sensitive to the production dynamics and evempeshthe polar angles (with respect to
the beam axis in thete~ CM frame) of theB candidate momentum and of tiizthrust axis; and
the zeroth and second angular momefgs of the energy flow, excluding th& candidate. The

moments are defined by
L; = Zpi X |cos O] (F.1)

wherei labels a track or neutral clustet; is its angle with respect to thB thrust axis, ang; is
its momentum. We call this discriminaifl;,p, and it is correlated with tagging category. We find
that 7. p is mildly correlated with tagging categor$], which identifies the flavor of the other
B in the event, and places it into one of six categories based tpw it is identified. Previous
analyses found somewhat improved separation betweenl sigdacontinuum background when
this correlation was remove87, 58].

To reduce this correlation, we first t;sp to a bifurcated Gaussian in each tagging
category; see Tali..1and Fig.F.1 As the data sample is dominated by continuum background,

we use a sample of on-resonance data passing’thie® preselection cuts witm g < 5.27GeV.

212
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Table F.1: Fit parameters from a fit with a Gaussian with diffe widths above and below the
mean to the Legendre Fisher for each Tag 08 Category. Thedifsaformed on on-resonance data
with mgg < 5.27GeV and are shown in Fidr.1 “Shift” is the value by whichF;sp was shifted

to remove the correlation betweén op mean and tagging category.

RarBifurGaus Params
Tag Name Tag Cat Mean Sigma Asym| Shift
Leptons 63 | —0.608 0.458 +0.184 +0.352
Kaon | 64 -0.226 0.487 —0.23% —0.030
Kaon Il 65 —0.248 0.453 -0.061 —0.009
Kaon-Pion 66 | -0.264 0.446 -0.028 +0.008
Pion 67 —0.249 0.435 -0.072 —-0.007
Other 68 | -0.252 0.436 -0.01% -0.005
No Tag 69 | -0.259 0.414 -0.024 +0.002

The resultant means are plotted as a function of Tag 08 agtéy&ig. F.2and fit with a Oth order
polynomial.
For this sample, fitting a linear polynomial gave a slope =test with zero, so the best-fit

line is given by the constant shift:
Frap = —0.256 £+ 0.002 (F.2)

We shift the value ofF; o p for each event such that the mean in each tagging categetf).256.

These shifts are listed in the last column of Tl

F.1 Effect of including tagging categories inF on charge asymmetry

One might be concerned that shifting tiemean for each tagging category could bias
the measurement of charge asymmetries. To test this, werpethe o K*(892)° analysis with
both the Tag08 fisher described above and the standard Lreggsiter. The results are tabulated
in Tab.F.2 Within uncertainties, the charge asymmetries are camisietween parameterizations.

We therefore do not apply a systematic uncertainty to.dur measurements due to shiftirsg
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Table F.2: Fitted value of charge asymmettigg for the p° K*(892)° analysis using the Legendre
or Tag08 fisher discriminant. The difference between theebhdge and Tag0& results is given in
“diff.”

| Legendrer Tag08F diff

Aen (0P K*0) | —0.030 £0.129 —0.044 £0.130 +0.014
Aen (foK*™0) | 0.069+0.126  0.079 +£0.126  —0.010
A, (Bkg) —0.032+£0.011 —0.031 £0.011 —0.001




Appendix G

Comparison to BB« Run 1-4 Results

In this chapter, we compare our results, restricted to thel.fd dataset (about half the full
run 1-6 dataset), to the previoBABAR measurements published in Re28[. The B? — pVK*0
and fo K*(892)° results are compared to BAD 12130]. The B® — p~ K** results are compared

to BAD 1430 9.

G.1 A note on sPlots and projection plots

We use both sPlotsA[] and projection plots to demonstrate visual agreement dstw
the fit functions and the data here, in Gh.and in the appendices. Projection plots include a cut
on the signal likelihood to enhance the visibility of sige&knts. To create sPlots, a separate fit is
performed in which the variable of interest (saygs) is removed from the ML fit, and the signal
yield and any floating background yields are calculated dbasethe remaining PDFs.

Depending upon the strength of the discriminating varidgleieg plotted in the sPlot, the
uncertainties on the fitted yields will increase. Additittymathe yields themselves often change
somewhat, especially in the case where one removes a maasledrom the fit, sayn(r*77),

but then displays the separateéand f, hypotheses (in this case, only the helicity distributioas ¢
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discriminate between these hypotheses). For instanceotn@al fit yield for B® — foK*(892)°

on run 1-4 is136 £ 17 events, but in the sPlot shown in Fi@.1 (center, 5th row down), the fitter
finds164+35 events, and this yield is reflected in the height of the fitépleurve. This occasionally
results (as in the case of thigk* (892)° m(7*7~) sPlot) in apparent discrepancies between the fit

function (as determined by all other variables) and the data which it is overlaid.

We have checked that all sPlot yields are sensible, givanuheertainties.

G.2 Comparison of p" K*(892)? and f,K*(892)" run 1-4 results

Tab.G.1compares the run 1-4 fit results, MC efficiencies, and SXFraten BAD 1211
and this analysis. The analysis in BAD 1211 uses SP5 and SRah&Canalysis uses SP10. We
compare the main differences in preselection cuts in GaB. Note: the results presented in this
section are from studies conducted with tigdbackgroundA,;, fixed; we now allow it to float. The
signal yields are not affected.

In our analysis, we float thg? K*(892)°, foK*(892)°, andqg background yields and
charge asymmetries, as well #is for p° K*(892)°. We also float 1%g background PDF param-
eters. We fix the yields of th&B backgrounds to: 99°(Kn)i0, 12 fo(Km)i°, 7a; K+, 25
f2(1270)K*°, 106 D7+, 219 D° cocktail, and 38 charmless cocktail events. The run 1-4 data
sample contains 9538 events. Fit biases are determinedamembedded toy study, and are de-
tailed in TabG.3. In Fig. G.1we present sPlots of our fit to run 1-4 data.

The agreement between thi *(892)° branching fractions is excellent. If one considers
only the statistical uncertainties on tifigh*(892)° branching fractions, assuming the two samples
to be independent (a poor assumption), then the two anadys@sto apart. We discuss this further
in Sec.G.2.1 In Sec.G.2.2 we compare our run 1-4,K*(892)° results to the measurement

of S-wave events by the K* analysis presented ir59, 60]. Assuming that these events are all
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Table G.1: Comparison of run 1-4 on-resonance data resulthis analysis and the one reported
in BAD 1211 [30]. The branching fraction results for this analysis incltige fit bias (see Talts.3).
Branching fractions are given in units ®9—5. For this analysis, only statistical uncertainties are
tabulated; final3 and f1, results from Ref.30] include systematic uncertainties.

Parameter \ BAD 1211 This Analysis
Acp (0" K*(892)%) 0.09 4 0.19 —0.07 £ 0.12
I ()Y K*(892)Y) raw 0.57 £ 0.09 0.45 £ 0.09
fit bias f1, —0.0194£0.008  —0.032 £ 0.010
N 0 (8920 FAW 185 4 30 201 + 27

fit bias IV o e« (5920 2.4+3.0 21 £ 2

e Ln (%) 19.8 £0.08 14.34 £ 0.05
€ Tr (%) 27.09 £ 0.10 25.07 & 0.06
SXF Ln (%) 19.2 £0.21 7.30

SXF Tr (%) 5.5 +0.05 1.86

[18; (%) 0.667 0.667
B(B? — pPK*0) 56 +0.9+1.3 5.8 +0.9

I (0P K*(892)Y) 0.57 £0.09 £0.08  0.48 4 0.09
Acp (0P K*(892)%) —0.17 £ 0.28 0.08 +0.12
Ny, k(3920 83+ 19 137+ 17

fit bias fo K *(892)° 6.8+2.1 1.54+14

€ (%) 21.740.17 18.30 £ 0.06
SXF (%) 11.240.3 4.13

[1B: (%) 0.667 0.667
B(B° — foK*9) | 2.6+£0.6+£0.9 4.6 £0.6
Ny 40880 = 220 8635 + 98
Aen (q9) —0.02 4+ 0.01 —0.031 £0.011
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Figure G.1: sPlots of (left to righ)° K*(892)°, foK*(892)Y, and continuum background. Plots
are, top to bottommpggs, AE, F,m(K*x~), m(r"77), H(KT7~), andH (77 ~). Points show
run 1-4 data, blue curves are the fit result computed withwivariable plotted.
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Table G.2: Comparison of salient cuts between tHi&™(892)° and fo K *(892)° analysis and the
one reported in BAD 1211. Masses are giver(daV.

Parameter | BAD 1211  This Analysis

mes (5.22,5.29)  (5.26,5.2803)
AE (—0.15,0.15)  (—0.1,0.1)

| cos Op| <0.8 < 0.7
cos O (—0.95,1.0)  (—0.85,1.0)

cos O (—0.95,0.95) (—0.9,0.9)
m(K+7-) | (0.767,1.017)  (0.75,1.0)
m(rtr=) | (0.520,1.146)  (0.47,1.07)

Table G.3: Results of an embedded toy study bk *(892)" based on the run 1-4 dataset (9538
events, total). We also embed: 84 K7);°, 12 fo(K7)i°, 7ay KT, 25 f2(1270) K*°, 38 charm-
less cocktail, 106D~ 7+, and 219D° cocktail events. We report the number of events embedded
from MC (“Input”), the fit result, the bias on that yield, arftetmean statistical error on the yield.
100/100 fits converge.

Mode | Input Fit Bias Stat. err.

PP K*(892)° 185 206 + 2 21 £2 27
fr (0" K*(892)Y) 0.48  0.446 £0.010 —0.034 £0.010  0.092
Acn (0°K*(892)%) | —0.039 —0.034 £0.012  0.005+0.012  0.063

FoC*(892)0 134 135.5 + 1.4 1.5+ 1.4 18
Aon (foK*(892)°%) | —0.039  —0.0224+0.014 0.017+0.014  0.064

fo — K+t K~, we can comparg, K *(892)° branching fractions.

G.2.1 Discussion offy K*(892)° comparison

As shown in TabG.1, the agreement between tighc *(892)° yields/BFs for the nominal
analysis and that reported in BAD 1211 is, on the surfacestipreable. We find 36 + 17 events;

BAD 1211 reports33 + 19. By looking at sPlots, we can see that most of the differea@result

'The results discussed in this section use theBld< )5 PDF forH,,.
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of the different signal and3 B background models used in the two analyses. In Gig.(top) we
show the sPlots from Fig. 34, p. 59 of version 10 of BAD 1230][ These are “Standard fit sPlots
for the K*9p° analysis weighted bYAE, m g and the neural network s-weights for the signal.”
The bottom plots in FigG.2are from p. 57, Fig. 33 of BAD 1211, and show the equivalentsplo
for the “wide” fit. We can reasonably compare the BAD 12a4r "7 ~) plots in Fig.G.2with the

m(nt ™) distribution for inclusivek *(892)° signal from App.D, shown here in FigG.3.

|3g T[T
1oa F T+
wl

JF

1 1 1 1 1 3
[ 13 L3 Lt L3 04 07 08 08 1 L1 17 13 ld S
M- (GeVie’) Mo {Gavrie)

Figure G.2: Signal sPlots from BAD 1213(] of the K*° mass (left) andr*7— mass (right),
weighted byAE, mgg, and the neural network. Top plots are from the strict fit, alihfinds
Ny k#8920 = 83 &+ 19 events; bottom plots are from the wide fit withy, z«(g92)0 = 107 £ 25
events.
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The comparison between these plots is not exact; Gig.was generated using only
AE, mpg, and the neural network as discriminating variables, wdgefeg.G.3includes also the
K*(892) mass. Thus one expects somewhat mBie background in ther* 7~ mass distribu-

tions from BAD 1211. Still, by eye, the fit function in Fig.2 (top) underestimates the amount
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projection of Mpwith IRatioFunc_mRho>0.0
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Figure G.3: Results of the fit to the" 7~ mass spectrum for the sWeight&d (892)° signal (points
with error bars) in theK "7~ mass region (0.75, 1.0)eV. The solid blue curve shows the total fit
result, the green curve j&, pink is fo, and the dashed blue (1270). This fit finds126 + 16
foK*(892)° events, corresponding to a BF@f0 4 0.5) x 1075, See AppD for details.

of fo present in the data, as it undershoots the high bin. In&ig. the non-resonanfj(1370)
background also represents a considerably larger numbevenits beneath thg peak than the
f2(1270) does in FigG.3

Additionally, we note that the “wide fit” from BAD 1211 (Figs.2 (bottom)) found
Ny #8920 = 107 & 25 events,24 events more than were seen in the “strict” fit though the ef-
ficiency (not documented) is presumably similar betweenwiogfits. The PDF in the wide fit sPlot
better describes th&, peak, so one could argue that tfieresults from the wide fit may be more
reliable than those from the standard fit. The calculated B&b. 23 and 24 in BAD 1211) are
B(B? — foK*) = 2.94 + 0.68 for the wide fit and2.60 + 0.60 for the strict, in units oft0~¢; this
is less of an increase than | would naively expect, given ible gifference.

In another study from BAD 1211, in which the PDF for tB€ — p° K*+7~ background

is altered to better match the data as observed in sPlotg, #5892)" yield increases ta12 + 26
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Table G.4: Comparison aBB background categories from BAD 1211 and this analysis. Back
ground conditions are quite different between the two a®ythe total number of events to fit is:
N(BAD 1211) = 49500 vs. N (this analysi$ = 9538.

BAD 1211 This Analysis
BY — D~ gt BY — D¢t
BY — cpeaking (naD—7t) —

B — ¢ non-peaking —

Bt — ¢ —

— DY cocktail withD? — K—ntr79

BY — K*r~ £,(980) S-wave K7~ f5(980) & (K)50 fo(980)
B — K*0f£,(1370) B — K*0f,(1270)

BY — K+~ fo(1370) —

BY — K*O0ptg— —

BO N K**+7T_ _

BY — Ktr=p° S-wave K T~ p° & (Km)y"p"
BY - Ktr—ntn— —

B — charmless peaking —

BY — charmless non-peaking —

— BY — ay KT with ay — o7~
— BY/+ — charmless cocktail

events on the wide fit, corresponding to a BRBa&8 + 0.71 (Tab. 25, p. 61).

The BB background components included in this analysis and th@umsented in BAD

1211 are quite different. The background categories fdn bitst are listed in TakG.4.

In BAD 1211, the analysts used( f,(1370)) = 1.35 GeV andI'(fy(1370)) = 0.2 GeV,
compared with theg(1270) parameters used here ofi( f2(1270)) = 1.275 GeV andl'( f2(1270)) =
0.185 GeV. Given the clear peak in Fig.3 the data indicate that we are justified in considering a

structure with mass and width corresponding to those off#(1€270).

The study of the highk 7~ mass sideband (ApjB) indicates that the amount &f° —
Ktx—7T7~ in the sample, where we assume thie 7~ state isS-wave, can be fixed to zero.

The study in AppD also provides good evidence that we do not need to considen-aesonant
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B’ — K*97*t7~ component, as the fit in Fig5.3 is excellent without a phase-space-distributed
non-resonant 7~ mass.

Given these studies of high mass sidebands, as well as thstigation of dominant
B backgrounds from thé B generic MC (see Sed..2.1), we have high confidence that we are
accurately accounting for thBB backgrounds in this analysis. Comparing ther— mass sPlots
in Fig. G.2to ther™ 7~ mass distribution of{*(892)? events in FigG.3suggests that much of the
observed discrepancy in thig K *(892)" yield may be a result of the different background models

employed by the two analyses.

G.2.2 Comparison offy — 7*7~and f, — KK~ for B® — fyK*(892)°

We can also compare our measured run fz&*(892)" branching fractiof with that
obtained by theB? — ¢K*0 analysis 9, 60], as thef, decays both tort7— and K+ K~ final
states. When comparing with thegd*" analysis, we must make several assumptions. First, the
analysis measured only @hwave K * K ~ state (usingfo K *(892)" MC to generate the PDFs), but
did not attempt to distinguish betwedh anday resonances. For this comparison, we will assume
that all the measurefl-wave K ™ K~ is fy. The relevant experimental values from BAD 1488
are given in TabG.5.

To compute theB® — fuK*(892)° branching fraction, one must take into account the

mn and K K branching fractions of the,. We follow the PDG 2] and define

Llrm) (G.1)
[(rm) + T(KK)

R

A BABAR measuremen@fl] based on thes " K~ K DP findsR = 0.52 4 0.12 [2], but

most prior measurements of this ratio fiRd~ 0.75. Additionally, isospin gives us the ratios,

INC _2 and I(KTK™) _ 1 (G.2)
[(7m) 3 I'(KK) 2 '

*The results discussed in this section use thep8ld<);° PDF forH,,.
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Table G.5: Experimental values related88 — fyK*(892)° measurement withfy — K+ K~
from Ref. B9, 60]. The S-wave K+ K~ K*(892)" yield is assumed to b K *(892)°.

Parameter Value

Generatedy K*(892)° MC 103000 events
Selectedfy K*(892)° MC 21030 events

MC € 0.2042
NfoK*(892)O 88 Il: 18 ,
Ngpp 384 x 10°

Table G.6: Calculations of the total branching fract®B° — f, K*(892)°) for two experimental
values of therr to KK f, decay branching fraction.

B(B° — foK*(892)%) (1079)
Analysis R=05 R=0.75

This analysis 9.4 6.2
¢oK* analysis| 4.5 9.0

Using these, we calculaté(B® — f, K*°) for both R = 0.5 and0.75 for our run 1-4 result and the
run 1-5 result reported in BAD 1428 (see T&h6). A value of R of around0.65 would give good
agreement between our run 14K *(892)° measurement and the scal# K ), K * measurement
from [59, 60], suggesting that oufy K *(892)° yield compares favorably betwegp — =+ 7~ and

KTK~.

G.3 Comparison ofp~ K*(892)* run 1-4 results

We fit run 1-4 on-peak data and compare the results to thequeri K*(892)" analysis
described in BAD 143079]. The results are given in the “Nominal” column of T&b.7. We float

thep™ K*(892)™ andqg background yields and charge asymmetries, as well &sr p~ K*(892) 7.
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Table G.7: Comparison of run 1-4 on-resonance data resrt#his analysis of3° — p~ K**
and the one reported in BAD 143R9]. Branching fractions are in units aH~% and are calculated
including the fit bias. Only statistical uncertainties abulated.

This Analysis
Parameter BAD 1430 Nominal Comparison
N, k= (392)+ 60135 120 + 20 121 + 23
fit bias N,y (s92)+ 5.7 13+2 15+2
fr (p~ K*(892)T) —0.1879:32 0.27 £ 0.15 0.43 +0.14
Acp 0.006 £0.332  0.21+0.16  0.07+0.18
e Ln (%) 6.90 & 0.06 4.94 5.96
e Tr (%) 13.76 4 0.09 11.18 12.08
SXF Ln (%) 38.440.5 21.9 29.5
SXF Tr (%) 23.0+0.3 12.9 13.3
[1B; (%) 0.333 0.333 0.333
B(B® — p~ K**) 5.5753 14.1+3.1 142435
Ng 15649 + 172 4605 + 71 19245 + 141
Acn (q0) 0.005 4 0.008  —0.063 + 0.015 —

Table G.8: Results of an embedded toy studygfoik*(892)" based on the run 1-4 dataset (4832
events total). We also embed: 2I(K7);", 65D, 4a7 KT, and 5pT p~ events. We report
the number of events embedded from MC (“Input”), the fit restlle bias on that yield, and the
mean statistical error on the yield. 100/100 fits converge.

Mode | Input Fit Bias Stat. err.
N, ic-(sozy+ | 108 121 + 2 1342 21

fr 0.26 0.273 £0.022 0.013 £ 0.022 0.17
Acn —0.072 0.012 +0.018 0.084 4+ 0.018 0.083

We also float 13, background PDF parameters. We fix the yields of 28 backgrounds to: 21
p~(Km)§t,65D% ™, 4a; KT, and 5p7 p~ events. The run 1-4 data sample contains 4832 events.
Fit biases are determined from an embedded toy study, ardktaied in TakG.8 In Fig. G.4we
show sPlots from the nominal” K*(892)™ fit.

The agreement between the measured BF in this analysisepdavious analysis is poor.

Many preselection requirements differ between the twoyasesl the most important of these cuts
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sPlots op~ K*(892)" (left) and continuum background (right). Plots

are, top to

bottom:mgs, AE, F, m(K*7°), m(r7~), H(K "), andH (77 ~). Points show run 1-4 data,

blue curves are the fit result computed without the variali@en.
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Table G.9: Comparison of salient cuts between thig *(892)" analysis and the one reported in
BAD 1430. Masses are given ikeV. The “Comparison” analysis reproduces the BAD 1430 cuts
as closely as possible in order to compare results on runétat d

This Analysis
Parameter BAD 1430 Nominal Comparison
mgs (5.23,5.29) (5.26,5.2893) (5.23,5.29)
AFE (—0.12,0.15) (—0.17,0.1) (—0.12,0.15)
| cos 0| < 0.87 < 0.7 <0.8
cos O (—0.8,0.98) (—0.8,1.0) (—0.8,0.98)
cos Orr (—0.8,0.98) (—0.8,0.9) (—0.8,0.98)

m(xT7%) | (0.396,1.146)  (0.47,1.07)  (0.396,1.146)
m(K+7%) | (0.767,1.017) (0.75,1.0)  (0.767,1.017)

m(7) (0.10,0.16) (0.12,0.15) (0.10,0.16)
70 LAT (0.01,0.6) — (0.01,0.6)
79 Energy — < 0.25 —
KT PID KaonLHT KaonBDTT KaonLHT
IElectronMicroT IElectronMicroT
IProtonLHT 'ProtonLHT
7~ PID IKaonLHT PionKML IKaonLHT
IElectronMicroT IElectronMicroT
IProtonLHT 'ProtonLHT

are shown in TabG.9. To investigate whether the difference in measured bragctiactions is a
result of cut differences (rather than an effect of reprsicgsor model differences), we attempt to
reproduce the cuts from BAD 1430. Tdb.9lists the cuts used for this “comparison” study. We are
only able to loosen theos 61 cut to | cos fr| < 0.8 without re-reconstructing all of our samples.
After performing the “comparison” preselection, we re-makir standard background samples and
all PDFS. We again validate the fits with toy studies, and use an ensgukthy study to calculate

the fit bias.

The results of this “comparison” fit are given in T&.7, where—despite the rather differ-

ent background conditions—the agreement with the curneallyais remains good. This indicates

3The results discussed in this section use thep8ld<);° PDF forH,,.
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Table G.10: BB background categories and run 1-4 yields for the BAD 1430yaisaand the
“comparison” analysis o830 — p~ K*T.

BAD 1430 “Comparison” Analysis
Bkg type yield Bkg type yield
Charm 2030 4+ 126 | D%~ 138
Charmless 58.2 |a KT 9
p~ Ktrd 87.2 pTp” 8
K*tq=q0 37.6 p~ (Km)§t 26

that the yield difference observed between the currentyaisadnd that described in BAD 1430 is
likely due to reprocessing, model differences, and siedisfluctuations. We discuss some specific
differences between BAD 1430 and the comparison analysisvbe

Due to the increased background conditions in the “compatianalysis, one could argue
for an additional charmless cocktd#l B background component. An embedded toy study investi-
gating the bias resulting from not including this comporgente a bia2.7 + 3.6 events larger (on
a study of the full run 1-6 sample with an expected signal BE.#fx 10~6) than in the case where
this charmless cocktail background was not embedded. Adbihas increase is not statistically sig-
nificant, we choose not to include a charmless cocktail backyl component in the “comparison”
fit, thereby keeping the same background categories as mothénal fit (see Sed.2.2.

We compare thés B background models in this “comparison” analysis and BADQ,43
and show them to be quite different. The tofaB background fit in BAD 1430 i2213 + 126
events, whereas in my comparison analysis it is 181 everite. BIB background categories are
tabulated in TabG.1Q all yields are fixed in the fit except for BAD 1430’s charm campnt.

BAD 1430 does not specify the makeup of the “charm” compordrthe BB back-
ground. The “charmless” component is a cocktail of 12 exetu$ —charmless modes, including
BY — a; Kt (7.6 events) ang*p~ (11.9 events). The non-resonaB3 background yields in

BAD 1430 come from allowing the NR yields to float in fits withder K +7° or 7+ 7% mass ranges
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(for p~ K*x% and K**7~ 7Y, respectively). The~ K= fit allows for ap~ K3 (1430)" compo-
nent, but no discussion is made of describing the non-regdfiar’ with a LASS parameterization,
so we conclude that the analysts used a phase space model.

A more thorough comparison between the two analyses woulttiffieult given that an-

other analyst performed the run 1-4 measurement in 2006.
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