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Abstract

This thesis presents the branching fraction measurement of the 7= — K~ (n7%)v,
(n =0,1,2,3) and 7= — 7 (n7°)v, (n = 3,4) decays. The measurement is
based on a data sample of 435 million 7 pairs produced in eTe™ collisions and
collected with the BABAR detector in 1999-2008. The analysis is validated using
precisely known 7 decays as control modes. The measured branching fractions are
B(t~ — K~v;) = (7.100 £ 0.033 £ 0.156) x 1073, B(r~ — K~ 7v,) = (5.000 +
0.020 & 0.139) x 1073, B(7~ — K~ (27%)v,) = (5.654 £ 0.144 £ 0.323) x 1074,
Bt~ — K= (37°%)v,;) = (1.642 4+ 0.279 + 0.375) x 1074, B(r~ — 7~ (37%)1,) =
(1.21640.010£0.047) x 1072, B(1~ — 7~ (47%)v,) = (1.041£0.067+0.090) x 1073,
where the first uncertainty is statistical and the second systematic. The branch-
ing fraction B(7~ — 7~ (47°)v,) is measured for the first time. The precision of
the results is comparable or significantly improved with respect to previous mea-
surements. The branching fraction B(t~ — K~ v;) is combined with a lattice
QCD calculation of the kaon decay constant to obtain the Cabibbo-Kobayashi-
Maskawa matrix element |V,,s| = 0.2224+0.0025(exp)£0.0029(theo). The branch-
ing fractions of the 7 decays into a kaon are combined with the current world
averages. The resulting averages are used in the determination of the total 7
branching fraction, B, into strangeness |S| = 1 final states. Bs is used in con-
junction with |V,,4| and a small SU(3)-symmetry breaking correction to compute
|Vius| = 0.2176 4 0.0025(exp) £ 0.0010(theo).

Kurzfassung

In dieser Arbeit wird die Messung der Verzweigungsverhéltnisse der 7= —
K= (na%v; (n =0,1,2,3) und 7~ — 7~ (n7)v, (n = 3,4) Zerfille vorgestellt.
Die Messung basiert auf einem Datensatz von 435 Millionen 7-Paaren, die in
ete™ Kollisionen produziert und mit dem BABAR-Detektor in den Jahren 1999-
2008 aufgezeichnet wurden. Die Analyse wird mit gut bekannten 7-Zerféllen
validiert, die als Kontrollkanéle verwendet werden. Die gemessenen Verzwei-
gungsverhéltnisse sind B(r~ — K~ v;) = (7.100£0.033+0.156) x 1073, B(r~ —
K=7m%,) = (5.000 £ 0.020 & 0.139) x 1073, B(r— — K~ (27%)v,) = (5.654 +
0.144 £ 0.323) x 1074, B(t— — K~ (37%)v,;) = (1.642 £ 0.279 + 0.375) x 1074,
Bt~ — 7= (37%v,) = (1.216 £ 0.010 £ 0.047) x 1072, B(t~ — 7~ (41°)v,) =
(1.041 £ 0.067 & 0.090) x 1073, wobei die erste Unsicherheit statistisch und die
zweite systematisch ist. Das 7= — 7~ (47%)v, Verzweigungsverhéltnis wird
erstmalig gemessen. Die Genauigkeit der Ergebnisse ist hinsichtlich fritherer
Messungen vergleichbar oder signifikant verbessert. Das Verzweigungsverhalt-
nis B(t~ — K v;) wird in Verbindung mit einer QCD-Rechnung der Kaon-
Zerfallskonstante zur Bestimmung des Cabibbo-Kobayashi-Maskawa Matrixele-
ments |Vys| = 0.2224 £+ 0.0025(exp) =+ 0.0029(theo) verwendet. Die Verzwei-
gungsverhéltnisse der 7-Zerfille in ein Kaon werden mit den Weltmittelwerten
kombiniert. Die resultierenden Mittelwerte werden in der Bestimmung des
Gesamtverzweigungsverhéltnisses Bs fir Endzustdnde mit Strangeness |S| = 1
verwendet. Aus Bg zusammen mit |V,4| und einer kleinen, die SU(3)-Symmetrie
brechenden Korrektur wird |V,,s| = 0.2176+0.0025(exp) £0.0010(theo) berechnet.
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1. Introduction

The 7 lepton is the heaviest known lepton in the Standard Model [1, 2, 3] of particle
physics with a mass of 1.78 GeV/c? [4]. Tt is the only lepton that can decay into hadrons.
Hadronic 7 decays can be used for a variety of Standard Model tests [5]. The invariant
mass spectra of the hadronic final states offer the possibility for investigations of QCD
dynamics. Predictions of the pion and kaon decay constants from lattice QCD can be
tested. Furthermore, the strong coupling constant ag can be measured at the scale of
the 7 mass. This analysis is focused on the determination of the coupling strength of the
W~ exchange boson' to a s quark current, a fundamental parameter of the Standard
Model. It is described by the element V,; of the Cabibbo-Kobayashi-Maskawa (CKM)
quark-mixing matrix [6].

Figure 1.1 shows the Feynman diagram of a hadronic 7 decay into a hadronic final
state with S = 1, where S is the strangeness quantum number. Strange 7 decays
are suppressed by the factor |Vi|?/|Vua|* =~ 5% [4], where V,4 describes the coupling
strength of the W~ to a ud quark current, with respect to the hadronic 7 decays with
S =0.

Experimentally, |V, can be determined from the branching fractions of 7 decays
into an odd number of kaons. It can be either obtained from exclusive 7 decays us-
ing predictions for the hadron decay constants [7], or from the inclusive 7= — X[ v,
branching fraction [8], where X is a final state with S = 1, independently from the
hadron decay constants. The inclusive branching fraction is determined from the sum
of all measured exclusive strange 7 branching fractions.

The vast majority of available hadronic 7 decay measurements was performed by the
ALEPH, DELPHI, OPAL, and CLEO experiments [4]. The results for strange 7 decays
were limited by the statistical precision [5]. In recent years, several new measurements
of 7 decays have been performed by the BABAR and Belle experiments which recorded
very large 7-pair data sample in eTe™ collisions at center-of-mass-energies of 10.58 GeV.

S
VUS
T —— W- a
Vr

Figure 1.1.: Feynman diagram of the hadronic 7 decay into a final state with |S| = 1.

LCharge-conjugate states are implied throughout the thesis.
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The sum of the current world average branching fractions of strange 7 decays results
in a |V,s| value which deviates by more than 3¢ from the prediction derived from the
unitarity conditions of the CKM matrix. It also deviates from the |Vs| measurements
in leptonic and semileptonic kaon decays which are experimentally and theoretically
complementary [9]. With these measurements a relative |V,5| uncertainty of ~ 0.6%,
limited by the theoretical uncertainty, is achieved. The |V,,| determination from in-
clusive strange 7 decays has a total relative uncertainty of &~ 1.4% and is limited by
the experimental uncertainty of the individual branching fraction measurements. A
measurement of strange 7 decays with an improved precision is therefore an essential
step to understand the observed deviation. This thesis contributes to this effort.

The 7 dataset of 435 million 7-pairs recorded by the BABAR experiment is used to
measure simultaneously the branching fractions of the decays

T = K v,

7 —= K 7%,
T — K (270,
7 — K (37%,,
7 =7 (37,

(1.1)

7 =1 (47°) ;.

The first four branching fractions contribute to the inclusive strange 7 decay branch-
ing fraction. The 7= — 7 (37%)r, has so far only been measured by the ALEPH
collaboration, and the 7= — 7~ (47%)v, is measured for the first time in this work.

In this thesis, 7 decays are selected from the recorded BABAR ete™ dataset. Several
criteria are applied to reduce background events. From the numbers of selected signal
events the branching fractions are determined taking into account that signal decays can
be misidentified as other signal modes, and, thus, can contribute to the background.
Simulated events are used to develop the selection criteria and to obtain signal and
background efficiencies. Various corrections to the simulation are derived using con-
trol samples to improve the description of the data. Preliminary results for the six
branching fractions were already presented in the doctoral thesis of Stefan Schenk [10]
which has been used as a starting point for this analysis. In this thesis a similar event
selection strategy is used, and also the method to simultaneously determine the branch-
ing fractions and their uncertainties (Chapter 10) is adopted. However, the analysis is
significantly expanded. Besides modifications to the event selection criteria, the well
known 77 — 7 v; and 77 — pu”V,v, modes are selected as additional control modes
used to cross check the event selection. Furthermore, different approaches to derive
corrections of simulated events related to the 7% reconstruction efficiency as well as to
hadronic shower fluctuations are used. Moreover, the identification of charged particles
is revised, and a correction of the simulated kaon and pion identification efficiency is
developed using control samples with 7 decays into three charged particles.



2. Theory of hadronic T decays and
experimental status

In this chapter a brief overview of the Standard Model of particle physics is given, fol-
lowed by an introduction to the theoretical background of the analysis presented in this
thesis and the experimental status of hadronic 7 decays. Furthermore, various methods
to determine the magnitude of the Cabibbo-Kobayashi-Maskawa matrix element V,,
are presented with particular focus on the determination of |V,| from strange hadronic
7 decays.

2.1. The Standard Model of particle physics

The Standard Model of particle physics [1, 2, 3] is a gauge theory which describes the
fundamental particles and their interactions. Three of the four known fundamental
forces are included in the standard model: the strong, the electromagnetic, and the
weak interaction (see Table 2.1). The fourth known interaction, gravity, could not yet
be incorporated.

The interactions are mediated by gauge bosons with spin 1. These exchange particles
are the massless gluons for the strong interaction, the massless photon for the electro-
magnetic interaction, and the massive W* and Z° bosons for the weak interaction.

The elementary particles which are the building blocks of matter are the fermions
with spin-1/2. For each fermion also an anti-fermion exists. Fermions are divided in
two groups: leptons (three charged leptons and three neutral leptons, the neutrinos)
and quarks. The quarks and leptons are ordered in three families. Table 2.2 lists
the fermions with their masses. Neutrinos are massless in the original version of the

Table 2.1.: Fundamental forces in the Standard Model of particle physics. The strong, the electromag-
netic, and the weak interactions are mediated by the gluons, the photon, and the massive
W and Z° bosons, respectively.

Interaction Exchange boson Boson mass
Strong Gluon (g;...g3) 0
Electromagnetic Photon 0
Weak w*, 29 80 GeV/c?, 91 GeV/c?
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Table 2.2.: Fundamental particles in the Standard Model of particle physics. The masses of the
particles given in brackets are taken from [4].

Family ‘ Quarks Leptons
‘ up-type down-type ‘ charged neutral

1| u(2 MeV/e?) d (5MeV/e?) | e (511keV/e?)  ve (< 2 eV/c?)
2 | c(1.25 GeV/e?) s (95MeV/c?) | p (106 MeV/c?) v, (< 0.19 MeV/c?)
3 |t (174 GeV/e®) b (42GeV/e?) | T (1.78GeV/e?) v (<18.2 MeV/c?)

Standard Model. However, as summarized in [11], various experiments have measured
neutrino oscillations indicating that neutrinos have mass which requires an extension
of the Standard Model.

The Standard Model contains one additional particle, the Higgs boson, which is a
spin-0 particle, which generates the mass of all other particles through its coupling to
the boson and fermion fields. The Higgs is the only particle whose existence has not
yet been experimentally confirmed.

2.1.1. The strong interaction

The quarks carry color charge, which is the charge of the strong interaction. Three
values of color charge exist which are usually denoted as red, green, and blue. Quarks
can be grouped in triplets of the SUcs(3) color symmetry group . This results in 8
exchange particles, the gluons, which also carry color. Due to the possible gluon-gluon
coupling the coupling constant ag increases with the decrease of the ¢?-value and with
large distances of the quarks which therefore only exist in bound states.

2.1.2. The electroweak interaction

Table 2.3 lists the fermions with their weak quantum numbers. The quarks and charged
leptons can be either left-handed (L) or right-handed (R) since the chiral symmetry is
broken for massive particles. Neutrinos which are massless in the Standard Model do
not have a right-handed component. The weak interaction only couples left-handed
particles. Left-handed fermions are grouped in doublets of SU(2),, gauge group, which
describes the symmetry of the weak isospin 7. Right-handed particles are SU(2)
singlets. Glashow, Salman, and Weinberg [1, 2, 3] found that the weak and the electro-
magnetic interactions can be unified by considering a combined SU(2);, x U(1)y gauge
group, where Y is the hypercharge given by Y = 2(Q — T3), with @) being the electric
charge and T35 the third component of 7.

The main subject of this thesis are 7 leptons which can only decay weakly in the
Standard Model. The 7 decays proceed through the exchange of a W~ boson. The
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Table 2.3.: Fundamental particles in the Standard Model of Particle Physics. The particles are charac-
terized by the charge @, the weak isospin T, its third component T3, and the hypercharge
Y. The prime indicates the quark eigenstates with respect to the weak interaction which
are different from the mass eigenstates. The indices L and R denote left-handed and
right-handed fermions.

Qle T T3 Y
Quarks
@, ¢, G, 5550
T A e
UR CR tr +§ 0 0 —0—%
dp SR br -+ 0 0 =2
Leptons
<1/e> <Vu> (1/7-> 0 % +% -1
)L ) /L -1 % —% -1
eRr IR TR -1 0 0 =2

part of the Standard Model Lagrangian [12] which describes the interaction of quarks
and leptons with the W~ is

g . . _
Leoc = 3 (chwff +]5EW“) (2.1)

where g is the weak coupling constant, Wf denote the W= fields, and j£ is the charged
current which can be written as follows:

€er, dL
j,(fc = (Ter, Upr, )V | oo | + (@rsCr, t) vV | se |, (2.2)
TL br

where the index L denotes left-handed fermions, and +, are Dirac matrices. The first
term is the charged current for charged leptons and neutrinos, and the second term for
quarks. The matrix V' describes a transformation of the mass eigenstates (d, s,b) into
the eigenstates of the weak interaction (d',s’,b'):

/

d Vud Vus vub d
s|1=Vea Ves V| |s]- (2.3)
b/ V;fd %s %b . b

This matrix is called the Cabibbo-Kobayashi-Maskawa (CKM) matrix [6] and is denoted
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as Vekw in the following. Viokw allows for transitions not only within one quark family
but also between different quark families. The CKM matrix is the origin of the flavor
changing charged currents observed in weak decays. A similar matrix occurs in the
lepton term if massive neutrinos are considered. The mixing matrix in the lepton
sector is called Pontecorvo-Maki-Nakagawa-Sakata (PMNK) matrix [13].

The complex Ve elements V;; multiplied with % are the coupling constants of the

quarks 7 and j to the W™ boson. Since the sum of the transition probabilities, which
are proportional to |V;;]?, of a quark ¢ into any quark j has to be equal to one, Vo
has to be unitary, i.e., Vexn Ve = 1.

Properties of the CKM matrix
The unitarity of the CKM matrix is expressed by the following conditions on the matrix
elements: , ,

Oife# 7

=1 Jj=1

Lifie (2.4)
A complex 3 x 3 matrix like Vg has in principal 18 free parameters. This number
is reduced to 9 by the unitarity conditions. Moreover, 5 phases can be absorbed into
quark fields leaving a final number of four free parameters. These four parameters are
free parameters of the Standard Model. The Standard Model can therefore be tested
by the measurements of the CKM matrix elements and their relations. Any deviations
from the unitarity conditions of the CKM matrix are a hint for physics beyond the
description of the Standard Model.

The CKM matrix which describes a rotation in flavor space can be parametrized by
identifying the four free parameters as three Euler angles, O3, O3, and O3, and a
phase d13. Vo can be then described by three rotation matrices, where one matrix
contains a phase factor e

1 0 0 C13 0 8136_i613 C12 S12 0
VCKM: 0 Ca3 S93 O 1 0 —S12 C12 0 s (25)
0 —S893 (a3 —81362513 0 C13 0 0 1

where s;; = sin ©;; and ¢;; = cos ©;;. The complex phase ;3 is the only source of CP
violation in the Standard Model [6].

The elements of the CKM matrix show a hierarchy [4]. While the diagonal elements
of Vekw are close to one, their size decreases with the distance to the diagonal. This
means that transitions of quarks within one family are most probable, while transitions
between the first and third family have the smallest probability. This hierarchy is
reflected in the Wolfenstein parametrization which is an expansion of Voky in the
parameter A = sj3. In order O(A*?) the matrix is given by:

1—)\%/2 A AN (p —in)
Vokum = - 1—\2/2 AN? + O(4) (2.6)
AN(1 —p—in) —AN? 1

where A, p, and 7 are the three remaining free parameters in this parametrization.
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s ) d )
Vus Vud
W~ W~
T Vr T Vr
(a) 7~ — asv, (b) 7~ — udv,

Figure 2.1.: Feynman diagrams of hadronic charged current transitions occurring in 7 decays. Charge
conjugate transitions are implied.

CKM matrix elements in hadronic 7 decays

The CKM matrix elements which are relevant for hadronic 7 decays are V,4 and V.
Kinematically only the 7 decays to the light quarks are possible. The matrix elements
enter the decay amplitudes as coupling strength. The square of these elements corre-
spond to the probabilities of the quark transitions u <> d and u <+ s shown in Figure 2.1
The unitarity condition of the Vi which contains both elements is

|Vud|2 + |Vus|2 + |Vvub|2 - 1a (27)

where the size of |V,;| is negligible compared with the other two elements.

Vua is the best known CKM matrix element [4]. The most precise value of the
magnitude of V.4, |Vi4|, has been measured in superallowed 07 — 01 nuclear beta
decays [14]:

|Via| = 0.97425 4 0.00022, (2.8)
where the relative uncertainty amounts to 0.02%.

The magnitude of Vi, |Vis|, which corresponds to the parameter A &~ 0.22 of the
Wolfenstein parametrization is discussed in detail in Section 2.4, since this element can
be obtained using the branching fractions measured in this analysis.

In the next sections an experimental and theoretical overview of 7 decays is given.

2.2. Leptonic 7 decays

This section discusses the leptonic decays of the 7 which contribute to approximately
one third to the total 7 decay width.

Measured branching fractions

The Feynman diagram of leptonic 7 decays is shown in Figure 2.2. The branching
fractions B(7~ — e 7.v,;) and B(r~ — pu~7,v,) are the most precisely known 7 decay
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Figure 2.2.: Feynman diagram of the leptonic 7 decay 7= — " 7jv, with I =e™, u™.

branching fractions. Their current world averages [4] are

Bt~ — e vv,) = (17.82 £ 0.05)%, (2.9)
B(t™ = pvuv,) = (17.33 £ 0.05)%. '

The relative precision of both averages is 0.3%.
Besides the direct measurements, B(7~ — e~ T.v,) can be determined from the masses

and the lifetimes of the 7 and p as well as from the measured B(t~ — p~7,v,). This
determinations are presented in the next paragraphs.

Leptonic decay widths

According to [5] the partial widths of L = u, 7 lepton decays into leptons [ = e, y can
be computed from

(L — (7)) = 1993 f m? O30, (2.10)

where m; and mj, are the masses of the leptons, and the different terms are

g2
Gp=—24
F 4/2M3,
3 m2 o, =1+29x 107
Sk =1+ 2L with { w _6
5 Mg, oy =1+1.0x 1077, (2.11)
25 o =1-432x 1074
5t =1 4 ) (— - 7r2) with { 7 B
o 4 o =1+42.4x 107",

f(z)=1-8x 482" —2* —122°Inx

where g, is the weak couplings, My, is the mass of the W boson, and «(my) is the
electromagnetic coupling constant at the mass scale of the lepton, and G is the Fermi
coupling constant.
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B(t~ — e U.v;) from masses and lifetimes of the 7 and p
The B(7~ — e T.v;) can be expressed as follows using Equation 2.10 and by assuming
p-T universality, i.e., g, = g,

(1™ — e Toy)
T,

D(p~ = e ) (me\” f(m?/m?) 5507
r, (m_> f(m2/m2) 5,65

where I'; is the total 7 decay width. The total decay width is related with the lifetime,
7, of the decaying particle through I' = 2 By using the latter relation and I'(u~ —

e v.v,) =1, Equation 2.12 can be written as

Tr <&>5 f(me/m2) 63,07 (2.13)

Tu \My f(mz/m;%) 611/11/65

The value of B(r~ — e T.v,) obtained from m, = 1776.82 &+ 0.16 MeV/c?, m,, =
105.6583668 £ 0.0000038 MeV/c2, 7, = (200.6 + 1.0) x 10~%s, and 7, = (2.197034 +
0.000021) x 10%s taken from [4] is

Bt~ — e v,) =
(2.12)

B(r™ — e v,) =

B(r~ — e ;) = (17.796 % 0.061)%, (2.14)

which is consistent with the current world average of the direct measurements.
B(t~ — e T.v;) from the measured B(7~ — p"7,v;)
Equation 2.10 can be used to express B(7~ — e T v;) with B(r~ — p 7,v;):

1
B(r~ — e vevy) = T—MB(T_ — W T, (2.15)

where r# is a kinematic factor correcting for different masses of:

f(mj /m2)
f(mZ/m3)
The value of B(t~ — e T,v,) obtained with m,, m,, and B(t~ — p~7,v;) taken from
[4] is

B
rt =

(2.16)

B(r~ — e D) = (17.819 £ 0.051)%, (2.17)
which is also consistent with the direct measurements.

Average B(T~ — e T.v;)

The B(t~ — e D.v,;) values determined from the masses and the lifetimes of the 7
and p and from the measured B(7~ — 1~ 7,v;) are computed under the assumption of
lepton universality. The branching fraction obtained by combining these results with
the world average of direct measurements amounts to

B(t™ — € Uty )ymi = (17.817 £ 0.031)%, (2.18)
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Vr
Figure 2.3.: Feynman diagram of the 7= — K ~7'v, decay.

and is denoted as the universality-improved B(T~ — € Uelr )Juni- B(T~ — € TUely )un; 18
the most precise value of the 7= — e~ 7., branching fraction.

As will be discussed in Section 11, the leptonic branching fractions are used to derive
the total hadronic 7 decay width ratio, Ry.q, which enters the determination of the
CKM matrix |Vys| from inclusive strange 7 decays. To minimize the uncertainty of
|Vius| the B(t~ — e T.v; )un Will be used in the calculation of Ry.q.

2.3. Hadronic T decays

In this section, an overview of the experimental and theoretical status of hadronic 7
decays is presented. A detailed review of hadronic 7 decays is given in [5].

The 7 is the only lepton which can decay into hadrons due to its sufficiently large

mass. 7 decays of the type
T — XiaVlr (2.19)

where X, denotes one or more hadrons, are called hadronic T decays. Decays of this
type can proceed through intermediate short-lived resonances (e.g., a;,w, p) and result
in final-state hadronic systems that can contain charged and neutral kaons and pions,
as well as 1 mesons. Hadronic 7 decays into final states with strangeness quantum
number |S| = 1, i.e., decays that contain an odd number of kaons in the final state,
are denoted in the following as strange T decays. Correspondingly, hadronic 7 decays
with S = 0 are called non-strange T decays. As an example of a hadronic 7 decay, the
Feynman diagram of the 7= — K~ 7y, decay is shown in Figure 2.3.

2.3.1. Spectral functions of hadronic ™ decays

The hadronic final states Xy.q in 7 decays are described by so-called spectral functions.
These functions describe the probability to create Xp.q as a function of the invariant
mass, Mpaq. Depending on the spin J of the hadronic system which is indicated by
the subscript, and, depending on the vector (V') or axial-vector (A) nature of X},,q, the

10
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spectral functions, vy, vy, ag, and a; are defined as:

£(s) m2  B(r—= X (J=1),)

T 6V, 2Sew B — e muy)

5 -1 (2.20)
x LdNX 15 1+ 2s
Ny ds m2 m2 ’
fols) = m2 Bt —» X (J=0)v,)
0 N 6|VZ]|2SEW B(T_ — 6_761/7—) (2 21)

L dNx (| s 2

N x ds < m%) ’

where X— = V= if fi(s) = v; or X~ = A7 if fi(s) = a;, s = mig, |Vijl = [Vid]

for non-strange decays, |Vi;| = |Vus| for strange decays, and Sgw is a short-distance

electroweak radiative correction. The term N_lxdg_sx is the normalized invariant mass

squared distribution of the hadronic final state which is multiplied with a kinematic

factor and with the ratio of the branching fractions of the considered decay and the
T~ — e T.v,; decay.

Spectral functions are an important input for QCD studies at a 7-mass scale. They
also carry information on ag, and, for Xy.q with |S| = 1, can be used to determine
the strange quark mass [5]. Spectral functions have been measured by the ALEPH and
OPAL experiments leading to a determination of ag and mg.

Analyses of invariant mass spectra in 7 decays are also carried out by the B factories.
For example, preliminary results of invariant hadronic mass distributions in the 7= —
K°%r~v, decays have been presented in [15]. In this analysis, the main goal is the
precise measurement of six hadronic 7 decay branching fractions. This measurements
is an essential step towards the determination of the invariant mass spectra of these
decays.

2.3.2. Spectral moments

Information on the shape of the spectral functions can be derived from spectral moments
which are defined as

m2

T k l
RM, = / ds <1 —m2> <_mz> e, (2.22)

0 T

where s = mi,;, Ruaa is the total hadronic 7 decay ratio defined as the hadronic 7
decay width divided by the electronic 7 decay width:

L(1 — Xav-)
I'(r— = e T,)

Rpad = (2.23)

As can be seen in Equation 2.22, the first spectral moment R, = Ry.q4.

11
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The spectral moments can be separated into their strange and non-strange compo-
nents:
Rty =R + RY (2.24)

Within the framework of the Operator Product Expansion (OPE) [8] the contributions
RM = RFlRF to the total hadronic rate can be written as

RM = No|Vij2Spw [ 1+ 0@ 4 KO 4 ghlZma) o 5™ ght(Dima) | (2.25)
D=46,...

where No = 3 is the number of color charges in QCD, |V;;| = |Viq4| for non-strange

decays, |V;j| = |Vus| for strange decays, Sgw is a short-distance electroweak radiative

correction, 6*() is a residual small non-logarithmic electroweak correction which is
neglected in the following. The perturbative contributions 6% and §%/>™) depend
on ag(m?), and on ag(m?) and the quark masses m,, respectively. The remaining
contributions which depend on quark masses to the dimension D = 4,6, ..., contain
non-perturbative terms.

When investigating spectral moments the theoretical uncertainty can be reduced by
considering the difference, J R, of the strange and non-strange contributions normal-
ized by the corresponding CKM matrix elements:

R R

SRF — - . 2.26
TVl VP (2.26)

The theoretical description of this SU(3)-breaking relation can be derived from Equa-
tion 2.25:

5Rﬁl — BSE'W (_6kl(2,ms) + Z 8 kl(D,mq)) , (227)

D=46,...

where the contribution 6*°) to the mass dimension D = 0 cancels in the difference,
and the quark masses of the light quarks v and d are assumed to be negligible com-
pared to the strange quark mass, i.e., m, = mg = 0, leaving only the strange quark
mass contribution 6¥(™) in mass dimension D = 2. Moreover, some terms in higher

mass dimensions also cancel resulting in a modified § HDma) According to [5] the term
§FlZms) exhibits a problematic convergence behavior which deteriorates with increas-
ing k, and is subject to many theoretical investigations (for example [16]). Moreover,
large correlations between the moments have been found which makes the simultaneous
extraction of information from the moments difficult.

|Vus| and m, from spectral moments

As can be seen in Equations 2.26 and 2.27, the magnitude of the CKM matrix element
Vs and the strange quark mass m, can be determined by the measurement of the
spectral moments and |V,4|. Due to the problematic behavior of moments with k£ > 0
only the first moment R is considered in the following. Three possibilities arise from
the above relations:

1. In principle, an optimal approach would be a simultaneous determination of |V,|

12
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and my in a fit of the spectral moments. This approach is currently limited by the
uncertainties of the experimental input data, which could be improved by future
measurements of hadronic 7 decays by the B factories.

2. my can be determined by using |V,,| from independent measurements as input.
According to [5] higher k-moments' are more sensitive to mg than the first mo-
ment. Moreover, one of the dominant uncertainties of m, obtained from R
in that way is the uncertainty of |V,s| which makes this approach less favorable
compared with the reverse approach described next.

3. |Vus| can be determined by using m, obtained from non-7 sources as input. The
first moments R and RY are particularly sensitive to |V,s| [5]. Using these
moments the best theoretical precision on |V,| is achieved. |V,s| is obtained from

the relation:
R%
|Vis| = W’ (2.28)
ud T

This approach has the advantage that even a relatively large uncertainty of § R%
has a small impact on the resulting uncertainty of |V,s|. This is due to the small

00
size of 6 RY compared to ﬁT’;'Z ~ 3.6. According to [8] §RY amounts to

SRY = 0.240 £ 0.032 (2.29)

where m,(2GeV) = (94 + 6) MeV/c? has been used for the strange quark mass.
This approach to determine |V,| is used in this analysis. Currently it is limited
by experimental uncertainties.

In the next sections an experimental status of RY, and R, is presented.

T,08 s

2.3.3. Determination of R},q from the leptonic 7 decays

Inclusive branching fraction of hadronic 7 decays
The branching fraction of hadronic 7 decays, Bp.a = B(T — X,,4V-), can be determined
very precisely from the leptonic 7 branching fractions (Section 2.2):

Bhaa =1 —B(17 = e Tevy) — Bt~ = " U,v7). (2.30)

With Equation 2.15 and using the universality improved branching fraction B(7~ —
€ UelVr )uni the hadronic branching fraction amounts to:

Buad =1 — (14 r")B(r™ = € Tty )um = (65.85 & 0.06)% (2.31)

Moments with k& > 0 have been used by the ALEPH collaboration [5] to determine ms. The
results of this measurements are consistent with m, determined in non-7 analysis. However, the
obtained uncertainties are not competitive with the other results.

13
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Hadronic 7 decay width ratio

Similarly to the hadronic 7 branching fraction, the partial hadronic 7 decay width ratio
defined as:
I(r — Xqvr)

R, =
(1= — e Tery)

(2.32)

can also be obtained from the leptonic branching fractions:

R 1-B(r~ = e Tevy) — Bt~ = ' ,vr)
T BR(1~ — e Tv,)
1 (2.33)
_ (1
B(T~ = € Uely )uni (1+7¢)

= 3.6401 £ 0.0098.

This result can be compared with the prediction arising from the Equation 2.24 and
Equation 2.25 by neglecting all electroweak corrections:

R. =~ Ng|Vial* + Ne|Vis|> =3 (2.34)

where N = 3, the unitarity of the CKM matrix is assumed, i.e., |Viqg|? + |Vaus|* +
[Vaa|* = 1. |Vip| is negligible compared with the other two CKM matrix elements,
and is therefore ignored. This comparison gives an estimate of the contribution of the
radiative corrections to R, of about 20%.

2.3.4. Exclusive branching fractions of hadronic ™ decays

In this section, the experimental status of exclusive hadronic 7 branching fraction de-
terminations is presented.

Hadronic 7 decay modes

About 87% of the total hadronic 7 branching fraction By.q originate from only five
different 7 decays which are listed in Table 2.4 with the current world averages of their
branching fractions. The sum of these branching fractions is known with a relative
uncertainty of 1.7%. Other non-strange 7 decays contribute with approximately 9% to
Biaa. The fraction of Cabibbo-suppressed strange 7 decays is about 4% with an relative
uncertainty of 2.7%. A list of strange decay modes is given in Table 2.5.

Measurments of hadronic 7 decays before B factories

The vast majority of hadronic 7 branching fraction measurements have been performed
by the LEP experiments ALEPH, DELPHI, and OPAL, as well as by the CLEO exper-
iment. For the 7 decays with large branching fractions (Table 2.4), small relative sys-
tematic uncertainties on the order of 1% have been achieved. Typically, the statistical
uncertainties of these measurements are of similar size as the systematic uncertainties.
Smaller branching fractions have also been measured (down to 107%), however, with
degrading precision.

14
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Table 2.4.: Branching fractions of the five most frequent hadronic 7 decays. The listed values are the
current world averages [4], except for the 7= — 7~ 7 t7~ 70, decay, where the PDG fit
result is listed.

Decay B [%] AB/B [%]
TT =T U, 10.828 4+ 0.105 1.0
7~ = 1 1%, 25.46 + 0.12 0.5
™ =7 (270, 9.239 + 0.124 1.3
TT sty 9.041 £+ 0.970 1.1
7~ = ntr 1, 2.70 + 0.08 3.0
Total 57.268 £ 0.994 1.7

Table 2.5.: Branching fractions of strange 7 decays. The listed values are the current world averages
[4]. The first four listed branching fractions are measured in this analysis.

Decay B %] AB/B %]

0.685 £ 0.023 3.4
0.426 £ 0.016 3.8
0.058 £ 0.024 41.4
0.037 = 0.024 64.9

T =K,

7~ = K 7%,
7~ — K= (2n%)v,
™ = K~ (31%u,

7~ =1 K, 0.831 £ 0.030 3.6
7~ = 1 K%, 0.360 £+ 0.040 11.1
77 = 7 K770, 0.026 £+ 0.024 92.3
7~ — K°h~h htu, 0.023 £ 0.020 88.0
™ = K ntr v, (ex. K%) 0.280 £+ 0.019 6.8
7~ = K ntr 7%, (ex. K%w) 0.037 & 0.009 24.3
7~ = K ¢(— KK)v, 0.004 £ 0.001 25.0
T = K nu, 0.016 £+ 0.001 6.3
7~ — K v, 0.005 £ 0.001 20.0
7~ — 1 K, 0.009 £ 0.002 22.2
77 = K wy, 0.041 £+ 0.009 22.0
Total 2.838 + 0.077 2.7
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Measurements of hadronic 7 decays at the B factories

In the last 4 years, hadronic 7 decay branching fraction measurements have also been
published by the B-factory experiments, BABAR and Belle. The 2010 edition of the PDG
listings contains 22 results from the B factories. Among these results, six branching
fractions were measured for the first time.

The 7-pair datasets recorded at the B factories are significantly larger than the data
collected by the experiments listed above. For example, about 0.33 x 10° 7 decays
have been used by the ALEPH collaboration in [17], while this analysis which uses the
BABAR dataset exploits more than 400 x 10® 7 pairs. This large dataset leads to small
statistical uncertainties even for 7 decays with small branching fractions (O(107%)).
The systematic uncertainties of the BABAR measurements are dominated by the effects
related to the reconstruction of photons and 7°’s. In the ALEPH measurements, these
uncertainties are smaller due to the good performance of the ALEPH large-coverage
electromagnetic calorimeter. A measurement of the 7= — 7~ 7%, and 7= — 7~ (27%)v,
decays by BABAR would not be competitive with the ALEPH results. The potential
of the BABAR experiment lies in the measurement of 7 decays with smaller branching
fractions which have been so far limited by their statistical uncertainties.

The 7= — 7= (37°)v, and 7= — 7~ (47°)v, decay modes

The non-strange 7= — 7 (37%)r, and 7= — 7~ (47°)r, decay modes are measured
in this analysis. The branching fraction of the 7= — 7~ (37°)v, decay was previously
only measured by the ALEPH collaboration with a relative uncertainty of 9% (B(7~ —
7 (37%) ;) = (0.98 £ 0.09)%). The 7= — 7 (47°)v, branching fraction is measured
for the first time in this analysis. An estimate for the expected size of this branching
fraction can be derived from the branching fraction of 7= — h~(47%)v, decays, where
h can be either a charged pion or kaon, (B(t~ — h™(47%)v,) = (1.12 £ 0.51) x 1073),
which was measured by the ALEPH collaboration. Typically, the branching fraction
of a 7 decay into a kaon is smaller by a factor of 10 — 100 compared to the branching
fraction of a decay into a pion and the same number of 7%’s, i.e., one expects roughly
B(tm— — 7 (47°%)r,) ~ 1 x 1073.

Strange T decays

The Cabibbo-suppressed strange 7 decays are of particular importance because they can
be used to determine the magnitude of the CKM matrix element V,,; (Section 2.4). The
sum of all measured strange branching fractions which are listed in Table 2.5 amounts

to
By = (2.838 4 0.077) x 1072 (2.35)

where a fraction of almost 70% comes from the three most frequent decays 7= — K~ v,
7= —= K 1., 7= = 7 K, which are known with a relative precision of about 3.5%.
The first two decays are measured in this analysis. In addition, the branching fractions
of the 77 — K~ (27%)v, and 7= — K~ (37°)r, decays are determined in this work.
These decays contribute only with the relatively small fraction of 3.3% to B,. However,
their present relative uncertainties are 40% and 65%, respectively. Thus, a reduction
of these uncertainties would lead to an improved knowledge of B;.

Recently, the Belle collaboration published a result for the 7= — K~ 77~ v, branch-
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ing fraction which has not yet been taken into account in the world average, and
thus has not been included in the above value of B;. The current world average
for the 7= — K~ 7ntw v, branching fraction is dominated by the BABAR measure-
ment, B(7- — K- 7ntn v,) = (0.273 £ 0.009)% [18]. The new Belle result B(r~ —
K-ntn~ ;) = (0.330£0.017)% [19] deviates by 3.00 from the BABAR measurement. If
the Belle result is taken into account By = (2.849 4+ 0.076) x 1072

2.3.5. Theoretical prediction of the 7= — K v, branching fraction

The measured branching fraction of the 7= — K~ 1. decays can be compared with an
indirect determination from the branching fraction of the K~ — 7, decay. Assuming
7-p universality, B(t~ — K~ v,) can be computed from [5]:

B(tm = K v )y = B(K™ — 1 7,)

. md 1 —m3 /m? 5
T 2mgm? \ 1 —m2/m3 /K (2.36)

= (0.717 £ 0.004)%,

where 0,/ = 1.00090 & 0.0022 is a radiative correction. The lifetimes, masses, and
the K~ — p 7, branching fraction are taken from the PDG 2010 publication [4]:
Tk = (1.2379 £ 0.0021) x 1078, my = 493.696 & 0.013 MeV/c?, and B(K~ — u™7,) =
0.6360 & 0.0016, (the values of the other quantities have been already listed above).

The current world average for B(7~ — K~ v;) (Table 2.5) is 1.40 smaller than the
predicted value.

2.4. The CKM matrix element V_,

In this section, various methods to determine the magnitude of the CKM matrix element
Vs are discussed. A comparison of the |V,4| values determined with these methods is
presented in Figure 2.4.

2.4.1. |V,,| from the unitarity condition of the CKM matrix

The unitarity conditions of the CKM matrix are given in Equation 2.4. The condition
which involves |V, is:
|Vud|2 + |Vus|2 + |Vvub|2 = 17 (237)

where |V,,| is negligible. From this condition together with the precise value of |V,4|
given in Equation 2.8 the most precise value of |V,s| can be determined:

Vis| = /1 — [Vaa|? = 0.2255 £ 0.0010, A" = 0.44%, (2.38)

where A := A|V,,|/|Vus|- The uncertainty of this value is indicated by the yellow
band in Figure 2.4.
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Figure 2.4.: Comparison of different |V, 5| measurements. |V, ;| obtained from the unitarity condition
of the CKM matrix is shown as red circle. The uncertainty of this result is displayed

as the yellow band. The black circles show different |V,s| values measured with various
methods described in Section 2.4.

2.4.2. |V,s| from hyperon decays

The second value of |V,,| presented in Figure 2.4 has been obtained in semileptonic
hyperon? decays. The measured hyperon decay width I is related with |V,,| through

T o | f1Vasl? (2.39)

where f; is a form factor. The uncertainty of the form factor obtained in theoretical
calculations dominates the uncertainty of the obtained |V,s| value [20]:

V| = 0.2260 £ 0.0050, A" =2.2%. (2.40)

This result is consistent with |V,s| determined from the unitarity condition of the CKM
matrix, but due to the large theoretical uncertainty the result is not competitive with
other results presented in Figure 2.4.

2Hyperons are barions with at least one strange constituent quark, e.g., X—, A~, 5°.
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2.4.3. |V,4| from semileptonic kaon decays

|Vus| can be determined from the semileptonic kaon decays K — me” 7, and K — 7y 7,
[9] . Such decays are denoted as K3 decays where [ = e, u. The width of these decays
is given by:
GEmi ! 2 2 27l

Ikiz = WSEW(l + 0% + d502) C%| Vius|*| f4-(0) |7 I, (2.41)
where G is the Fermi constant, mg is the kaon mass, Sgy is a short-distance elec-
troweak radiative correction, &% is the long-distance QED radiative correction which
depends on the lepton type, f2(0) is the form factor at ¢* = 0 for the lv system, and
I!. is the phase-space integral, dg;» and C? account for the difference between neutral
and charged kaon decays.

Experimentally, the branching fractions of the K3 decays are measured to obtain
|Vius| X | f+(0)| = 0.2163 £ 0.0005 (2.42)

where the quoted value has been presented in [9]. With the lattice QCD estimate
|f+(0)| = 0.959 £ 0.005 [9], |V.s| amounts to

[Vis| = 0.2254 £ 0.0013, A" = 0.6%. (2.43)

The relative theoretical uncertainty of |V, coming from the form factor estimate is
A7¢l = 0.48%. The uncertainty of |V,,| from K13 decays is dominated by the accuracy
of theoretical prediction of the from factor.

2.4.4. |V,,| from leptonic kaon decays

|V.s| can be determined from the ratio of leptonic kaon decays (K~ — [~7;) to leptonic
pion decays (7~ — {77;). The decays are called K2 and 72 decays, respectively. The
ratio of the corresponding decay widths can be written as

FKB _ ‘Vus‘z &mK(l - m?/m%()2
F7rl2 ‘VudP f? mﬂ'(l - ml2/m72r>2

(1 —0gnm), (2.44)

where fx/fr is the ratio of the kaon and pion decay constants, and dgy is a long-
distance QED radiative correction.

Measured leptonic kaon decay branching fractions have been used in [9] to derive the
product

|Vus|z X % = 0.2758 £ 0.0005. (2.45)
|VUd| f7r

The ratio of decay constants fr/fr = 1.193 £ 0.006 [9] has been estimated in lattice

QCD calculations, and leads to

= 0.2312 £ 0.0013. (2.46)
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With the |V,4| value given in Equation 2.8 this results in
Vis] = 0.225240.0013, A" = 0.6%. (2.47)

with A7¢" = 0.50%. This |V,| value is also consistent with the value derived from CKM
unitarity. This method to determine |V,,| is limited by the theoretical uncertainty,
similarly to |V,s| from the semileptonic kaon decays.

2.45. |V, from the 7= — K~ v, and 7~ — 7 v, decays

An alternative approach to determine |V, is to measure the ratio of the 7= — K~ v,
and 77 — 7~ v, decays which is given by

F—r*—>K*uf o ‘VuSP f12{ (1 — m%{/ma)Z
FT*—M*VT B ‘VudP f? (1 - m%/m%y

where d7p is a long-distance QED correction.

From the experimental point of view this method is complementary to the deter-
mination of |V,,| from kaon decays. However, the same theoretical uncertainty as for
the leptonic kaon decays related to the ratio fx/f, has to be considered resulting in
A 2~ 0.50%. In a recent BABAR analysis [7], |V,s| has been determined with this
method. fx/fr = 1.189 + 0.007 [21] has been used to obtain

(1—-194Lp), (2.48)

Vis| = 0.2255 £0.0031, A" = 1.4%, (2.49)

where the central value is numerically identical to |V,,| from the unitarity condition
(Equation 2.38), and the uncertainty does not yet reach the precision of the K13 and
K2 decays.

2.4.6. |V,s| from the 7= — K~ v, decay

In the same BABAR analysis |V,,| has also been determined from the relation

G2 2| Vs |*m3T, m2\°
B(T_ — K_I/T) = FfKJLGTrfL, < — m—I;) SEW7 (250)

T

where 7, is the 7 lifetime, to
Vis| = 0.2193 £0.0032,  A™ =1.6%. (2.51)

The relative theoretical uncertainty of |V,|, At = 1.27% [22], comes from the uncer-
tainty of the kaon decay constant fx = 157 & 2MeV which is theoretically predicted
with a larger uncertainty as the decay constants ratio fx/fr. The obtained |V,,| value
lies within 20 with respect to |V,,| resulting from the unitarity of the CKM matrix. In
Chapter 11, this method is used to determine |V,s| from the B(7~ — K~ v,) measured
in this analysis.
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2. Theory of hadronic T decays and experimental status

2.4.7. |V,s| from inclusive 7 — s decays

As discussed in Section 2.3.2, |V,,| can be determined from the spectral moments mea-
sured in hadronic strange 7 decays. The smallest theoretical uncertainty of |V, | arises
from the first moments which are identical to the hadronic 7 decay width ratios R
and Rg. |V,s| is therefore determined from

Ry
|Vus| = R _§ (252)
|Vud|2 T

where ¢, = 0.240 £0.032 is a theoretical SU(3)-symmetry breaking correction (see also
Section 2.3.2) which would vanish if the d and s quarks had the same masses. The
theoretical uncertainty of |V,,| determined with this method amounts to Af! = 0.46%,
and is of different nature than in all other methods presented in this section. The
inclusive character of the ratios R,s and Ry has the advantage that the above relation
does not depend on form factors and decay constants whose uncertainties dominate
the theoretical uncertainties of the other |V,s| determination methods. This method is
therefore complementary to the |V, determinations from K13 and KI[2 decays from
both the experimental and theoretical point of view.

The strange decay rate Ry can be obtained from the sum of exclusive strange 7 decay
branching fractions divided by the branching fraction of the 7= — e 7., decay. A
list of these decays is given in Table 2.5 with their current world average branching
fractions as listed by the PDG [4]. From the sum of the branching fractions one obtains

R, = 0.1590 + 0.0043. (2.53)

The non-strange decay rate R,s can in principle also be determined by calculating the
sum of all non-strange hadronic 7 decays. Since R,s amounts to 96% of the hadronic
7 decay rate, this has the disadvantage of a relatively large uncertainty on R, which
enters the uncertainty of |Vs|, coming from the individual branching fraction mea-
surements. A more convenient way to determine R, with a minimal uncertainty is to
use

Rys = Ryaa — Rs = 3.4811 £ 0.0107 (2.54)

where Ry.q = 3.6401 + 0.0098 is calculated from the precisely known leptonic 7 decay
branching fractions (see Equation 2.18). The |V,| value calculated from the above rates
and 9, is

[Vis| = 0.2154 £ 0.0031,  A™ = 1.4%. (2.55)

The Heavy Flavor Averaging (HFAG) Tau group has recently presented a slightly
larger and more precise value of the strange decay width ratio, RIFAG = 0.1613+£0.0028
[23]. This value has been determined in a fit which constrains the sum of the measured
branching fractions to one and which not only takes the branching fractions considered
in the PDG 2010 publication [4] into account, but includes in addition recent results
of the B Factories (some of them being preliminary). Moreover, correlations between
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different results are accounted for in the fit. The resulting value of |V,4| is

|Vislupag = 0.2174 4+ 0.0022, A" = 1.0%. (2.56)

Both |V,,| values are smaller than the |V,,| value predicted by CKM unitarity by

more than 30. The observed deviation is lively discussed in the 7-physics community.
In principle, four different origins for the deviation are possible:

22

1. The magnitude of the CKM matrix element V4.

The most precise value of |V,4| (Equation 2.8), which is used for the determination
of |Vis|, comes from the measurements of superallowed beta decays in various
nuclei. The experimental uncertainty is very small, since |V,4| is determined in
various precise measurements with different nuclei. Theoretical input to the |V,
determination was so far found to be in agreement with experimental tests [24].

. The theoretical correction ¢,.

As has been already mentioned in Section 2.3.2, 9, is subject to various theoretical
investigations. However, due to the small size of §, with respect to the ratio
Rus/|Vual? even large changes of §, (even doubling the correction) cannot fully
account for the observed deviation.

. Experimental result for Rs.

The measured value of R; might be too small. This can be either due to underes-
timated branching fractions or to missing modes of strange 7 decays. Therefore,
the investigation of previously measured decays and not yet measured decays by
the B factories could potentially resolve the |V,,| puzzle. This thesis is part of
the current efforts to improve the accuracy of Rs.

. New physics.

In principle, a deviation from the unitarity condition of the CKM matrix might
be a hint for new physics. However, with the current experimental status, studies
are not yet focused on this possibility.



3. The BABAR experiment

The BABAR experiments [25] was operated at the Positron Electron Project (PEP-II)
ete” collider [26] of the SLAC National Accelerator Laboratory in California. It was
primarily designed to provide optimal conditions for studies of B mesons. During the
data taking period from October 1999 to April 2008, BABAR recorded a large dataset cor-
responding to an integrated luminosity of £ = 531.43fb™" [27]. About 80% of the data
was taken at a center-of-mass energy slightly above the B meson production threshold.
The cross section for B-meson pair production at this energy is ogp = 1.05nb [28],
i.e., about 560 x 10° B-meson pairs were recorded. The BABAR collaboration success-
fully carried out a huge number of different B-meson decay analyses. In particular, the
existence of CP violation in B decays was confirmed.

Due to a 7-pair production cross section, o,, = 0.919nb [29], which is almost as
large as ogp, the BABAR dataset also contains almost 490 x 10% 7-lepton pairs which
are exploited in this analysis.

This chapter gives an overview of the BABAR experiment. In the first section, the
PEP-II collider is briefly described, than the design of the major components of the
BABAR detector is summarized. If not mentioned otherwise, the information is taken
from [25]. In the last section, the dataset as well as the simulated event sample exploited
in this analysis are presented.

3.1. The PEP-II collider

The PEP-II eTe™ collider [26] with a circumference of 2.2km consist of two storage
rings, the High Energy Ring (HER) and the Low Energy Ring (LER), which makes it
possible to store electrons and positrons with different energies. Electrons and positrons
are accelerated in the linear accelerator (Linac), injected into the storage rings, and
brought to collision in the interaction region within the BABAR detector. PEP-II was
designed to provide a luminosity of 3 x 1033 em~ts~!. Significantly larger luminosities
were achieved over the years with a peak luminosity of 12 x 103 cm™'s™! [30]. A
schematic view of the PEP-II facility is shown in Figure 3.1.

The main part of the data delivered by PEP-II was produced in collisions of elec-
trons with an energy of 9.0 GeV and positrons with an energy of 3.1 GeV resulting in a
center-of-mass energy of 10.85 GeV. This energy corresponds to the mass of the 7°(45)
resonance decaying with a branching fraction of &~ 96% into B-meson pairs. Due to the
asymmetric beam energies the 7°(4S5) is boosted with Sy = 0.56. A fraction of ~ 10%
of the data was taken 40 MeV below the 7°(45) resonance. This dataset was mainly
intended for studies of background processes for the B-meson measurements. The re-
duced center-of-mass energy does not affect ete™ — 777~ events. Therefore, this data
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Figure 3.1.: Schematic view of the linear accelerator (Linac) and the PEP-II collider with the two
individual storage rings. The high energy ring (HER) is shown in blue, and the low
energy ring (LER) in red. The location of the BABAR detector at the beam-crossing point
is marked with the star. The image is taken from [31]

As of 2008/04/11 00:00

: BaBar )

500f— PEP Il Delivered Luminosity: 553.48/fb
- BaBar Recorded Luminosity: 531.43/fb -
- BaBar Recorded Y(4s): 432.89/fb -
BaBar Recorded Y(3s): 30.23/fb
BaBar Recorded Y(2s): 14.45/fb
400 Off Peak Luminosity: 53.85/fb

- ——— Delivered Luminosity —
——— Recorded Luminosity

Integrated Luminosity [fb™}
T

Recorded Luminosity Y(4s)
- ——— Recorded Luminosity Y(3s) 7

300 i Clpame Ty YC i

200 f f

100 f f

071 HHHHHHH\W
q/QQQ 'L& (LQQ"'/ (]965 [‘/@V (]96” []906 [’96\ (]9@’

Figure 3.2.: Integrated luminosity as a function of the BABAR operation time. The different curves show
the integrated luminosity delivered by PEP-II (blue) and the total luminosity recorded
by BABAR (red). The curves with other colors show the integrated luminosities recorded
at different center-of-mass energies. The image is taken from [27].
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3. The BABAR experiment

sample is also used in 7 decay studies. The total BABAR dataset was divided according
to the data taking periods with constant experimental conditions into six runs. In the
last year of operation, an additional run (run 7) was performed at center-of-mass ener-
gies corresponding to the 7°(25) and 7°(35) resonances. Figure 3.2 shows the recorded
integrated luminosity as a function of the operation time of the BABAR experiment.

3.2. The BABAR detector

The BABAR detector was located at the crossing of the electron and positron beams
of PEP-II. Due to the asymmetric beam energies, the particles produced in the e*e™
collisions were boosted in forward direction, i.e., in the flight direction of the e™. There-
fore, the detector was not symmetric. Figure 3.3 shows a schematic view of the detector
along the beam line. The beam interaction point, IP, is shifted in the backward direc-
tion with respect to the geometrical center, , , of the detector, which leads to a larger
acceptance region of the detector in forward direction. The coverage is further increased
by the asymmetric design of some of the subdetectors. The two innermost subdetec-
tors are the silicon vertex tracker (SVT) and the drift chamber (DCH) used for the
reconstruction of charged particle trajectories. The next subdetector is the Cherenkov
detector (DIRC) which is the most important charged particle identification device. It
is surrounded by the crystal electromagnetic calorimeter (EMC). These inner detector
components are located within a superconducting magnet coil which provides a 1.5T
magnetic field parallel to the beam direction. The outermost component is the instru-
mented flux return (IFR) used to identify muons. In the following, the subdetectors
are described in more detail.

3.2.1. Silicon vertex tracker

The silicon vertex tracker is the innermost detector component of the BABAR detector.
It is used together with the drift chamber to reconstruct the trajectories of charged
particles which are curved due to the magnetic field. From the measured curvature the
particle momentum can be derived. Both detector components also contribute to the
identification of charged particles through the measurement of the specific energy loss
dE/dzx.

The SVT is in particular designed for the reconstruction of secondary vertices in
particle decays near the interaction point, and to reconstruct the angles of the charged
particles. It is located as close as possible to the water-cooled beryllium beam pipe
which has an outer radius of 27.9 mm. The SVT covers a polar angle of 20°-150° with
respect to the beam line. It is composed of five radially arranged layers of double-sided
silicon strip detectors with 150 x 10% readout channels in total. Each layer consists of
overlapping modules to provide a full azimuthal coverage. The strip detectors on the
inner side of a layer are arranged in parallel to the beam line to measure the azimuth
coordinate of the particle trajectories. The outer strip detectors are orthogonal to the
beam axis and thus measure the trajectory position along the z-axis (defined as the
tangent to the IP along the beam line). The innermost layer has a radius of 32 mm,
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Figure 3.3.: Schematic longitudinal view of the BABAR detector. All major detector components are
shown. The direction of the electron beam is from left to right in the figure, and is denoted
as the forward direction. The direction of the positron beam is called the backward
direction. The particles collide in the interaction point (IP), which is shifted with respect
to the geometrical center, @, , of the detector. The dimensions are given in mm. The
image is taken from [25]
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Figure 3.4.: Schematic view of the silicon vertex tracker (SVT). (a) shows a longitudinal view. The
roman numbers denote different types of silicon strip sensors. (b) shows the radial view
of the 5 layers centered around the beam pipe. The images are taken from [25].

the next two layers are close to the first. Layer 4 and 5 have a larger distance to the
beam pipe with an outer radius of 144 ym. The SVT is surrounded by the ~ 4.5 m long
support tube which permeates the BABAR detector.

The SVT was designed to provide a minimum trajectory reconstruction efficiency of
70% for particles with transverse momenta down to 50 MeV/c. The minimum spacial
resolution was required to be &~ 100 ym in plane perpendicular to the beam line, and
80 pum in in z-direction. These design goals were achieved.

3.2.2. Drift chamber

The drift chamber is the second tracking device. It is predominantly used for the re-
construction of the curvature of the particle trajectories, and thus for the measurement
of the particle momenta. In addition, the DCH is used for the identification of charged
particles with momenta below 700 MeV/c through the measurement of the specific en-
ergy loss dE/dzx.

The cylindrical DCH is a multi-wire proportional chamber with 7104 readout channels
in total. It is almost 3m long with an inner radius of 23.6 cm and an outer radius of
80.9cm. The DCH covers an polar angle region between 17.2° and 152.6°. It consists
of 40 radial layers of hexagonal cells filled with a helium-isobutane (80:20) gas mixture.
To provide a longitudinal position measurement, 24 of the layers are tilted with a small
angle with respect to the other layers. For particles with a transverse momentum larger
than 180 MeV/¢, 40 separate spatial and dE/dxr measurements are possible, due to the
40 layers.

For particles with momenta below 750 MeV/c a dE/dx resolution of 7.5% is achieved.
The spatial resolution as a function of the transverse momentum, pr, is parametrized

as
o

25 = (013 £ 0.01)% - prl GeV/e] + (0.45 % 0.03)%. (3.1)
T

The achieved spatial resolution in longitudinal direction is ~ 1 mm.
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Figure 3.5.: Schematic longitudinal view of the drift chamber DCH. The vertical hashing indicated
the orientation of the wires. The dimensions are given in mm. The image is taken from
[25].

3.2.3. Detector of internally reflected Cherenkov light

The detector of internally reflected Cherenkov light is a ring-imagining Cherenkov detec-
tor (Figure 3.6a). It is the main particle identification device and is designed to provide
a ~ 4o separation of charged pions and kaons with momenta between 0.7-4.2 GeV/c,
where the upper bound is close to the kinematic limit.

A special geometrical design was chosen for the DIRC to reduce the amount of ma-
terial in front of the electromagnetic calorimeter. This requirement was necessary to
minimize a degradation of the EMC energy resolution resulting from electromagnetic
showers already induced in the DIRC and thus not being fully contained in the EMC.
In addition, a thin DIRC was required to minimize the inner radius, and thus the vol-
ume, of the electromagnetic calorimeter, leading to a reduction of the cost for the EMC
crystals.

The active part of the DIRC consists of 144 bars with a 17 x 35 mm rectangular
cross section and a length of 4.9m which are made of synthetic, fused silica with a
mean refractive index n = 1.473. The bars are arranged in 12 bar boxes resulting
in a duodecagonal shape of the DIRC barrel. The radial view of a bar box is shown
in Figure 3.6b. The total thickness (in radial direction) including support structures
is 8 cm which corresponds to 0.17 radiation lengths at normal incidence. The DIRC
readout, i. e., the standoff box filled with about 6000 [ of purified water and instrumented
with 10572 photomultiplier tubes, is located at the rear end of the BABAR detector, i.e.,
in the direction opposite to the boost in the eTe™ collisions.

The working principle of the DIRC is shown in Figure 3.7. A charged particle travers-
ing a DIRC bar with the velocity 5 = v/c < % (where n is the refractive index of the
material) emits Cherenkov light under the Cherenkov angle 6¢ given by

1 m\> 1
o= 41+ () = — 2
cos Oc - +<p> B (3.2)
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Figure 3.6.: (a) shows an illustration of the DIRC. Besides the 12 bar boxes arranged in a polygonal
barrel, the standoff box containing the readout devices and support structures are shown.
(b) shows the cross section of a bar box which consists of 12 individual quartz bars. The
dimensions are given in mm. The images are taken from [25].
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Figure 3.7.: Illustration of the DIRC working principle. A charged particle which traverses the DIRC

bar is indicated by the arrow. The paths of the emitted Cherenkov photons are indicated
by the dashed and solid lines. The image is taken from [25].
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The emitted Cherenkov photons are trapped by internal reflection and transported to
the rear or forward end of the bar. In the latter case, mirrors assembled at the forward
end are used to direct the Cherenkov photons to the readout devices, which are located
only at the rear end. At this end of the DIRC bar, the Cherenkov photons enter the
standoff box and propagate to the photomulipliers mounted at the rear of the box.

The internal reflection preserves the original Cherenkov angle. It can be therefore re-
constructed, up to an 16-fold ambiguity which arises from the DIRC geometry, from the
coordinates of the detected photons, i.e., from the position of the responsive photomul-
tiplier, and from the angle and position of the intersection of the charged particle with
the DIRC bar. The latter are extrapolated from the trajectory measured in the track-
ing devices. The ambiguities arise from the different possible path’s of the Cherenkov
photons through the DIRC bar. For example, the photons can either propagate directly
to the rear end of a bar, or first propagate to the mirrors at the front end. Since the
DIRC also provides time information with a measured resolution of 1.7ns, the ambi-
guities can be resolved by comparing the expected and the measured arrival time of
the Cherenkov photons in the photomultipliers. The time information is also used to
improve the assignment of detected Cherenkov photons to the correct charged particle
in the event, and to reduce beam background.

3.2.4. The electromagnetic calorimeter

The electromagnetic calorimeter has been designed to measure the energy, the posi-
tion, and the transverse shape of electromagnetic showers. It is also used to obtain
information from the energy deposited by muons and hadrons.

It was built from 6580 crystals of thallium-doped cesium iodide (CsI(T1)) with a high
light yield (50000y/ MeV) short radiation length (1.85cm) and a small Moliere radius
(3.8 cm). These material allows for a high energy and angular resolution, fully contained
showers, and a compact design of the EMC. The length of the crystals varies between
29.6 cm and 32.4 cm which corresponds to an electromagnetic interaction length ranging
from 16.0X, to 17.5X,. The area of the crystal front face is 4.7 x 4.7 cm?, while the
area of the back face is 6.1 x 6.0 cm?. The crystals are readout by silicon photodiodes
mounted at the back face which operate well within the 1.5 T magnetic field.

Figure 3.8 shows the longitudinal cross section of the upper half of the EMC. Due to
the boosted center-of-mass system, the EMC is asymmetric in z-direction. It consists
of two main sections, the barrel and the endcap. The cylindrical barrel, which has
an inner radius of 91 cm and which covers the polar angle region 29.9° < 6 < 140.8°
consists of 48 rings, each containing 120 crystals. The conic endcap (15.8° < 6 < 26.9°)
has 8 rings with a decreasing number of crystals with the ring radius.

In general, an electromagnetic shower induced by a particle interacting with the EMC
material extends over several crystals, i.e., the energy of the particle is deposited in
a group of neighboring crystals. Such a group is called a cluster. The cluster recon-
struction algorithm is described in detail in [25] and is summarized in Section 8.1. The
particle energy, F, is reconstructed by adding the energies deposited in the individual
crystals contained in the cluster, and the intersection point of the particle with the
calorimeter is determined by the position of the cluster centroid. The achieved energy
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Figure 3.8.: In (a) a schematic longitudinal view of the upper half of the electromagnetic calorimeter
(EMC) is shown. The EMC consists of 56 crystal rings. (b) shows an individual crystal
with the readout electronics. The dimensions are given in mm and °. The images are
taken from [25].

resolution, og can be parametrized by

op _ (2324030)% (185 + 0.12)% (3.3)

L Y E(GeV)

where the terms are added in quadrature. The angular resolution is equal for both
the polar angle  and the azimuthal angle ¢. It is parametrized by

3.874+0.07
g = 05 = | “t——L 4 0.00 4+ 0.004 | mrad. (3.4)
E(GeV)

3.2.5. Magnet coil and instrumented flux return

All inner detector components described so far are surrounded by the super-conducting
magnet coil with a weight of 6.5t, an inner radius of 1.40m and an outer radius of
1.73m. It creates a 1.5T magnetic field which is parallel to the beam line. The iron
flux return of the magnet is the outermost detector component. It is designed for the
detection of muons, and neutral long-lived hadrons like the K?.

An schematic view of the IFR is shown in Figure 3.9. It consists of three major parts,
the barrel and the forward and backward end doors. The barrel consists of 19 radially-
arranged iron layers, while the end doors have 18 layers each oriented perpendicular to
the beam line. The thickness of the layers increases from 2cm for the inner layers to
10 cm for the outermost layer. The gaps between the layers were instrumented with
resistive plate chambers (RPC’s) during the data taking periods (runs) 1-4. Due to
significantly degrading performance the RPC were replaced by limited streamer tubes
(LST) for the remaining operation time of the BABAR detector.
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Figure 3.9.: Schematic view of the instrumented flux return (IFR). The barrel section is shown on the
left. The two end doors are displayed on the right. The resistive plate champers (RPC)
were replaced by limited streamer tubes (LST) after the fourth data taking period. The
dimensions are given in mm. The image is taken from [25].

3.3. The data sample

3.3.1. Data sample

In this analysis, two BABAR datasets recorded at different energies are used. The first
dataset was recorded at the 7°(4S5) resonance (OnPeak), i.e., at a center-of-mass energy
of 10.58 GeV. The second dataset which corresponds to about 10% of the total dataset,
was recorded 40 MeV below the 7°(4S) (OffPeak). The average 7-pair cross section
for the two samples is o, = (0.919 £ 0.003) nb [29]. No distinction is made between
the two datasets. The total dataset used in this analysis corresponds to an integrated
luminosity® of

L =473.9f7" (3.5)

The integrated luminosity recorded during each run is listed in Table 3.1.

3.3.2. Simulated event sample

Monte Carlo simulated events are used in this analysis to develop selection criteria, and
to determine selection efficiencies of signal and background events. Exactly the same
selection criteria are applied to simulated events as to the data events. This includes the
trigger requirements, all (loose) preselection criteria for 7-pairs, and the criteria specific
to the signal decays selected in this analysis. The following processes are considered:

!The integrated luminosity is determined from the measurement of the number of ete™ — ete™,
ete™ — putp~, and two-photon events [32].
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Table 3.1.: Integrated lumiminosity of the dataset used in this analysis for each run, and separately
for the OnPeak and OffPeak datasets.

Run  Lowpeak [1b™']  Logpear [fH]

1 20.6 2.6
2 62.1 7.0
3 32.9 2.5
4 100.8 10.2
5 133.9 14.5
6 79.0 7.9
Total 429.1 44.8
ete” — 7™
ete” = putu” (3.6)

ete” —qg with ¢=u,d,s,c,b.

The first two processes are generated with kk2f [33]. 7 decays are described by the
TAUOLA library [34]. The branching fractions of 7 decays implemented in TAUOLA are the
world averages of 2002. These branching fractions are reweighted within this analysis
to the current world averages taken from PDG 2010 [4]. All ete™ — ¢g processes are
generated with EvtGen [35]. The interaction of the generated particles with the detector
is simulated with GEANT4 [36].

Bhabha events, i.e., efe™ — eTe™ events, are an important background in this
analysis. Due to the very large cross section of ~ 40nb [28], it is difficult to generate
the appropriate number of events to account for rare topologies which possibly could
mimic the signal decays. Instead of simulating these events special care is taken to
suppress all Bhabha events from the selection.

Simulated events are produced by taking the detector conditions at a given time
into account. All simulated events are overlaid with randomly triggered events with
no physics content. Such events do only contain the beam background and detector
noise as present at the given time. Thus, samples of simulated events are available
for the different runs. In the branching fraction measurement presented in this thesis,
the numbers of generated events are scaled to match the integrated data luminosity
separately for each run. Table 3.2 lists the numbers of generated events for each process
and for each run. In addition, the cross sections of the considered processes are listed.

The ete™ — 777~ sample generated as described above is denoted as the generic T
sample. It does not contain 7 decays which have small branching fractions with large
uncertainties. To also take this decays into account in this analysis, so called dedicated
7 decay samples have been generated (Table 3.3). In such a dedicated sample one of
the two 7’s decays in the considered channel, while the other 7 decays according to the
TAUOLA implementation. The dedicated decay samples are generated in dependence of
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Table 3.2.: Cross sections and numbers of generated events for the different run. The uncertainty
of the cross sections of the ete™ — ¢g processes is not listed in the table, because the
fraction of these processed selected in this analysis is very small, i.e., the uncertainty can
be neglected.

ee — Trr™ ptp~  wa,dd,ss cc bb
o [nb] 0.919 +0.003 1.147 4+ 0.004 2.09 1.30 1.05
Run N [x109] N [x10°] N [x10°] N [x10° N [x10]
1 64.6 46.2 160.5 55.2 69.7
2 163.3 136.0 473.2 164.7 109.7
3 59.2 76.0 275.9 88.3 113.9
4 180.0 121.6 416.1 267.3 336.6
) 237.1 153.5 514.3 344.2 431.0
6 139.2 94.1 327.0 208.6 265.5

Table 3.3.: Branching fractions [4] and numbers of generated signal and background 7 decays which
are not included in the generic 7-pair sample. This samples are denoted as dedicated
simulated samples. (*) The branching fraction of the 7= — 7~ (47°)v, decay has not been
measured yet. The given number is the 7= — h~(47%)v, branching fraction.

Decay B [x1074] Generated events [x10?]
™ = K (3%, 3.7+24 8004
7~ = (4%, 112 £ 5.1% 8010
77 = a7, 1.5+ 0.5 844
T~ = K nu, 1.61 £ 0.10 8311
7~ — K nnu, 0.48 £ 0.12 723
7~ =7 K%v, 093 £0.15 706

the detector conditions in the same way as the generic sample. In Table 3.3 the total
number of the generated events in a dedicated sample, i.e., the sum for the runs 1-6,
is listed.
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4. Analysis overview

This section provides an overview of the strategy of the measurement. The different
steps of the analysis chain are described in detail in the following chapters.

4.1. Goal of the measurement

The goal of the analysis is the measurement of the branching fractions of the decays

77 =7 (37w,
7 =7 (47°)v,
T =K v,

T~ = K 7.

7~ = K- (27,
77 = K (37,

which are denoted as signal decays in the following.

4.2. Additional control decay modes

In addition to the above signal modes the following 7 control modes are used to develop
selection criteria for the signal decays, and to derive corrections to be applied to the
simulation:
T =T Vs
- -0
T =T TV
o, (4.2)
T =7 (210,
T — W Uyulr.

The numbers of selected events in the control samples are about 10-100 times larger
than the numbers of selected signal events due to the relatively large branching fractions
[4] of the control decays:

B(r™ =7 v,) = (10.83+0.11)%

Bt~ = 7 7'v;) = (25.46+0.12)% (4.3)
Bt~ =7 21%r,) = (924+0.12)% '
B(t™ = p v,v;) = (17.33+0.05)%.
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The control decays have very similar properties as the signal decays. All control and
signal decays have one charged particle in the final state. The only difference between
the control decays 7= — 7~ (n7®)v, and the signal decays 7= — K~ (n7%)v, with n =
0,1,2 is the charged particle type. Therefore, the majority of the selection criteria can
be directly transfered from the control decays to the signal decays. The 7= — 7~ 7’v,
and 77 — 7 (27°)r, modes are used to develop the selection criteria related to neutral
pions. The branching fraction of each of the control decays is determined and compared

with the precisely known world average [4] to validate the analysis.

4.3. Event selection

The first step of the analysis is the selection of eTe™ — 777~ events.

In contrast to et e~ — ¢q events, this type of events is characterized by low particle
multiplicity and a jet-like topology. These properties are used to suppress quark-pair
events. In addition, ete™ — 777~ events contain at least two neutrinos which cannot
be directly reconstructed in the detector. The missing momentum from the neutrinos
can be used to distinguish 7-pair events from ete™ — ¢T¢~ events with ¢ = e, u, whose
kinematics are fully determined by the measurement of the two charged leptons in the
final state. Topological event properties are also used to suppress two-photon processes.

In the next step signal decays are selected from the ete™ — 777~ event sample by
applying a so-called lepton tag. One of the two 7’s is required to decay into a charged
lepton, i. e., an electron or a muon, and two neutrinos. Any other reconstructed particle
is then associated with the decay of the other 7 in the event. Since all signal decays
contain one charged particle, the application of a lepton tag results in exactly two
charged particles reconstructed per event.

The decays measured in this analysis contain different numbers of 7%’s. Neutral
pions cannot be detected directly in the BABAR detector. They are reconstructed in the
mode 7 — vy (B(m® — v7) &~ 99%) from the two photons which are detected in the
calorimeter.

Signal decay modes with the same number of 7°’s can only be discriminated by the
type of the charged particle. A good performance of the pion and kaon identification
is therefore crucial for this analysis.

The event selection is finalized by removing remaining background events from the
selected signal samples with appropriate requirements which are specific for the consid-
ered signal mode.

4.4. Corrections of the simulation

The reconstruction and identification efficiencies for the final-state particles of the 7
decays are determined from the Monte Carlo simulation. Thus a good description of
the data by the simulation is very important. However, it is known that the simulated
event samples do not model some characteristics of the data with a precision that is
sufficient for this analysis. The development of correction methods to improve the
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simulation is a major challenge in this analysis.

4.4.1. Charged particle identification corrections

For the presented measurement it is necessary to determine for each reconstructed track
if it is created by an electron, muon, kaon or pion. This particle identification (PID) is
performed with selection tools (PID selectors) provided by the BABAR collaboration. It
is known that the selection efficiency for these tools is different for data and simulation.
The BABAR PID Group provides correction factors for each PID selector to be applied
to the simulated events. In this analysis, however, an independent determination of
correction factors has been performed for the pion and kaon identification using 7
control samples to achieve the necessary precision. As further control samples the
decays

T — 7T_7T+7T_VT,

4.4
7 w1 KtK v, (4.4)

are used.

4.4.2. Correction of hadronic split-offs

Separated neutrons from hadronic showers in the calorimeter can be the source of
spurious photons, so-called split-offs. The amount of wrongly identified photons from
split-offs is not well modeled in the simulation. The differences between data and
simulation are studied using

T — WU Uy, (4.5)

T =T U,

decays and are corrected.

4.4.3. ©° reconstruction efficiency correction

The signal decays contain up to four 7%’s. The uncertainty of the 7% reconstruction

efficiency is one of the dominant uncertainties of the branching fraction measurement.
The discrepancy between data and simulation has been so far corrected within the
BABAR collaboration by using a correction factor of (=2 + 3)% [37] for each 7. A
systematic uncertainty of 3% per 7 is large compared to other systematic effects in this
analysis and would dominate the uncertainty of this measurement. The following decays
are used to determine a 70 correction factor with a significantly smaller uncertainty:
7'_ — t_VB, (4.6)
T =t T U,
where t denotes a charged particle whose track has been reconstructed and which fails
the electron identification criteria. It is important that ¢ is not explicitly identified as
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a muon, pion, or kaon.

4.5. Determination of the branching fractions

To account for signal decays that have been wrongly reconstructed in one of the other
signal modes (signal cross-feed) a simultaneous determination of all signal branching
fractions is performed. The branching fractions are determined with a migration-matrix
technique [10] which takes the migration of selected events from one mode to another
into account.

The fraction of background events in a selected signal event sample is estimated using
Monte Carlo simulation and is subtracted from the data.

4.6. Determination of |V,]

The magnitude of the Cabibbo-Kobayashi-Maskawa matrix element V, is determined
from the measured 7= — K~ v, branching fraction combined with a lattice QCD cal-
culation of the kaon decay constant.

|V.s| is also determined from the total branching fraction, By, of exclusive 7 decays
into final-states with strangeness |S| = 1. The signal decays measured in this analysis
with kaons in the final-state contribute to Bs. For each strange signal decay an average
branching fraction is calculated by averaging the result obtained in this analysis with
previously published results by the BABAR collaboration and with results from other
experiments. The resulting average branching fractions are then used to update By and
to calculate a new value of |V,

38



5. Particle Selection

In this analysis four different types of charged particles, electrons, muons, kaons and
pions, are selected. Moreover, neutral pions, which mainly decay into two photons, are
reconstructed from their decay products. The BABAR collaboration provides sophisti-
cated particle reconstruction and identification algorithms [38], which are used in this
work. The underlying methods are described in this chapter together with additional
selection criteria used in this analysis.

5.1. Charged particle reconstruction

5.1.1. Reconstruction of tracks

The trajectories of charged particles are reconstructed in the silicon vertex tracker
(SVT) and the drift chamber (DCH) of the BABAR detector. Both sub-detectors are
described in detail in Sections 3.2.1 and 3.2.2.

Hits measured in both sub-detectors are used as input to a sequence of optimized
track finding algorithms. The algorithms use detailed information about the detector
material distribution and of the exact field map of the 1.57T magnetic field, which
surrounds the tracking detectors. The measured space points are fitted by a track
model. Due to the magnetic field the fitted trajectories are constrained to a helix
shape with its origin in the intersection point (IP) or in a fitted secondary vertex. The
radius of the helix-shaped particle trajectory is proportional to the momentum of the
particle. Therefore, the particle momentum is determined from the measured radius.
A reconstructed charged particle trajectory is denoted as track in the following.

5.1.2. Selection of tracks

A prerequisite of this analysis is to reconstruct charged decay products of the 7 lepton,
and to separate them from charged particles produced in particle interactions with the
detector material or in subsequent decays of daughter particles of the 7.

Due to the lifetime, 7, = (290.641.0) x 107'% s, of the 7 lepton, the vast majority of 7
leptons already decays in the beam pipe of the BABAR detector!. The origin of the decay
products trajectories is therefore consistent with the position of the primary vertex of
the event. This 7-pair event property is used to reject tracks of particles produced in
interactions with the detector material, e.g., photon conversions (7 — eTe™). Each

!The flight length of a 7 with a momentum p = 1.8 GeV/c which decays after the time ¢t = 7, is
s = -t = 87 ym. The outer radius of the beam pipe is 27.9 mm [25].
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reconstructed track has to fulfill the following requirements:

|d0] < 1.5cm

|20] < 2.5cm (5.1)
where |d0| and |20| are the distance of closest approach in the xy-plane and along
the z-axis between the track and the primary vertex, respectively. In addition to this
criterion, track pairs with an invariant mass consistent with either zero or the mass
of a longer-lived particle, such as the K2, which is frequently produced in 7 decays,
are discarded. Tracks which fulfill the above criteria are reconstructed in data with an
efficiency [39] of

P = 93.923 + 0.224. (5.2)

The track reconstruction efficiency [39] in simulated events, €M is consistent with the

one measured in data within uncertainties:

€Pata
o = 0.9996 + 0.0017 (5.3)

No correction is therefore applied to simulated events. However, the uncertainty is taken
into account in the determination of the total systematic uncertainty of the branching
fraction measurement.

5.2. Charged particle identification

5.2.1. Variables used for particle identification

The type of a charged particle is identified by studying the particle’s signature in
several components of the BABAR detector and combining the obtained information.
The tracking devices are used to measure the momentum and the specific energy loss,
dE/dz, of the traversing particle. The Cherenkov detector provides a good pion-kaon
separation by measurement of the emitted Cherenkov light. The deposited energy and
the shape of showers induced in the electromagnetic calorimeter are used to distinguish
between electrons, muons and hadrons. Finally, energy deposits in the instrumented
flux return are used to distinguish between muons and hadrons.

Specific energy loss
In addition to the position of energy deposits along a charged particle trajectory also the
magnitude of the energy loss per unit path length, dE/dz, is measured in the tracking
system.

Muons, pions, and kaons with momenta as observed in the BABAR experiment lose
energy through ionization and atomic excitation of the detector material. The specific
energy loss is related to the particle velocity, 5 = 7, through the Bethe-Bloch equation
[4]:

1 [1, 2m.c?y?3?

Z max 2 6
——— = RZ Z@ §IHTEkin —B —5 y (54)
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Figure 5.1.: Specific energy loss, dE/dz (a), and the Cherenkov angle, ¢ (b), as a function of the
particle momentum determined in multi-hadron events. The grey lines show the predicted
values for the different particle types. The figures are taken from [40].

where B2 is the maximum kinetic energy, m,. is the electron mass, Z and A are the
atomic and mass numbers of the absorber material, I is the mean excitation energy, ze
is the charge of the incident particle, and x = 4w Nar?m.c?, where N, is the Avogadro
number. The energy loss of electrons is not described by the Bethe-Bloch equation.
The dominating process is bremsstrahlung for this case.

Figure 5.1a shows the energy loss, dE/dz, as a function of the particle momentum
p = m~yp for different particle types. The magnitude of the energy loss varies for
different particles types in the same momentum region due to the different masses of
the particles. The particle type can therefore be determined by measuring the energy
loss and the momentum of the particle. A sufficient separation of pions and kaons using
this method is only possible up to momenta of about 0.7 GeV. The type of particles
with momenta above this threshold is determined with the Cherenkov detector (DIRC)
of the BABAR experiment .

Cherenkov angle

The Cherenkov detector (Section 3.2.3) is the most important device of the BABAR
detector to separate pions and kaon. Charged particles that traverse the quartz bars of
the DIRC with a velocity larger than the velocity of light in the material emit Cherenkov

photons at an angle 6o with
1

%a
where (3 is the velocity of the particle, and n is the refraction index of the traversed
material.

cos(fc) = (5.5)
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The value of the Cherenkov angle differs for particles with the same momentum but
different masses. Figure 5.1b shows 6 as a function of the particle momentum and
illustrates the pion-kaon separation power. Kaons can be well separated from pions in
the momentum region 0.7-4 GeV/¢, which corresponds to the momentum range of kaons
and pions selected in this analysis.

Energy deposits in the electromagnetic calorimeter

The ratio of the energy deposited in the electromagnetic calorimeter, Fgyc, and of the
particle momentum, p, depends on the particle type. Electrons deposit all their energy
in the calorimeter, which leads to Egyc/p = 1. Muons are almost minimum-ionizing
particles, and therefore Fgyc < p. Hadrons, e.g.. kaons and pions, induce hadronic
showers which are not fully contained in the electromagnetic calorimeter leading to
ratios EEMc/p S 0.8.

Shower shape
Particles types can also be distinguished by the shapes of the showers induced in the
electromagnetic calorimeter. Electrons produce more compact showers in the calorime-
ter than hadrons. Muons do not deposit much energy in the calorimeter, since they are
almost minimum-ionizing particles.
The extension of a shower can be measured in transversal direction, since showers ex-
tend over several crystals of the EMC. A longitudinal measurement of the shower shape
is not performed.

The lateral moment, LAT, is used as a measure of the lateral extension of a shower:

NCrystal

> Eﬂ’?
i=3

9 9 NCrystal 9
E1T0 + EQTO + Z Ei'ri
=3

LAT =

€ [0,1) (5.6)

where E; is the energy deposited in crystal ¢, Ncyystal is the number of the crystals
contained in an EMC cluster, ordered such that Fy < Ey < ... < Eng, ., i is the
distance between the cluster centroid and the position of crystal ¢, and rq = 5cm
denotes the average distance between two crystals.

Muons usually deposit energy in only one or two crystals, which leads to LAT = 0.
Electrons deposit most of their energy in two or three crystals. Since the two highest
energy deposits F; and F, are excluded in the sum in the nominator of Equation 5.6
LAT is small for electrons. The LAT for hadronic showers which have a broader energy
distribution is typically larger than for electrons.

Energy deposits in the instrumented flux return

The trajectories of tracks measured in the tracking system are extrapolated into the

instrumented flux return, which is the outer most component of the BABAR detector.
The signature of an electron is a measured track without energy deposits in the layers

of the IFR (IFR hits) along its extrapolated trajectory, since electrons are fully absorbed

in the calorimeter. Hadrons and muons reach the IFR. Hadrons produce broad hadronic

showers, and deposit their energy in the inner layers of the IFR. In contrast to that
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muons traverse all layers. The number of IFR layers with hits is therefore larger for
muons than for hadrons and can thus be used to identify muons.

5.2.2. Particle identification algorithms at BABAR

The BABAR collaboration provides various identification algorithms to determine the
type of a reconstructed particle. These algorithms are called PID selectors. PID selec-
tors are available for all particle types selected in this analysis, i.e., electrons, muons,
pions, and kaons?. All PID selectors use combinations of the measured particle prop-
erties presented in Section 5.2.1 to determine the particle type.

Different identification techniques are implemented in the various PID selectors pro-
vided by the BABAR collaboration. There are four basic approaches:

e Requirements for a certain particle type are imposed separately on each measured
quantity [41].

e A likelihood variable is calculated for a particle type [42].

e A neural network is trained on control samples for the considered particle type
[43].

e Bootstrap aggregate (bagged) decision trees [44] are trained on control samples.

Independently of the implemented approach all PID selectors return only two possible
values: the track is identified as a certain type or it is not identified as this type. This
standardization is achieved by built-in thresholds values for the different output types
of the basic approaches. For example, in the likelihood-based approach the track is
identified as a certain type if the determined likelihood is above a predefined value.

For each identification method of a certain particle type a set of different built-
in threshold values is implemented. The chosen values define the tightness level of
a selector. The tightness of a selector determines the balance between identification
efficiency, €., and misidentification fraction, 7, s, Wwhere a,b = e, u, K, 7 with a # b.

The identification efficiency of a PID selector A for the particle type a is given by

A
A_Na

=5 (5.7

€

where N, is the number of particles of type a in a data sample, and N? is the number

of correctly identified particles.

Accordingly, the probability to misidentify a particle of type b as a particle of type a

with the selector A is defined as .
A Ny

Mb-as-a = Nb
where N, is the number of particles of type b, and N} is the number of these particles
misidentified as type a.

In the following section, the PID selectors used in this analysis are presented.

(5.8)

2The BABAR collaboration also provides PID selectors for protons.
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5.2.3. Identification of electrons, muons, pions, and kaons.

Underlying identification algorithm

The charged particles are identified with a set of PID selectors recommended by the
BABAR PID Group for the usage with the BABAR software release® used in this analysis.
The identification of electrons, pions, and kaons is performed with a selector group?
which uses bagged decision tree algorithms for each particle type. The output of each of
these algorithms is combined using an Error Correcting Output Code (ECOC) technique
[45].  The identification of muons is not included in this group. A separate muon
selector® [44] is used which is also based on the bagged decision tree technique, but which
uses a different combination of measured quantities. This set of quantities includes
information measured in the IFR. A detailed description of the PID selectors can be
found in [38].

Tightness of the PID selectors
The tightness level of the PID selectors is chosen to minimize misidentification proba-
bilities.

Electrons and muons produce clean signatures in the detector and can be well sep-
arated from the other particle types. Low misidentification probabilities are already
achieved with relatively loose identification criteria. This means that a low tightness
level of the PID selectors is chosen, leading to a high identification efficiency.

Signal decays with a charged kaon can only be distinguished from the corresponding
decays with a charged pion by the application of PID selectors. The branching fractions
of the signal decays with a 7= and n 7%’s are about 10-100 times larger than those of
decays with kaons and the same number of 7°’s. A low misidentification probability of
pions as kaons in therefore crucial. PID selectors with tight selection criteria are chosen
for kaons and pions.

The particle identification efficiencies and misidentification probabilities of PID selec-
tors are determined using data control samples as well as simulated events. The control
decays are described in the next paragraph.

PID control samples

A control sample contains tracks of known type. The type of the tracks is determined
independently of the PID algorithms, e.g., the type is identified from kinematic con-
siderations and conservation laws.

Control track samples are used to measure particle identification efficiencies and
misidentification probabilities of PID selectors. The values determined for the PID
selectors used in this analysis are discussed in the next paragraph. Moreover, control
samples [46] are used to derive correction factors to account for differences between
data and simulation in the identification performance (Section 5.2.5).

For pions as well as for kaons two different control samples are used. The standard
control samples for pions and kaons provided by the BABAR collaboration are used to

3The version name of the used BABAR software release is analysis-51.
4The electron, pion and kaon selectors are named eKMVeryLoose, KKMTight, and piKMTight.
5The muon selector is named muBDTVeryLoose.
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determine the efficiencies and misidentification fractions of available pion and kaon
PID selectors. Among these PID selectors, the selectors with an optimal identification
performance are chosen. Additional control samples of 7 decays into three charged
particles are used to determine kaon and pion identification correction factors to be
applied to simulated events.

The standard control samples used by the BABAR collaboration for pions and kaons
contain the decay chain
Dt = gt D= 7T K7). (5.9)

This decay is reconstructed by selecting two particles with an invariant mass consistent
with the D° mass. The momentum of the third particle has to be < 0.5GeV/c to
identify that particle as the soft pion 7. The invariant mass of the three particles
which fulfill that criteria has to be consistent with the mass of a D** meson. The pion
in the D° decay has the same charge as the reconstructed 7., since the D® — 7= K+
decay is doubly Cabibbo suppressed, and is thus negligible. The pion control sample is
therefore selected in the following way: The track with the same charge as the soft pion
is marked as the pion control track. No PID selector is applied to identify the type of
this track. The kaon control sample is selected similarly: The control track is the track
with the charge opposite to the charge of the 7.

The standard control samples which originate from high-multiplicity hadronic events
are not used in this analysis to derive PID correction factors, because the particle identi-
fication performance depends on the average particle multiplicity. This has been shown
in [47] for the identification performance of electrons. Typically, in low-multiplicity
events a better performance of the particle identification is achieved. For example, the
measurement of the Cherenkov angle depends on the occupancy of the DIRC. The larger
the number of charged particles traversing a DIRC segment the more difficult is the as-
signment of detected Cherenkov photons to the particles, and thus the determination of
the Cherenkov angle. The PID correction factors are derived from a comparison of the
PID performance in data and simulation, and can therefore also depend on the particle
multiplicity. Thus, they should be determined in control samples with a topology as
similar as possible to the topology of signal events to achieve an optimal correction of
the simulation. For this analysis, control samples of ete™ — 7777 events are selected,
where a tag lepton (Section 6.2.1) is required and the other 7 decay is

7~ — 7 7w r v, (pion control sample),

5.10
7~ — 7 KTK v, (kaon control sample). (5.10)

These events contain only four reconstructed particles. Their topology is similar to the
topology of the signal decays. The selection of these decays and the determination of
the correction factors for simulated events is described in Chapter 7.

The control samples for electrons and muons which are provided by the BABAR col-
laboration are samples of ete™ — ete™ () processes and ete™ — utpu~ () processes,
respectively. The type of the control track is determined from lepton-flavor conservation
and four-momentum conservation. These control samples have a very similar topology
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Figure 5.2.: Identification efficiencies, €.+, (a), and €,+ (b) of the electron and muon PID selector
used in this analysis. In addition, the pion misidentification rate, n;+-qs-,+ is shown in
(c). All distributions are displayed as a function of the track momentum in data (filled
circles) and simulation (open circles). The figures are taken from [38].

to 7 pair events, i.e., the electron and muon PID correction factors are determined by
using these samples.

Electrons

Figure 5.2a shows the positron® identification efficiency as a function of the particle
momentum for the electron PID selector used in this analysis. The electron identifica-
tion efficiency is about 98%. The misidentification fraction of pions as electrons (not
shown in the figure) is 7,_as.. < 0.9% for pion momenta below 1 GeV. The probability is

significantly smaller for pions with larger momenta. Misidentification fractions of other
particles as electrons are negligible.

Muons

The efficiency of the muon identification, €,, is shown in Figure 5.2b. For small muon
momenta below 1GeV/c, €, lies in the region 70-90%, while €, ~ 90% is achieved for
higher momenta. The misidentification probability of pions (Figure 5.2c) shows the op-
posite behavior: The probability reaches almost 10% for low momenta and significantly
decreases to about 3% above 1GeV/c. The misidentification of pions is the dominant
misidentification effect, because pions and muons are difficult to distinguished using in-
formation from the tracking systems and the DIRC. The separation relies almost only
on IFR information.

Kaons

The identification performance of the kaon is illustrated in Figure 5.3. The kaon iden-
tification efficiency is ex = 80 — 90%. The misidentification probabilities of pions and
muons as kaons are 1 — 2% in both cases.

6The figures shown in this section, which display the identification efficiencies and the misidentifica-
tion fractions, have been produced for positively charged particles. The corresponding distributions for
negatively charged particles can be found in [38]. The separation according to the charge is performed
to account for possible charge asymmetries.
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Figure 5.3.: The identification efficiency, ex+ (a), the pion misidentification rate, n,+-qs-x+ (b), and
the muon misidentification rate, 1,+_qs-x+ (c), of the kaon PID selector used in this
analysis as a function of the track momentum in data (filled circles) and simulation (open
circles). The figures are taken from [38].

Pions

The identification efficiency for pions is 95% (Figure 5.4). The kaon misidentification
probability of &~ 2-5% is not shown in the figure, since a negligibly small number of kaons
enter the pion decay mode samples, due to g((: :;:((’:;?)’Z)) ~ 10. The misidentification
probability of an electron as a pion is small: 7..c.r &~ 1%. In contrast to that, the
misidentification probability for muons is very large, 7, as.x =~ 97%. The chosen pion
PID selector does not use any IFR information. Therefore, pions and muons cannot
be distinguished using this selector. Nevertheless, the fraction of muons misidentified
as pions is strongly suppressed in this analysis by the special application order of PID
selectors. This is described in detail in Section 5.2.4.

Additional lepton identification criteria
In addition to the criteria implemented in the PID selectors, the momentum of electrons
and muons selected in this analysis is required to be

Pesp > 1GeV/e. (5.11)

to avoid the increase in the misidentification probabilities at smaller momenta.

Additional kaon identification criteria
Kaon identification requirements which are applied in addition to the kaon selector have
been developed in [10] to improve the agreement of data and simulation.

Kaons with small momenta, i.e., px < 0.7GeV/¢, are identified by using only the
dFE/dx measurement in the tracking devices, which increases the probability to misiden-
tify another particle as a kaon. Therefore, charged particles are only identified as kaons
if the Cherenkov angle, 6, has been reconstructed. This criterion is technically imple-

mented by requiring
fc > 0.1rad. (5.12)
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Figure 5.4.: The identification efficiency, e+ (a), the electron misidentification rate, 9e+-qs-r+ (b),
and the muon misidentification rate, 7,+_qs-x+ (c), of the pion PID selector used in this
analysis as a function of the track momentum in data (filled circles) and simulation (open
circles). The figures are taken from [38].

Kaons can decay shortly before the DIRC. The Cherenkov angle is then measured for
the kaon decay products and not for the kaon. It has been observed in [10] that typically
fc ~ 0.8rad in this case. Such kaons are rejected by the following requirement:

rad
GeV/e

fc < 0.65rad + 0.125p (5.13)

Additional charged track identification criteria
A good quality of the charged particle identification is further ensured by restricting
the polar angle of the particle trajectory to

0.45 < Gyraer < 2.36rad, (5.14)

which corresponds to the overlapping acceptance region of the DIRC and DCH. The
DIRC covers a smaller polar angle region than the tracking system. The performance
of the identification is also improved by requiring a minimal transverse momentum

PL g > 250 MeV/e (5.15)

of charged particles to ensure that the particle trajectories are inside the DIRC accep-
tance.

5.2.4. PID selector sequence

For the decays selected in this analysis, each selected event contains exactly two charged
tracks due to the application of the lepton-tag technique, which is described below in
Section 6.2.1. One of the tracks is either identified as an electron or muon (tag lepton).
The other track has to fulfill the criteria of a pion or kaon (signal track). Events of the
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type (7t — efv.; and 77 — pT,v;) are also selected if the respective particles are
identified.

The two selected tracks, t; and t,, are not distinguishable before the particle iden-
tification algorithms are applied, i.e., t; can be the tag lepton and ¢, the signal track,
and vice versa. It has to be tested for both tracks that they fulfill the criteria for a
tag lepton and for a signal track. Each of the four PID selectors — the electron, muon,
kaon, and pion PID selector — is applied to each track.

For reasons of readability the four PID selectors are denoted as

muon selector:  muon
electron selector: electron
(5.16)

kaon selector:  kaon

pion selector:  pion

in the following.

The PID selectors are applied to each of the two tracks, t;, in the following order:

t
muon ——— track =

false

t
electron ——=~ > track = e

false

kaon — ¢ o track = K

false

. t
pion — % > track = 7

false

particle not identified

The first selector applied to the track is the muon selector. The track is identified
as a muon if the selector returns the value true, and the procedure is closed. If the
particle is not identified as a muon, the electron selector is applied. The procedure is
repeated for the kaon selector and finalized with the application of the pion selector.
This sequence leads to explicit particle identification vetos for all particle types except
the muon. That means, for example, that identified electrons, kaons, and pions failed
the selection criteria of a muon, i.e.. they are vetoed if they are a muon. The following
selector combinations are effectively applied to the particles selected in this analysis:

[ :  muon
e: electron A 'muon
(5.17)

K : kaon A lelectron A !muon

m: pionA !kaon A !'electron A !'muon
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These special combinations of PID selectors have to be considered when correcting the
simulation for deviations between data and simulation. Correction factors that are
determined separately for each of the selectors have to be combined correctly. This is
described in Section 5.2.5.

The order of the selectors is chosen to minimize the fraction of misidentified particles
in the decay mode samples. Since all decays measured in this analysis contain a hadron,
the lepton PID selectors are applied at first, which suppresses the number of leptonic
7 decays misidentified as a decay into a hadron. Muons are selected before electrons,
since the muon misidentification probability 7, .s.c is larger then the inverse probability,
Ne-as-u- Moreover, the application of a muon veto before the identification of a pion
strongly suppresses the very large 7, as.x = 97% due to the high muon identification
efficiency.

In principle, the order of the kaon and pion PID selectors could be chosen arbitrary.
These PID selectors which use the same identification method and have the same tight-
ness level are designed to be exclusive. This means that a track identified with one
of these PID selectors fails the requirements of the other. However, a correction (see
Section 5.2.5) of simulated events is necessary for each applied PID selector leading to
the uncertainty of the identification procedure. The kaon is identified first to avoid the
larger uncertainty arising from a pion veto”.

5.2.5. Particle identification efficiency correction

The misidentification probability of muons as electrons is shown in Figure 5.2 as a func-
tion of the muon momentum for data as well as for simulated events. Clear deviations
are visible between these two distributions. Deviations between data and simulation
also exist in the other distributions of efficiencies and misidentification probabilities
shown in Section 5.2.3.

The BABAR collaboration provides tables with correction factors for simulation to ac-
count for these differences. Control samples are used to measure the identification
efficiencies (Equation 5.7) and misidentification probabilities (Equation 5.8) for all PID
selectors. The correction factors for simulated events are then defined as the ratios of
the PID selector efficiency determined in data, €2 and the efficiency obtained for
simulated events, eMC :

a >

EData

Woonsq = — (5.18)

eMC
Respective ratios are also defined for the misidentification probabilities

nData
Whasa = 222, (5.19)

b-as-a

"The main goal of this analysis is the precise measurement of 7= — K~ (n7°)v, decays which can
be used to determine the CKM-matrix element |V,,5|. Therefore, a small uncertainty of the branching
fractions of these decays is preferred over a small uncertainty of B(r~ — 7 (37°)r,) and B(t— —
7~ (47°)v,) also measured in this analysis.
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where a,b = e, u, m, K with a # b. The correction factors do not only depend on the
true particle type, ¢, and the reconstructed type, j, of the particle (i,j = e, u, m, K).
They are also determined in dependence of the particle charge, momentum, polar angle,
and azimuthal angle:

Wi as-j = wi—as—j(Q7p> 97 ¢) (520)

The determined ratios are used as correction factors applied to simulated events as
event weights. These weights are denoted as PID weights.

Each simulated event is weighted with a combination of PID weights according to
the applied PID selectors. The signal events contain two charged tracks t; and s, i.e.,
two PID weights are applied to obtain the total weight:

wi = wf_las_j Wi, 1,5, k,l=e,u,m K, (5.21)
As described in Section 5.2.4 PID selectors are also used to veto particles. Deviations

of data and simulation also have to be corrected in this case. The corrections are done
by applying PID veto weights defined as

1— Data 1— Data

€ veto My as-a ) (5 ) 22)

veto a
w =—=— and w = —
a-as-a _ MC b-as-a . MC
1 €a 1 Np-as-a

The total veto weight, w{?S , applied to an identified track ¢ depends on the particle
type, since a sequence of different PID selectors is applied to each particle type. Ac-
cording to Equation 5.17 the following weight combinations have to be applied for the

different particle types:

. veto __
proow, =1,
. veto __ veto
e W, - Yi-as-wo (5 23)
K . veto __ veto . veto :
LW = i-as-p i-as-e
. veto __ veto veto veto
T Wg — Yi-as-pu i-as-e i~as-K

The total weight, w2 which is applied to each simulated event to account for differ-

ences in the particle identification performance is then

PID _ id veto veto
Wepeny = W' - W - wp™. (5.24)

Statistical limitation of the BABAR PID tables

The PID weights for the identification of pions and kaons, and the misidentification of
pions as kaons which are determined using 7 control samples in Chapter 7 are available
for all occurring values of track momentum, pg/r, polar angle, 0/, and azimuthal
angle, ¢x/r. The particle identification and misidentification tables provided by the
BABAR collaboration are used to obtain all other PID weights w; s ;. The identification
tables cover a large region of (p, 6, ¢). In rare cases however, i. e., for a fraction < 1x107%
of the correctly identified electrons and muons, selected tracks are outside this region.
In some (p,6,¢) intervals, in particular at large momenta p g 4 GeV/e, the number
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of control tracks is very small. PID weights cannot be determined in these intervals.
The PID weights are set to w = 1.0 which is the mean of the PID weight distribution
applied to selected electrons as well as muons. The uncertainty of the PID weights,
which contributes to the uncertainty of the measured signal decay branching fractions
(Chapter 10), is estimated by the RMS of the PID weight distributions.

The misidentification tables, e.g., the PID weights for the misidentification of elec-
trons as muons, are produced with the same control samples as the identification tables.
In general, the misidentification probabilities are significantly smaller than the identifi-
cation efficiencies leading to larger statistical uncertainties of misidentification weights.
This results in a larger fraction of intervals without reliable PID weights. These PID
weights and their uncertainties are also replaced in the same way as described above.
This is valid, since the absolute fraction of applied misidentification weights is small.

The same replacement is also applied in case of veto weights. The vast majority of
occurring veto weights are misidentification veto weights. For example, following the
selector sequence described in Section 5.2.4, a true electron will typically be not identi-
fied as a muon and than be correctly identified which results in the weight combination

veto

We )y " Weoase- The probability to misidentify an electron as a muon, 7e.as,, is on the
Data

veto __ l_ne—as—u ~
~

—as-1 MC
€-as-p 1_776—as-u

order of 1% resulting in w 1. For small misidentification probabilities,

the uncertainty Awe ,s.,~ \/ (AnPata )2 + (AnMS )?. Since 7e.as, is not determined in

many intervals of the PID tables the uncertainty is estimated by the RMS of the muon
PID weight distribution.

5.3. Neutral particles

Almost all signal decays and control decays have neutral pions in the final state.
7%s decay before they reach the calorimeter and cannot be detected directly with
the BABAR detector. They are reconstructed in the decay channel 7° — ~vy with
B(m® — ~vv) = (98.823 + 0.034)%, where the two produced photons are detected with
the electromagnetic calorimeter. The applied photon quality criteria, and the recon-
struction of the 7° from the two detected photons are described in this section.

5.3.1. Reconstruction of photons

The signature of a photon candidate is a measured cluster (Section 3.2.4) in the elec-
tromagnetic calorimeter (EMC) without an associated charged track reconstructed in
the tracking devices. The cluster energy, Fusier, 1S given by the sum of the energy
deposits in all crystals assigned to the cluster. The minimum energy of a cluster is

min = 30MeV/c% In this analysis tighter photon selection criteria are imposed to
ensure a high purity of photons originating from a 7% decay.

Calorimeter acceptance

Only fully reconstructed electromagnetic showers are considered as photon candidates.
An electromagnetic shower induced by a photon extends over several crystals of the
electromagnetic calorimeter. A fraction of 99% of the energy is deposited in a cylinder
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with a radius corresponding to 3.5 Moliere radii. The Moliere radius in cesium iodide
is Ry (CsI(Th)) ~ 3.8cm, while the average distance between two crystals of the
EMC is 79 = 5cm. Hence, electromagnetic showers are fully contained in a 3 x 3
crystals area. The EMC is build of crystal rings in azimuthal direction, and therefore
full coverage is ensured in ¢. In polar direction the acceptance region is limited to
0.277 < 0 < 2.456 rad. Photon candidates in the endcap® region (0.277 < 6 < 0.473 rad)
of the calorimeter are discarded, due to the large uncertainty of the calibration in this
calorimeter region. The full containment of photon showers in the calorimeter is ensured
by also requiring an maximum 6 given by the acceptance edge minus three crystal rings:

0.473 < 6, < 2.360 rad. (5.25)

Photon shower extension

The extension of a shower is used to suppress spurious photons from hot calorimeter
channels and energy deposits due to fluctuations in hadronic showers. A typical sig-
nature of such photon candidates are neutral EMC clusters, i.e., clusters without an
associated track, with one or two crystals. In contrast, photon showers extend over
several crystals of the calorimeter. Therefore, real photon candidate clusters have to
consist of more than one or two crystals resulting in a non-vanishing lateral moment
(Equation 5.6). Technically, this criterion is ensured by requiring:

LAT, > 0.0001 (5.26)

Photon energy

Photons not originating from 7° decays can be beam-background photons or photons
produced in particle interactions with the detector material. This type of photons tends
to have small energies. Photon candidates selected in this analysis are required to have

E, > 75MeV (5.27)

The photon selection criteria are summarized in Table 5.1.

5.3.2. Reconstruction of neutral pions.

The four-momentum of a 7° candidate, p,,, is determined from two photons from the
70 — v decay as

ﬁw = ﬁ% ‘l’ﬁw (5-28)
where
E
p=1|_]. 5.29
7= (%) (529

8The electromagnetic calorimeter of the BABAR detector is asymmetric. The calorimeter barrel
covers central polar angle values. In forward direction (§ < 0.473 rad) the acceptance region is increased
by additional crystal rings—the calorimeter endcap. (Section 3.2.4)
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In events which contain more than two photons, each photon is combined with every
other photon. The maximum number of selected 7° candidates, n.., is

(2n7r0 + n:)yther) !

= ) 5.30
T 212050 4+ Nl — 2)! (530)

n

where no is the number of true 7%’s; and n,, .. is the number of other photons also

reconstructed in the event. For example, n,, = 3 for 3 photons and n., = 6 for 4
photons.

A 7 candidate is selected if the invariant two-photon mass m., = /E? — |p]?

is consistent with the 7° mass, m2 ~ 135 MeV/c? [4]:

90 < m.. < 165 MeV/c?. 5.31
Y

This criterion does not remove all wrong two-photon combinations. Remaining addi-
tional 7% candidates with a mass in the required interval are denoted as combinatorial
79 background. This background can be divided in two categories:

1. Two-photon combinations containing non-7" photons
This type of spurious 7° candidates is already suppressed by the selection re-
quirements imposed on photons (Section 5.3.1). They are further suppressed by
requiring
Pyy > 200 MeV/ec, (5.32)

where p.,, is the momentum of the selected 7° candidate.

2. 7 candidates containing a photon originating from a different 7°.
Two 7° candidates can share a photon. The 7% candidate with the larger momen-
tum is selected.

Table 5.1.: Neutral particle reconstruction criteria.

Photon
Energy E., > 75 MeV/c?
Lateral Moment LAT > 0.0001
Polar angle 0.473 < 6, < 2.36rad
0
Inv. mass 90 < m.,, < 165 MeV/c?
Energy E.., > 200 MeV/c?

Candidates sharing a photon reject candidate with smaller momentum

Table 5.1 summarizes the photons selection criteria and the requirements imposed on
selected neutral pions.

o4



6. Event selection

The first step to select events containing the 7 decays to be measured is to distinguish
ete” — 7777 events from other types of events, which are produced in eTe™ collisions
at the BABAR experiment. In this chapter the characteristic signature of 7 pairs is de-
scribed and compared with typical features of other events. The differences are used
to select ete™ — 777~ events. In the next step, the 7 signal decays are reconstructed
and separated from other 7 decays. The applied selection criteria are described in Sec-
tion 6.3.

6.1. Characteristics of eTe~ — 777~ events

In this section, an overview of the basic characteristics of eTe~™ — 777~ events is
presented.

The center-of-mass energy of ete™ collisions at PEP-II is /s = 10.58 GeV for the On-
Peak data sample and /s = 10.54 GeV for the Off-Peak data sample (Section 3.3.1).
The former energy is slightly higher than the threshold for B meson pair production,
since the mass of a B meson is mp = 5.28 GeV/c?. Therefore, B mesons decay almost
at rest in the BABAR detector. As a consequence, their decay products are distributed
isotropically in the center-of-mass frame. In contrast, 7 leptons from 7-pair events are
boosted due to their smaller mass, m, = 1.78 GeV/c?. This leads to a jet-like topology of
ete” — 77~ events. The very different topologies of ete™ — 77~ and ete” — BB
events are illustrated in Figure 6.1. The figure shows BABAR event displays for the two
types of events.

In addition to the different spatial distribution of the final state particles, the number
of charged particles, n;, in 7-pair events is much smaller than n; of a typical ete™ — ¢q
event.

An important property of 7-pair events is the presence of at least two neutrinos.
Neutrinos escape undetected which leads to missing mass in the event. The magnitude
of the missing mass, myp,;s, can be used to separate e™e™ — 777~ events from other low-
multiplicity events like ete™ — ete™(y) or eTe™ — putu~ () events (see Figure 6.2a),
if all particles are reconstructed, i.e., My = 0.

The direction of the missing momentum can be used to discriminate between 7-pair
events from so-called two-photon events, ete~ — ete™ ff, where f denotes a fermion
(see Figure 6.2b). The two fermions are either charged leptons, i.e., ff =ete™, utpu~,
or quarks (ff = ¢g), which hadronize.

In this analysis only events which contain two charged particles are selected (Sec-
tion 6.2.1). A two-photon event, which has four charged particles in the final state,
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»

(@) ete” — B BY (b) ete™ — 717~

Figure 6.1.: BABAR event displays showing two different kinds of simulated events (radial view). Re-
constructed trajectories of charged particles are displayed as curved lines: pions (red),
kaons (yellow) and electrons (light blue). The size of the green markers corresponds to
the energy deposited in the electromagnetic calorimeter. The momentum direction of
reconstructed 7°’s is indicated by the orange arrows. (a) shows a typical ete™ — B
B° event with a large number of isotropically distributed final state particles. In (b) a
ete”™ — 777 event with subsequent decays 77 — etv.v, and 7= — K~ (37°)v; is
shown. The event illustrates the characteristic low-multiplicity jet-like topology of 7 pair
events . Both illustrations are taken from [10]

f+

|

et (@) efe™ = 1Tl I* et (b) ete” —efe ff et

Figure 6.2.: Feynman diagrams of the processes ete™ — It17v (a) and ete™ — eTe™ ff (b).
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can be only misidentified as a 7-pair event, if two of the charge particle trajectories
are outside the acceptance of the tracking system, i.e., for small or large polar angles.
Typically the high-energy final-state electrons are scattered at small angles and escape
detection, while the trajectories of the fermion pair lie within the detector acceptance.

In addition, the missing mass calculated from the missing momentum vector, Piss,
in two-photon events is large due to the energy carried away by the undetected electron
and positron. Moreover, the transverse component of P, is small in two photon events
while it is moderate in ete™ — 777 events. In summary, the following characteristics
of ete™ — 777 events are used to separate them from other event types:

e jet-like topology,
e low particle multiplicity,

e sizable missing momentum within the detector acceptance

6.2. Selection of ete~ — 777~ events

In this section, the observables and requirements imposed in the selection of 7-pair
events are described. The next step of the analysis, the separation of signal decays
from background decays, is presented in Section 6.3.

The selection is mainly derived from the control decays 7= — 7 v,, 7~ — 7 7,
7~ = 7 (27°)v,, and 77 — p D,v, which have a very similar topology and kinematics
as the signal decays. The control decays are well known which leads to a reliable descrip-
tion of the data by simulation. Moreover, the decays have relatively large branching
fractions leading to small statistical uncertainties. Effective criteria to suppress back-
ground events can be therefore derived and systematic effects can be investigated with
high accuracy.

The selection criteria are developed by comparing the distributions of certain quan-
tities in data and in simulation. For such comparisons the simulated distributions have
to be normalized correctly. The total simulated event sample contains samples of the
ete” — 7777, efe” — ptp~, and ete” — ¢q (¢ = u,d, s, c,b) processes (Equa-
tion 3.6). The number of generated events, N, in each sample i has to be scaled such
that it corresponds to the number of these processes, NP oxpected in the ete~
collisions:

Nigen . Sz _ Niexpected’ (61)
with the scaling factor i

i
= gen
N;

where o; is the cross section of the processes of type ¢ and L is the integrated data
luminosity!. For the determination of the branching fraction it would be enough to

S; L, (6.2)

IThis scaling factor applies to the so-called generic simulated samples (Section 3.3.2). For the
dedicated T decay samples, S; is modified appropriately with the branching fraction of the generated
T decay.
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apply the S; to the final numbers of selected simulated events. In practice, .S; is applied
as a weight to each simulated event. This has the advantage that the simulated events
can be displayed in histograms with an appropriate normalization.

The majority of the figures shown in this and the following chapters is of the same
type. In the upper part of the figures (e.g., Figure 6.3) the distribution of a quantity
is compared for data and simulated events. The data distribution is displayed as black
circles with error bars. The stacked filled histograms are the simulated contributions
of various decays represented by different colors and hatch styles which are explained
in the legend. Each of these histograms is added to the previous histogram. The lower
part of the figure shows the ratio of the distributions in data and simulation which
is denoted as data/MC ratio in the following. The ratio is obtained by dividing the
content of each bin in the data histogram by the sum of the simulated contributions
in the corresponding bin. The data/MC ratio is very useful to visualize the agreement
between data and simulated events.

The errors shown in the figures are the statistical uncertainties of the number of data
and simulated events. Other uncertainty contributions are not taken into account.

If not mentioned otherwise all event selection criteria are imposed in the figures,
and all corrections are applied to the selected simulated events. This includes the
identification efficiency correction for electrons and muons described in Section 5.2.5,
and the pion and kaon identification correction developed in Chapter 7. Also the split-
off correction (Chapter 8), and the 7° reconstruction efficiency correction (Chapter 9)
are applied.

The branching fractions used in the simulation to describe the signal 7 decays are
scaled to the results measured in this analysis (Section 10).

Some of the displayed figures are so-called n—1 distributions, i.e., all selection criteria
are applied except of the criterion imposed on the displayed quantity. For this type of
figures, the criterion is illustrated with vertical lines in the figure.

All figures are produced with the data sample of the runs 1-6 corresponding to an
integrated luminosity of 473.8fb™. For some of the figures the data sample is split into
two sub-samples, the e-tag and p-tag sample, which are explained in the next section.
It is explicitly mentioned in the caption of a figure if the data sample is split.

6.2.1. Lepton tag

A powerful technique to select 7 decays in ete™ — 777~ events is the so called lepton-
tag method. An electron (e-tag) or muon (u-tag) is reconstructed in the event. The e
and p is required to fulfill the particle identification criteria described in Section 5.2.3:

Lepton tag: identified e or . (6.3)

The signal 7 decays measured in this analysis have one? charged particle in the final
state. Therefore, only events with exactly two reconstructed charged particles, the tag

2The pion and kaon identification correction developed in this work is determined using 7 decays
into three charged particles. The selection of these decays is described separately in Chapter 7
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lepton and the signal track, are selected,
Ncharged = 2. (64)

This criterion strongly suppresses ete™ — ¢q events, which usually contain a larger
number of reconstructed charged particles.

A single reconstructed charged lepton is a distinct signature of a 7= — [~ (y)v, 7,
decay, since the branching fraction, B(7~ — [~ (v)Xv,7.), of T decays into a charged
lepton, neutrinos, and additional particles X is negligible [4]. This means that all recon-
structed particles other than the tag lepton (and possibly radiated photons) originate
from the other 7 lepton, the signal 7 , in the eTe™ — 777~ event. The decay of the
signal 7 can be therefore reconstructed with high purity, since wrong combinations of
final state particles from the two 7 decays are avoided. The signal decays are selected
among the decays of the signal 7. Only one signal 7 decay is selected per eTe™ — 7777
event.

A further information, which is deduced from the reconstructed tag lepton is the
charge of the 7 leptons. The tag lepton carries the same charge as its mother particle.
The charge of the signal 7 is opposite to the tag-lepton charge.

The requirement of a tag lepton reduces the selection efficiency of events containing
a signal decay. However, the branching fraction B(7~ — ["7v,) = 34% is sufficiently
large, i. e., the efficiency is reduced by a factor of 1/3. Therefore the advantages of the
tagging technique outweigh the reduction of the selection efficiency.

The following combinations of 7 decays are selected in this analysis:

™ setrr, and 77 =71 (nn)r. (n=0,1,2,3,4),

™ 5 utyp, and 77 =71 (nm)y, (n=0,1,2,3,4),

™ —=etrr, and 77 = K (n7°)r, (n=0,1,2,3), (6.5)
™= utyp, and 177 = K (nn)y, (n=0,1,2,3).

™ —=etvr, and T = p UL,

Events of the type (77 — efv.v; and 7= — e D) or (7t — pty, U, and 77 —
Q- T,v,) are not selected in this analysis, because of the potentially large background
contribution from ete™ — ete™ and ete”™ — ptu~ events. An investigation of such
event topologies is beyond the scope of this thesis.

In addition to the particle identification criteria mentioned above, the momentum of
the tag lepton is required to be

Dtag-lepton -~ 1.0 GGV/C. (66)

In selected events of the type 7+ — e*v, 7, and 7= — p~7,v; both final-state leptons
have to fulfill the criteria of a tag lepton. The requirement is imposed to ensure an opti-
mal identification performance, i. e., to minimize the systematic uncertainty arising from
the uncertainty of the PID corrections (Section 5.2.5) in this momentum region. The

momentum of the tag lepton for events with selected 7= — 7 v, and 7= — 7 7'v,
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candidates is shown in Figure 6.3 separately for the e-tag and pu-tag event samples.
A deviation from the expected value of 1 can be seen in the data/MC ratio in the
momentum region below 1.0 GeV/c. This deviation is more pronounced in the p-tag
sample. In this momentum region the applied PID corrections, especially for muons,
are determined with a large uncertainty and do not account for the observed deviations.

6.2.2. Event topology

The magnitude of the so-called thrust is used to quantify how jet-like the topology of
an event is. The thrust 7' is defined as

Z |PZCMS : HT|
T := II}I%X W S [05, 1], (67)

where pS™® is the momentum of the 7" reconstructed particle®, where the index i runs
over all particles, determined in the center-of-mass (CMS) frame, and ny is the thrust
axis of the event. The thrust axis is defined as the unit vector which maximizes the

sum of the longitudinal projections of the pt™S.

Figure 6.4 shows a schematic illustration of an ete™ — 777~ event as reconstructed
in this analysis. The thrust axis is indicated by a blue line. The direction of the axis
corresponds approximately to the momentum direction of the 7 leptons. The difference
is due to the presence of undetected neutrinos in the final state.

The plane perpendicular to the thrust axis is used to divide the event in two hemi-
spheres. The hemisphere containing the tag lepton is called tag hemisphere. The other
hemisphere is denoted as signal hemisphere. In this analysis, events with one track in

each hemisphere are selected, i.e., a
1-1 topology (6.8)

is required.
Events with an isotropic distribution of final-state particles tend to have lower thrust
values, i.e., T = 0.5 for an ideally spherical event. For 7 decays the thrust value is

required to be
0.88 < T < 0.99. (6.9)

The maximum value is imposed to discard ee™ — eTe™ and ete™ — utpu~ events.
The angle between the final state particles in this type of events is 180°, which leads
to T = 1. The distribution of the thrust T for selected 7= — 7~ v, and 7~ — 7 7.
events is shown in Figure 6.5.

3The thrust is calculated from neutral EMC clusters as defined in Section 5.3.1, from the tag
lepton, from the signal track, and also from charged tracks originating from decays of K2 mesons and
longer-lived particles.
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Figure 6.3.: Distribution of the tag lepton momentum for selected 7= — 7~ v, and 7= — 7~ 7',

candidates, displayed separately for the e-tag and u-tag samples. The data set (black cir-
cles) of the runs 1-6 is used which corresponds to and integrated luminosity of 473.8 b1
The different simulated processes are displayed as stacked histograms with different colors
and hatch styles. The simulated samples are scaled such that the number of generated
events of a certain process corresponds to the number of such events expected in the
eTe™ collisions. The vertical black line indicates the requirement imposed on the shown
quantity.
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Figure 6.4.: A schematic illustration of a ete™ — 777~ event in the center-of-mass system of the

62

7 leptons (red arrows). The displayed 7% lepton decays into a charged lepton, i.e., an
electron or a muon, and two neutrinos. The other shown 7 decay is 7= — h~ 770,
where h = 7, K. The 7 leptons decay already inside the beam pipe, and therefore can-
not be observed directly. Charged final state particles indicated by black solid lines are
measured with the tracking devices. The 7°’s (dashed lines) are reconstructed in their
dominant decay channel, 7° — v+, from the photons measured with the electromagnetic
calorimeter. The neutrinos (grey dashed lines) escape undetected. The event is divided
in two hemispheres defined by a plane perpendicular to the thrust axis. This axis ap-
proximates the direction of the 7 leptons, and is defined in Section 6.2.2. The so called
signal hemisphere contains the reconstructed particles produced in the signal decay, i.e.,
the decay under study. The other hemisphere is called tag hemisphere, and contains the
reconstructed charged lepton (tag lepton) originating from the decay of the second 7. The
technique of tagging is explained in the text.
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Figure 6.5.: Distribution of the thrust for selected 7~ — 7~ v, and 7~ — 7~ 7°v; candidates.

6.2.3. Charge conservation

In correctly reconstructed ee™ — 777~ events where both 7’s decay into one charged
particle the sum of the charges amounts to Qux = 0. ete™ — ¢g events are selected as
T-pair candidates if the quark fragmentation produces only few charged particles or if
some charged particles are not reconstructed. In the latter case, Qs is not necessarily
equal to zero. If particles are lost the total charge can be @ = 0,—2,2, (because
exactly two charged particles are reconstructed). Therefore, the following requirement

is applied to suppress e

+

e~ — gq events:

2
Qtot = ZQZ =0 (6-10)
i=1

where @; is the charge of the i** particle .
Similarly, this requirement suppresses ete™ — 777~ events, where any of the two 7
leptons decays into more than one charged particle, e.g., 7~ — 7~ 777 1., and two of
the final state particles escape detection.

6.2.4. Missing mass

Every signal event contains three neutrinos. Neutrinos cannot be measured directly.
However, the missing momentum four-vector, pniss, can be calculated from the energy
and direction of the initial-state particles, i.e., the electron and positron in ete™ colli-
sions, and the reconstructed final-state particles:

ﬁmiss = ﬁee - Zﬁza (611)

where p.. is the momentum four-vector of the colliding electron and positron, and p;
the momentum four-vector of each reconstructed particle.
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The missing mass, which is sizable in 7-pair events because of the neutrinos, is cal-
culated from the momentum four-vector according to

Mmiss = 1/ Erzniss - przniss' (612)

Due to detector effects m,;s can take negative values.

The missing mass is used to reject ete™ — [T () with [ = e, u events and two-
photon events.

In ete™ — [Tl (y) events my;s is zero if all final-state particles are reconstructed.
The vast majority of these events can be easily discarded by loose selection criteria
applied on My *. However, ete™ — [717 () events where a radiated photon is not
detected are more difficult to be distinguished from 7 events.

As listed in Section 3.3.2, Bhabha events are not included in the simulation used in
this analysis. Due to the huge eTe™ — eTe™ () production cross section of =~ 40nb
([28]) a very large number of ete™ — ete () events would have to be generated
to simulate a sufficiently large number of such special eTe™ — ete () that can be
misidentified as 7-pair events. The production of such a large data sample is very
CPU time and disk space consuming. A contamination of the efe™ — 7777 event
sample with efe™ — ete™ () events can therefore appear as an excess of data events.
ete”™ — ptu () events are included in the simulation.

The distributions shown in Figure 6.6 show a data excess in the small m,;, region
which is attributes to the ete™ — ete™ () events. The following criterion is applied to
reject ete” — [T17(7) events:

Mmiss > 2.5 GeV/c? if no =0, 6.13

Mmiss > 1.0 GeV/c® if no >0, (6.13)
where n,0 is the number of reconstructed 7°’s in the event. The threshold values of
the missing mass are chosen differently for decays with 7°’s because Mmmis is reduced
on average by the presence of an additional particle.

It should be further noted, that the probability to misidentify a eTe™ — 717 () event
with [ = e, ;1 as an eTe™ — 7777 event decreases with the number of reconstructed
7V’s. Therefore, the observed data excess gets less significant with increasing no.

In two-photon events, the missing mass tends to have large values, because in most
cases the scattered beam particles which carry most of the energy are not detected. To
discard this type of events a maximum missing mass is required:

Mumiss < 7.5 GeV/c?. (6.14)

“In addition, selection criteria applied on the thrust ( Figure 6.5) and the acoplanarity (Figure 6.11)
also suppress eTe~™ — [117 () events in the 7°-less decays modes.
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6.3. Selection of 7= — K~ /7~ (n7%)v, decays

The selection of eTe™ — 7777 events as well as the reconstruction of the lepton tag,
i.e., the decays 7= — 77, has already been described in Section 6.2. In this section,
the reconstruction of the various control and signal decay modes is described. Addi-
tional criteria to reject remaining background events are discussed.

6.3.1. Separation of the selected ete~ — 777~ events in signal
mode samples

The number and type of particles which fulfill the criteria described in Chapter 5 are
used to sort the events according to the signal decay modes.

The charged track reconstructed in the signal hemisphere has to be identified as a
charged pion or kaon:

charged track in signal hemisphere: 7= or K~ (6.15)

The particle identification criteria and the identification efficiencies are described in
Chapter 5. The events are further sorted into different decay modes according to the
number of reconstructed 7%’s:

ngo = 0-4 (if 77),

1
ngo = 0-3 (if K_). (6 6>

In addition, events of the type 77 — e*v.U,;, 7~ — p U,v, are selected, where both
leptons have to fulfill the criteria used to select a tag lepton. The decay 7= — p~7,v; is
defined as the signal decay. In summary, events containing the following reconstructed
decays are selected:

Signal decay modes
77 =71 (37,

™ = 1 (470, Control decay modes

T = K, (6.17) T Db,

o K, T =T, (6.18)
™ — K (27%0, T oy,

= K (3%, ™ =1 (270,

For each signal decay mode the background contribution can be divided in three cate-
gories:

1. Signal cross feed: Signal decays which are reconstructed in the wrong signal decay
mode. For example, an event containing the 7= — K~ 7y, decay can enter the
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7= — K~ v, decay mode sample if the 7° escaped detection.

2. Cross feed from control modes: Control decays which are reconstructed as a signal
decay. For example, a 7= — 7~ v, decay can be misidentified as a 77 — K v,
decay, due to the sizable pion-as-kaon misidentification probability (Chapter 7).

3. Background: Events in the signal mode samples which do not contain neither
a true signal decay nor a control decay. Such events are either ee™ — ¢,
ete” — 1M1~ with [ = e, u, and two-photon events. Moreover, T-pair events with
7 decays other than the signal or control decays are included in this category.
This are for example 7 decays into more than one charged particle, e.g., the
T~ — 7w wtw v, decay, where two pions were not reconstructed. Or events with
7 decays into one charged particle and a K or 1, which can decay further into
neutral particles.

Criteria to reject remaining cross-feed events and background events are described in
the next sections.

6.3.2. Cross feed rejection

Misidentification of pions as kaons

The first source of cross feed is the misidentification of charged pions as kaons, and vice
versa. The latter case is less frequent, since the branching fractions of 7 decays with
kaons are about 10-100 times smaller than the branching fractions of decays with pions
and the same number of 7%’s.

The misidentification fraction of pions as kaons is significant. The kaon identification
criteria applied in this analysis are chosen to minimize this fraction. They are described
in Section 5.2.3.

Figure 6.7 shows the distribution of the kaon momentum, pg, in the 7= — K~ v,
and 7= — K~ 7%, decay modes. The fraction of selected events containing 7 decays
into a pion, i.e., decays where a pion is misidentified as a kaon, is large at high pgk.
Pions have on average larger momenta than kaons due to their smaller mass. The kaon

momentum is required to be
pr < 3.5GeV/e. (6.19)

The remaining fraction of cross feed due to the misidentification of pions as kaons is
listed in Table 10.1 for each signal decay mode.

An additional benefit from this requirement is a reduction of the particle identifica-
tion uncertainty. In this analysis, pion and kaon control samples are used to determine
momentum-dependent correction factors for simulated events (Chapter 7) to account
for differences between data and simulation in the PID performance. The control sam-
ples contain only a small number of control tracks with momenta above 3.5 GeV/c.
Identification correction factors in this high-momentum region can only be determined
with a large statistical uncertainty®. For this reason the same momentum restriction is

5The statistical uncertainty of the standard PID correction values provided by the BABAR PID-
group is also large for high track momenta.
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Figure 6.7.: Distribution of the kaon momentum for selected 7= — K v, and 7~ — K 7%,
candidates.

also used for pions:
pr < 3.5GeV/e, (6.20)

The final-state particles in ete™ — (17 () events have on average larger momenta
than particles produced in 7 decays, because the latter contain at least one neutrino.
The above requirement is therefore also imposed on the muon in selected (77 — e*v,. 7,
and 77 — p~7,v,) candidates .

Additional 7° candidates

A further source of cross feed are additional spurious 7%’s. In that case, 7= — h(nn®)v,
(h = 7= /K~) decays are reconstructed as 7= — h(n + m)m'v, decays, where m is
the number of the spurious 7%s. A spurious 7° can be reconstructed from random
photons not originating from a 7°. Such photon candidates can be either background
photons or split-offs. The latter are described in detail in Chapter 8. This type of cross
feed is suppressed by the applied photon selection which discards background photons
(Section 5.3.1).

Another type of spurious 7’s are 7° candidates which contain photons radiated by
the tag lepton, since the reconstruction of photon candidates is not restricted to the
signal hemisphere. These cross-feed events are expected to have a large angle, aS®
with h = 7=, K~, between the 7° direction and the charged hadron direction in the
signal hemlsphere determined in the center-of-mass frame. The distribution of S s
shown in Figure 6.8 for the control mode 7= — 7~ 7'y, and for the 7= — K~ 7'v; signal

mode. The number of cross-feed events with (n +m) 7%’s is very small. Nevertheless,

0>
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the following requirement is imposed:

ol < 1.5rad. (6.21)

Undetected 7°’s
Finally, the last source of cross feed are lost 7%’s. Neutral pions can be lost if one or
both daughter photons are not detected. This can happen if a photon is outside the
acceptance region of the calorimeter, or its measured energy is smaller than the minimal
energy required in this analysis. In general, a 7= — hnn’v, decay is misidentified as
an 7~ — h(n — m)7°v, decay, where m is the number of missed 7°’s.

Such events can contain photons not assigned to a 7°’s candidate. In the following
these photons are denoted as additional photons. An event contains additional photons
if one of the two daughter photons of a missed 7 is detected, or a remaining background
photon is present. The distribution of the number of additional photons, N, _,,, is shown
in Figure 6.9 for the 7= — 7~ 7°

v, and 77 — 7~ (27%)v, control modes. The fraction of
cross feed events with more than one 7° is 26% in the sample of selected 7= — 7~ 7'v,
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Figure 6.9.: Distribution of the number of additional photons in the event, N, for selected 77 —

7 7%, and 77 — 7 (27%)v, candidates.

add?

candidates. This fraction decreases to 5% in events with N, ,, = 0 (first interval of the
distribution).

The data excess which can be seen in the data/MC ratio for N,
called split-offs. This effect is discussed in detail in Chapter 8.

Events with

> 0 is due to so

N.

Yadd

> 0 (6.22)

are rejected to reduce the fraction of cross-feed events with (n+m) 7°’s, where m > 0.

6.3.3. Background rejection

In this paragraph the criteria to reject remaining background events, i.e., events not
containing any of the signal or control decays (Equation 6.18 and Equation 6.17), are
presented.

Rejection of two-photon events

For ete™ — ete™ ff events, where f denotes a fermion, the total transverse momentum
in the center-of-mass frame is pf,, = [(FF° + pF%)"] . Since the undetected energetic
electron and positron are scattered at small angles along the beam pipe, pL, tends to
have small values for two-photon event that are wrongly reconstructed as 7-pair events.
The missing energy Fuiss = /s — pfM° — p™M, where /s is the center-of-mass energy

of the colliding electron and positron, is large. The following ratio is therefore small for
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wrongly reconstructed two-photon events:

Pin (B + ™)

Emiss(l,h) B \/g - plCMS - ngS

where [ denotes the tag lepton and A is the charged hadron in the reconstructed event.
This quantity is used to separate 7-pair events from two-photon events.

(6.23)

Figure 6.10 shows the distribution of this quantity for all 7%less signal modes selected
in this analysis, i.e., for the decay modes 7~ — p v, 77 — 7 v, and 77 —
K~ v,. In all three distributions a clear data event excess is visible at low values. This
excess is attributed to two-photon events, which are not included in the simulation.
No significant data excess is observed in decays with 7%s, e.g., 7= — 7 7%, (also
shown in Figure 6.10), since the presence of 7%’s significantly suppresses two-photon

background. The following criterion is imposed:

o7
502 for T — W Uy,
Emiss(l,h) (6 24)
T =T U, '
T = K v,

For decays with 7’s no requirement is applied.

Rejection of eTe™ — I1]l~ events with [ = e,

Ignoring photon radiation, the angle between the final-state particles in ete™ — eTe™
and ete™ — ptu~ events is 180° in the center-of-mass frame. In the laboratory frame
the particles are boosted in z-direction due to the different energies of the beam elec-
tron and positron. The back-to-back signature is conserved in the x-y plane, which is
perpendicular to the boost direction. The acoplanarity

_ o1 — o9 if |1 — | < 180°,
S { 360° — |¢1 — @o| if [¢1 — o] > 180°. (6.25)

where ¢; are the azimuthal angles of the two charged final-state particles, is therefore
Agrp = 180° in eTe™ — efe” and eTe™ — utpu~ events. In signal events the value of
the acoplanarity is smaller due to the presence of neutrinos and 7%’s.

The distribution of the acoplanartiy is shown in Figure 6.11. The data excess in the
distribution for the 7= — 7~ v, decay mode at large values is due to ete™ — efe™
events, which are not included in the simulation. No excess is present in events with
7V’s, as can be seen in the distribution for the 7= — 7~ 7%, control mode. To reject
remaining two-photon events in signal decay modes without 7%’s the acoplanarity is

required to be

Apip < 2.95rad for 77 — p T,
T =T Uy, (6.26)
T = K v,
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Figure 6.10.: Distribution of the ratio of the total transvers momentum and the missing energy for all

0

reconstructed decay modes without 7%’s in the final state, and for selected 7= — 7~ 7%,
candidates. A minimum p? /FEp,;s = 0.2 is required for the 7%-less modes.
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Figure 6.11.: Distribution of the acoplanarity, A¢ys, for 7~ — 7 v, and 7~ — 7~ 7', candidates.

Rejection of decays containing K° and 17 mesons

A type of 7-pair background that has a very similar signature as the signal events is
due to 7 decays into one charged particle, n 7%’s, and additional K° or 1 mesons:

T — W_KOVT
T — W_I?OT('OVT
T~ > K K%,
7~ = K K.
7~ > 1 KK,

T = K nu,

7~ = K nnv,
e (6.28)

T =T NToU,

T — 7T_777T07T01/T

An event which contains a KY can enter a signal decay mode if the K is not identified.
Moreover, a decay with a K2 or 7 is selected as a signal decay with two or three addi-
tional 7%’s, if the K decays in the channel K? — 7%7% and the n decay is n — 70770,
respectively. The decays with K%s and 1 mesons are excluded in the branching frac-
tion measurements in this analysis. Their contribution to the background is determined
from simulation and subtracted from the data events. Some of the branching fractions
of the decays with K°’s and n’s, which are used in the simulation, are only known with
a relatively large uncertainty (Table 10.4). Therefore, the reduction of this background
is important. This is done by imposing requirements on two quantities, the invariant

0

nm’-mass and the missing mass in a 7 decay.
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1.

77 = K 2, 77 = K= (37°)v;, and 7~ — 7~ (47°)v, candidates.

Invariant nn%-mass Figure 6.12 shows the distributions of the invariant w%7°-
mass, Mmyox0, for the 7= — K~ (27°)v; and 7= — K~ (37%)v, decay modes, and the
invariant m07%7%mass, myoq o0, for the 7= — K~ (37%)v, and 7= — 7~ (47%);,
decay modes. The number of entries per event in each histogram corresponds to

the number of possible two-7° (three-7’) combinations.

In Figures 6.12c and 6.12b, which have one entry per event, clear peaks are visi-
ble in the 797%-mass and 777" mass distributions in the region of the K%-mass,
My = 497.6 MeV/c?, and the n-mass, m,, = 547.8 MeV/c? [4]. This regions are ex-
cluded from selection. The distributions with more than one possible combination
of 7”’s do not contain clear peaks in the mass regions of the K and 7, because
of the uniform distribution of invariant mass values for random combinations of
7%s. Nevertheless, the mass regions of the KO and n are also excluded in these

distributions.



6. Event selection

The imposed selection criteria are

(Maoro < 0.40 GeV/c? || myomo > 0.52 GeV/c?) for 7~ — K~ (27°)v,,
77 = K (37,
(Mroz000 < 0.50 GeV/C2 || Mrogom0 > 0.58 GeV/cz) for 7™ — K~ (37T0)I/T,
7 =7 (47°),.

2. Missing mass in a 7 decay

Events containing K° mesons, especially undetected K?, are removed using an
estimate of the missing mass in a 7 decay, Mmiss(r-decay). This quantity has been
introduced in [10]. The squared missing mass in the 7 decay is

2 _ 2 2
mmiss(T—docay) - Emiss(T—docay) - pmiss(T—dccay)

(6.29)

where Fiigs(rdecay) a0d Prjgs(r-decay) are the missing energy and momentum in the
7 decay given by the four vector

~ Emiss T-deca; ~ ~
Prmiss(r-decay) = < (r-d Y)> = Pr — Pr/KnnO- (630)

Pmiss(r-decay)

While the momentum four-vector of the reconstructed final state particles

ﬁW/Krer = Z/)\ﬂ'/K + Zﬁn? (631)
=1

is measured, the four-momentum of the 7, p,, has to be estimated. The energy
of the 77 is determined by the center-of-mass energy in the e™e™ collisions

E. =/s/2, (6.32)

and the momentum magnitude is given by
pr =1/(8/2)? — m2, (6.33)

where m, = 1.78 GeV/c? [4]. The direction of the 7 momentum vector is, however,
not known. As a rough estimate of the direction the thrust axis as defined in

Section 6.2.2 is used. The momentum four-vector of the 7 is therefore estimated
by

~

Dr = (Empn— : ﬁT) (634)

The distribution of m?niss(T—dccay) is shown in Figure 6.13 for the decay modes
™ = 1 B3, 77 - 7 4%, 7 - K v, and 7 — K 70, and in
Figures A.1 and A.2 in the Appendix A for the other signal modes. The ex-
pected value of mr2niss(7'—decay) for signal decays should be in principle close to
zero, since all final-state particles except for the neutrino are detected. How-

ever, due to the rough estimate of the 7 direction the distribution of mfniSS(T_dccay)
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6. Event selection

is broad. Nevertheless, background events with undetected particles, e.g., not
reconstructed KS mesons, have larger mmss(r-decay) values than signal events. A
maximum mfniSS(T_docay) is required to reject these events. Moreover, cross-feed
events with wrongly reconstructed additional particles have negative mﬁliss(T_decay)
values, e.g., 7~ — 7 (27%)v, events which are reconstructed as 7= — 7~ (37%)v,

. . o . . . 2
candidates. Therefore, in addition to the requirement of a maximum m; ;. decay)s
2

also a minimum mmiss(r—decay

) is required. The applied criteria are

T = T, D 0.0 < Mirdecay) < 1.6 GeVZ/c!

T~ = 1 1y, —04 < mrzniss(r—decay) < 1.0 GevV¥c

= (2, 1 —-04 < m?niss(T—decay) < 0.7 GeV¥c!

=1 (3%, —04 < miliSS(T_decay) < 0.2 GeV¥c

T = () =04 < Mibgrdeey) < 0.1 GeVZ/e! (6.35)
T =K v, =01 < m?niss(T—decay) < 0.8 GeV¥c '
T Kn'ue =04 < Mibigrdeeny) < 05 GeVZ/e!

T = K2y, =04 <miiirdeeay) < 02 GeVZe!

7 =K (3, :—-05 < miliSS(T_decay) GeV?/c!

T = WU, : 0.0 <m? GeV?/c!

miss(7-decay)

Misidentified muons and electrons in the 7= — 7~ v, control decay mode
Figure 6.14a shows the pion momentum in the 7= — 7~ v, decay mode. A significant
fraction of 7= — e Vv, and 77 — p U,v, events is visible in the distribution. In
these events a muon or an electron are misidentifies as a pion. The largest contribution
of these decays is found at low momentum values. The purity of the selected control
decay mode 77 — 7 v, is improved by requiring

pr > 1.0GeV/e for 77 — 7w ;. (6.36)

Since kaons can be better separated from electrons and muons than pions, this criterion
is not imposed for the selection of the 7= — K~ v, decay (Figure 6.14b).

6.3.4. Distributions of selected events

In this section, example distributions for the control and signal event samples selected
according to the criteria summarized in Table 6.1 and Table 6.2 are shown and discussed.
Figure 6.15 shows the distribution of the tag-lepton momentum for all control modes®.

6The the tag-lepton momentum distribution shows a minimum at approximately 2.0 GeV/c for the

T~ = p~ Uuvr and 77 — 7 v, control decays. A minimum is also visible in the momentum distribution
of the tag lepton for the 7= — K~ v, decay (Figure 6.16¢), as well as in all signal track momentum
distributions for the 7-less decays (Figures 6.17 and 6.18). This structure results from the criterion
qujh

applied on the —"—

miss, (I,h)

ratio (Section 6.3.3). Events which contain charged tracks with momenta

7
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Figure 6.14.: Distribution of the pion and kaon momentum for selected 7= — 7~ v, and 7~ — K v,
candidates.

The agreement between data and the simulation after all corrections considered in this
analysis are applied is very good for all control modes except for the 7= — 7 v,
mode. In the 77 — 7 v, mode, a 3% deviation from the expected event yield is
observed. This deviation is discussed in Chapter 9 in the context of the 7° correction,
and in Section 10.5, where the results and systematic effects of this measurement are
summarized. It is attributed to a large uncertainty of the separation of muons and
pions in this decay mode.

Figure 6.16 displays the tag-lepton momentum for the signal decays. The description
of data by the simulation is good” for the 7= — K~ v, 7= — K 7%, 77 — K~ (27%)v,,
and 77 — 7 (37%)v, decay modes. The number of selected 7= — 7~ (47%)v, and 7= —
K~ (37%)v, candidates is small. Therefore, the information content of the data/MC
ratio is statistically limited.

Figures 6.17 and 6.18 show the distributions of the signal track momentum for all
selected decay modes. A good agreement between data and the simulated distribution
is observed for the 7= — p 7, v, 77 = 7 v, and 77 — 7~ 7. modes. For the modes
with a kaon in the final state deviations are visible in the data/MC ratios which can

of similar magnitude are more often rejected by that requirement than events with a low-momentum
track and a high-momentum track. The average track momentum is approximately 2 GeV/c. Therefore
the minimum appears at this value.

"The branching fractions of the signal decays used in the simulation are scaled to the values
measured in this analysis. The data/MC ratio distributions is therefore on average one. A good
description of the data by the simulation is concluded if the ratio is uniform as a function of the shown
quantity.
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Figure 6.15.: Distribution of the tag lepton momentum for the control modes.
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Table 6.1.: Selection criteria applied to all decay modes.

Quantity Selection criterion
Lepton tag e-tag, pu-tag
Tag lepton momentum Dtag-lepton > 1 GeV/e
Signal track momentum Prrp < 3.5GeV/e
Topology 1-1
Thrust 0.88<T<0.99
Total charge Qtot =0
Number of additional photons Nyaaa = 0
Hadron-7° angle agMS < 1.5rad

be explained with the relatively large uncertainty of the pion-as-kaon misidentification
which is discussed in Chapter 7. The particle identification uncertainty is not taken
into account in the figures.

Significant deviations are also visible in the data/MC ratio of the 7= — 7= (27%)v,
and 77 — 7 (37%)v, decay modes. This effect is attributed to the insufficient modeling
of the resonance structure in the a;(1260) decay [10]. The 7= — 7~ (27°)v, decay is
dominated by the production of the a;(1260) resonance:

7 — a,(1260)v, (6.37)

which also contributes to the resonance structure of the 7= — 7~ (37%)v, decay. The
properties of this resonance are not well known. The subsequent decay of the a;(1260)
has been studies by the CLEO collaboration in [48]. Besides the dominant contribution
of the a1(1260) — p~7° decay to the total width, significant contributions from the
decays into o~ 70, fo(1370)7°, and f5(1270)7° have been found in model-dependent fits
to Dalitz plots. However, only the contribution from the p~ resonance is considered in
the simulated 7= — 7~ (27°)v, sample used in this analysis:

a1(1260) — p~ (— 7x°)7°. (6.38)

The observed deviations in the charged pion momentum distribution of the 7= —
7 (27% v, and 77 — 7 (37%)v, decay modes are therefore explainable. The 7= —
7~ (27%)v, decay is used as a control mode and it contributes to the background of signal
decays. The branching fraction of that decay determined in this analysis (Chapter 10)
agrees with the reference value [4]. Therefore, the effect of the observed deviation on
the event selection and thus on the signal branching fractions measurement is assumed
to be negligible.

Figures 6.19 and 6.20 show the polar angle of the signal track for the control and
signal modes. Also here the deviations due to the kaon identification uncertainty are
visible. If the particle identification uncertainty is taken into account, the agreement
between data and simulation is reasonable for all modes.
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Table 6.2.: Decay-specific selection criteria applied in this analysis.

Quantity Signal track Nyoo=0 Np=1 Np=2 No=3 Npo=4
particle momentum ™ D [GeV/e] > 1.0 - - - -
Missing mass all Mmiss [GeV/e?] > 2.5 1.5 1.5 1.5 1.5
Missing mass all Mmiss [GeV/c?] < 7.5 7.5 7.5 7.5 7.5
Acoplanyrity all Ag{Ms [rad] < 2.95 - - - -
T
Transv. mom / missing energy all Empli’&h) > 0.2 - - - -
Missing mass in 7 decay ] m?niss(T_(;ecay) [GeV¥cl] > 0.0 - - - -
Missing mass in 7 decay T mfniSS(T_dcca'y) [GeVYcl] > 0.0 -0.4 -0.4 -0.4 -0.4
Missing mass in 7 decay K m?niSS(T_decay) [GeVZ/ct] > -0.1 -0.4 -0.4 -0.4 -
Missing mass in 7 decay ] mfniSS(T_ dcca'y) [GeV?/ct] < - - - - -
Missing mass in 7 decay v mfniSS(T_dccay) [GeV?/ct] < 1.6 1.0 0.7 0.2 0.1
Missing mass in 7 decay K M2 s(r-decay) |GV ] < 0.8 0.5 0.2 - -
Inv. 27° mass v Myogo [GeV/c?] < - - - - -
Inv. 27° mass K M070 [GeV/c?] < - - 0.40 0.40 -
Inv. 27% mass T 70750 [GeV/c?] > - - - - -
Inv. 27° mass K M0 70 [GeV/c?] > - - 0.52 0.52 -
Inv. 37° mass v M0,70 70 [GeV/c?] < - - - - 0.50
Inv. 37° mass K M0,70 70 [GeV/c?] < - - - 0.50 -
Inv. 37° mass v M 0,700 [GeV/c?] > - - - - 0.58
Inv. 37° mass K I [GeV/c?] > - - - 0.58 -

9 Jo3der)
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Figure 6.17.: Distribution of the signal track momentum for the control modes.
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Figure 6.18.: Distribution of the signal track momentum for the signal modes.
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Figure 6.19.: Distribution of the signal track polar angle for the control modes.
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7. Charged pion and kaon
identification

This chapter describes a study to determine the efficiency correction and the uncertainty
of the particle identification algorithms for charged pions and kaons. The study is
performed using control samples following a similar approach as described in [49].

7.1. Motivation

The reconstructed samples of the signal decays 7= — K~ (n7°)v, with n = 0,1,2,3
contain a large fraction of cross feed events from the corresponding decay with a charged
pion, e.g., in the 7= — K~ (27°)v,; mode 38% of the selected events are true 7= —
7~ (27°) v, events . The reasons for this large background are a sizable probability to
misidentify a pion as a kaon for all kaon PID selectors, and the branching fractions
for modes with a charged pion which are larger by a factor of 10-100 compared to the
corresponding mode with a charged kaon. If the simulation fails to describe the particle
identification properties correctly, in particular the pion-as-kaon misidentification, a
large effect on the measured branching fractions for these modes is expected due to
the large fraction of cross feed. This motivates the detailed PID study described in
this chapter: The description of the particle identification in data by the simulation is
studied with control samples which contain decays as similar as possible to the signal
decays to derive correction factors for the simulated events.

7.2. Method

For studying the performance of a PID selector high-purity samples with tracks coming
from the type of particle under study (control tracks) have to be selected. The particle
type has to be determined from information not related to the studied PID algorithm.

After the selection of an event sample containing control tracks, the efficiency, epat?,

of the selector is determined in data

Data
6Data _ Nts"il (7 1)
PID = " Data’ .
Ny

where NP#%2 denotes the number of control tracks, ¢, available in the control sample,
and N t]?ealta is the number of control tracks, which fulfill the tested PID criteria. The
efficiency eBa® is then compared with the efficiency, €M%, obtained from simulation.

Event dependent correction factors for the simulation are determined from deviations
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between eBd?® and eMY. The correction factors are applied as weights, w"P] to the

simulated events. The weights are given by

6Daﬂ:a

PID _ €PID
w = e (7.2)

€PID

PID

The dependence of w'™ on the track momentum, polar angle and azimuthal angle is

studied in Section 7.4.

7.3. Selection of the pion and kaon PID control samples

The PID control decays used to derive the correction factors to the kaon and pion PID
in simulated events are

7~ — 7 ntr v, (pion control channel), (7.3)

7~ =7 K"K v, (kaon control channel). (7.4)

These decays are suitable as PID control decays because the type of one of the three
final-state hadrons is constrained by identifying the type of the two other hadrons. The
determination of the control track is described in detail in Section 7.3.2. In addition,
these decays are chosen since they have a similar topology as the signal decays measured
in this analysis. The branching fractions [4] of the PID control decays are sufficiently
large for this study and are known with a good precision:

B(r~ = rtn ) = (9.00 £0.06) x 107> (AB/B=0.7%), (7.5)
B(rm =7 K"K v,) = (140£0.05) x 107*  (AB/B = 3.6%). (7.6)

The first step to obtain these control decays is the selection of events containing 7
decays with three charged tracks:

T =ttty (7.7)

The selection criteria used to separate events containing this type of decays from back-
ground events are described in the next section. In a second step the selected events
are sorted in two categories by applying PID criteria to two of the three tracks in the
decay to determine the control track.

7.3.1. Selection of 7= — t tTt v, decays

The criteria used to select events of the type 7= — 7 7 7 v, and 7~ — 7 KT K v,
are chosen as similar as possible to the selection criteria used in the main analysis to
guarantee that the obtained PID correction factors are applicable. Since the criteria
are similar, however not identical they are briefly summarized in this section.
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7. Charged pion and kaon identification

Event topology

For the pion and kaon particle identification study the same BABAR dataset as for
the branching fraction measurement is used (Sections 3.3.1 and 3.3.2). The BABAR
collaboration provides tools [50] to preselect events with a

1-3 topology.

The two hemispheres of the event, which are defined by the thrust axis (Section 6.2.2),
contain one and three charged tracks, respectively. The hemisphere with three tracks is
denoted as the signal hemisphere. All four selected tracks are consistent with originating
from the interaction point, i.e., tracks originating from a secondary vertex are not
considered.

Lepton tag
The track in the one-track hemisphere of the event has to be identified as an electron
or a muon. The same identification criteria are used as described in Chapter 5.

Charge conservation in the event

The total charge of the event, i.e., the sum of all particle charges, is required to be
Qi0r = 0. In addition, the sum of the charges of the signal tracks has to be equal to the
charge of the tag lepton.

DIRC acceptance
All charged tracks have to be within the DIRC acceptance to ensure optimal particle
identification performance:

0.45 < 6, < 2.36rad,
pl > 250 MeV/c,

where 6; is the track polar angle, and p! the track transverse momentum.

Missing mass
The missing mass of the event, as defined in Section 6.2.4, is required to be in the range

1.0 < Miiss < 7.5 GeV/c? (7.10)

to reject Bhabha and two-photon background events.

Ratio of the total transverse momentum and the missing energy
To suppress two-photon background the ratio of the total transverse momentum in the
event and the missing energy (Section 6.3.3 ) has to be

4 T
(Z ﬁ-CMS>
=1 "

=L 502 (7.11)
_ CMS
Vs gin

where 7 M5 is the momentum vector of the " track.
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Invariant hadronic mass
The invariant mass, myy, of the three tracks in the signal hemisphere is required to be

My < 1.82GeV/c?, (7.12)

to suppress ete” — eTe (y) and ete™ — utp~ () backgrounds. This value is chosen
to be slightly higher than the mass of the 7 lepton, m,- = 1.78 GeV/c?. Even tough the
invariant mass of the hadrons cannot in principle be larger than the 7 mass, detector
resolution effects can lead to larger my, values.

Photon selection
Clusters in the electromagnetic calorimeter are accepted as photons if

E, > 0.075 GeV, (7.13)
E, > 0.200GeV if d(v,t) <40cm, (7.14)

where d(7, t) is the distance between the photon cluster centroid and the track’s intersec-
tion point on the calorimeter surface. This criterion takes into account that low-energy
calorimeter clusters may originate from split-offs (Chapter 8). Events which contain
photons are discarded:

N, =0. (7.15)

Pion and kaon identification

Two of the three tracks in the signal hemisphere have to pass the PID selectors for
kaons and pions (Section 5.2.3). The additional kaon identification criteria described
in Section 5.2.3 have to be also fulfilled. Particle identification is not applied to the
third track. The method to choose the control track is described in the next section.

7.3.2. Determination of the control track

Pion control sample 7=~ — n~ntn v,

In the 7= — t~t*t~ v, decay the track with the opposite charge than the 7 lepton!, i.e.,
the ¢t is used as the control track. The two tracks with the same charge, i.e., both
t~’s, are identified as pions using the pion PID selector, i.e., 7= — 7 ¢t 7~ v, decays
are selected.

The W~ boson in a 7~ decay couples to ud or us quark pairs. Therefore only final
states with strangeness S = 0, —1 are possible, i.e., the 7= — 7~ K7~ v, decay is not
allowed. Thus the track ¢* must be a pion. In the following this track is used as the
pion control track.

!The charge @, of the 7 is determined by the charge of the opposite-side tag lepton: @, =

_Qtag—lepton
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7. Charged pion and kaon identification

Kaon control sample 7~ - n~ KT K v,

In the kaon control sample the negatively charged kaon in the 7= — 7~ K™ K~ v, decay
is used as the control track. The identification of this track without the application
of a PID selector starts with the identification of the positively charged track, t*, in
the 7= — ¢t~ ¢t~ v, decay. This track must be identified as a kaon with the kaon PID
selector. In a second step one of the negatively charged tracks must be identified as
a pion with the pion PID selector, i.e., 7= — 7~ KTt v,. By the selection of a posi-
tive kaon and a negative pion the potential background decays 7= — K~ 7 7 v, and
77 — K~ KVtK v, are highly suppressed. The third track, ¢~, must therefore be a
kaon, and is used as the control track.

7.3.3. Selected 7= — n T v, and - — 7~ KT K v, samples

Agreement between data and simulation

. NData . . .
The ratios, Ry = S, of the selected numbers of events in data and simulation are
sel

Ry (17 — m-atnv,y) = 0.992 4 0.001 (7.16)
RY¥a(r~ — n~ K™K~ v;) = 1.035 £ 0.006, (7.17)

where the quoted uncertainty is only statistical. A lower limit for a systematic un-
certainty can be roughly estimated from the uncertainty of the branching fraction
used to simulate the decays which is AB/B = 0.7% for the pion control decay, and
AB/B = 3.6% for the kaon control sample, and from the uncertainty of the track re-
construction efficiency. The latter is &~ 0.2% per track. Four tracks are selected in
the control events, the resulting uncertainty contribution is therefore 0.8%2. Consider-
ing these uncertainties, the total event yield obtained in simulation is already in good
agreement with the yield obtained in data for both control decays.

Figure 7.1 shows the distribution of the control track momentum for the two con-
trol channels. The deviations of the data/MC ratio between the different momentum
intervals can be explained by the uncertainty of the particle identification. As has
been described in the last section, the particle type of two of the three charged tracks
in the control decays is identified with a PID selector. The correction factors which
are derived in this study are not applied for these identified particles. Instead, the
momentum-dependent standard correction factors provided by the BABAR PID Group
are applied which have been determined in high-multiplicity D° decay control samples
(Section 5.2.3), i.e., in events with a different topology than 7-pair events. Table 7.1

Data

lists the ratios RO = % determined separately for each run and for each tag sam-
ple. As expected, the agréiément between the e-tag and p-tag is reasonable for all runs
and both decay modes. The deviation between the different runs are attributed to the
run-dependent PID efficiency uncertainty for the two tracks in the control decays which

2The uncertainty of the track reconstruction efficiency is fully correlated for the four tracks, i.e.,
the contributions of the four tracks are added.
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Figure 7.1.: Momentum of the control track. In case of (a) the 7T is used as the control track to
measure the performance of the pion identification algorithm. The control track used to
test the kaon identification is the K~ in (b).

are identified with PID selectors.

Purity of the control decays
Table 7.2 shows the composition of the reconstructed control samples in simulation
in terms of the true decay modes. The pion control sample consists to 95% of true
77 — mrtr v, events. In addition, almost 4% of the selected events contain true
decays with three pions and additional 7°’s, where the control track corresponds to the
correct type of track to be tested. The contribution from other channels is negligible.
For the 7= — 7~ KTK v, decay a purity of 66% is achieved. The background is
dominated by 7= — 7w 7 v, decays, where a pion has been misidentified as a kaon.
The branching fraction of this background is known to a sufficiently good precision of
0.7%, and can therefore be correctly accounted for in the PID study. The remaining
background modes can be neglected.

7.4. Determination of the pion and kaon PID correction

According to Section 5.2.4 pions and kaons are identified in this analysis with a combi-
nation of PID selectors, which is referred to as stacked selector S

stacked kaon selector: Sk = !'muon A !electron A kaon 7.18

stacked pion selector: S, = !muon A 'electron A !'kaon A pion (7.19)

where muon, electron, kaon, and pion denote the PID identification algorithms pro-
vided by the BABAR PID group and which are applied in the given order.

92



7. Charged pion and kaon identification

Table 7.1.: The ratio of selected data events and selected simulated events, Rll\)/[%ta =N, gjm /N Sl\glc , for

the PID control samples 7= — 7~ 7t m v, and 7= — 7~ K"K~ v,. RO®* is listed sepa-
rately for each run and both tag lepton types. The given uncertainties are only statistical.

Ry (%]

T sty T w1 KTK v,
Run e-tag p-tag e-tag p-tag
973+ 06 976+06 94.1+34 988 + 3.3
982+ 04 9754+03 101.6 £2.1 1028 + 2.0
974+ 05 98.74+0.5 99.6 £29 1009 + 2.7
984+ 0.3 99.7+ 03 101.3 £1.7 1052+ 1.6
99.0 + 0.3 101.1 £0.3 1053+ 1.5 103.6 £ 1.4
99.7 + 0.3 101.6 £ 0.3 109.2 £2.0 105.7 + 1.9

O UL W N~

Table 7.2.: Composition of the selected 7 PID control samples in simulation.

Decay T rtny, 7 =1 KTK v,

N [%] N [%]
TT sty 95.31 31.58
T =17 K"K v, 0.13 65.60
7~ s o atr nalu, 3.84 1.18
T = K ntru, 0.21 0.99
7™ =1 K%, 0.36 0.13
ete” = qq 0.04 0.45
rest 0.11 0.07

The particle identification performance of the stacked selectors Sk and S is measured
with the method described in Section 5.2.3 using the control track samples selected as
described in the last section.

The pion control sample, 7= — 7~ 7 7~ 1, is used to determine the misidentification

fractions eP® and MY . in data and simulation and the corresponding correction
factors:
6Daﬂ:a X
PID _ ‘tm-as-
Wirogs-K = MC : (720)
Cr-as-K

This so-called PID weight wr'2_ . (see also Section 5.2.5) is used as a correction for the

m-as- K misidentification fraction in simulated events. Moreover, this control sample is
used to determine the correction factors

EData
PID _ mmas—m
Wr-qs-r = MC (721)
S
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of the pion identification efficiency €,..sr. In an analogous way, the corresponding
correction factors for the kaon identification efficiency € s i

6Daﬂ:a

PID _ “K-as-K

WEK-gs-K — MC (722>
€K-as-K

are obtained using the kaon control sample 7= — 7~ KT K v,
Figure 7.2 shows the wl® .~ correction in dependence of the control-track momen-

m=as-
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Figure 7.2.: Misidentification weights for a pion misidentified as a kaon, wZZD . in dependence of the

control track momentum, polar angle and azimuthal angle. The whole data sample, i.e.,
runs 1-6, is used to obtain the shown weights. The error bars correspond to the statistical
uncertainties of the weights.

tum, Peontrol, Polar angle, Oeoniror, and azimuthal angle, ¢eontro. The track momentum
range is limited t0 peontrol < 3.6 GeV/c¢, because the number of available control tracks
is small for momenta above 3.6 GeV/c. The distribution of w2 _ - in Geontrol aNd Geontrol
is uniform, i. e., the same correction value can be applied over the whole angular range.
However, the values vary significantly with the momentum: The misidentification rate is
about twice as large as the simulated rate for momenta between 0.4 GeV and 0.8 GeV.
Above 0.8GeV, the PID weights range from 0.95 to 1.2. Therefore, the correction
wrPD o is applied as a function of momentum. In addition, the correction values are
determined separately for each run, to account for changing detector conditions. The
distributions of wP . for each run are given in Appendix B. The corrections wP™
and wiP .- are determined in the same manner. The corresponding distributions are

also given in Appendix B.
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8. Split-off correction

8.1. Introduction

Electrons and hadrons that reach the electromagnetic calorimeter interact with the
material of the EMC and can produce showers. Showers are reconstructed as clusters
which typically expand over several crystals. These clusters are formed by a cluster
finding algorithm which uses a crystal with an energy deposit larger than 10 MeV/c?
as seed and adds in a first step neighboring crystals with energy deposits over a cer-
tain threshold to the cluster candidate. In the second step local energy maxima are
identified in that cluster candidate. A cluster candidate with exactly one maximum
is reconstructed as a cluster. If more that one local maximum are found the cluster
candidate is split and separate clusters are formed around each of the local maxima.
The algorithm is described in more detail in [25].

In hadronic showers, neutral particles like K%’s and neutrons can be produced. Such
particles can pass trough several crystals of the calorimeter before interaction and pos-
sibly producing a further subshower. If the subshower has a separate local energy
maximum, the hadronic shower is reconstructed as two separate clusters. For hadronic
showers originating from a charged hadron, e.g., an charged pion or kaon, only one
of the two clusters is associated to a track. The second cluster originating from the
subshower is called a split-off. This signature is illustrated in Figure 8.1. Split-offs
can be reconstructed as spurious photons. These spurious photons tend to have lower
energies than real photons from 7° decays and are reconstructed at small distances to
the intersection of a pion or kaon trajectory with the calorimeter surfaces.

A study of split-offs at BABAR has been performed in [10] using the decay 7= —
7~ mv,. Split-offs are not well described by the simulation, since hadronic shower
shapes are difficult to model. It has been found in [10] and is confirmed in this study
that more hadronic split-offs are produced in data than in simulation leading to a larger
number of reconstructed photons.

As described in Section 6.3.2, events with reconstructed photons that are not associ-
ated with 7%s are rejected. Such additional photons can originate from 7 decays with
79’s in the final state where one of the two daughter photons of a 7¥ is not detected and
thus the 7% could not be reconstructed. They can also be beam-induced background
photons', radiated photons, or split-offs. Due to the insufficient modeling of split-offs
more data events than simulated events are rejected by requiring that NV, , = 0, where
N, .. is the number of additional photons.

Yadd
In contrast to [10], the decay 7= — 7 v, is used to determine a split-off correction

1 As described in Section 3.3.2, simulated events are overlaid with randomly triggered events with
no physics content. Thus, beam-induced background photons are correctly described by the simulation.
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photon cluster hadronic cluster

7y ooh

photon cluster hadronic cluster

Ty

EMC front face

EMC front face ‘

track

Ip 1P

(a) Real photon (separate) (b) Real photon (overlap)

split-off  hadronic cluster

EMC front face |

IP

(c) Split-off

Figure 8.1.: Tllustration of real photon signatures in (a) and (b) compared with a split-off signature in

(c). The surface of the electromagnetic calorimeter is illustrated by the horizontal line.
Each bin of the distributions corresponds to an energy deposit in a calorimeter crystal. In
the three figures a track of a charged hadron is shown which points from the interaction
point (IP) to the reconstructed calorimeter cluster originating from that particle. In (a)
a real photon cluster is shown in addition to the hadronic cluster. The two clusters are
well separated on the EMC surface. In (b) the photon shower overlaps with the hadronic
shower resulting in a cluster candidate with two local maxima. The cluster candidate is
split into separate clusters around the local maxima. The intersection of the track with
the EMC surface determines which of the two clusters is assigned to the charged particle.
(c) shows an area of contiguous energy deposits originating from a hadronic shower with
two local energy maxima. This signature is also reconstructed as two separate clusters
and cannot be distinguished from the signature in (b). The cluster not assigned to the
charged particle can be wrongly identified as a photon. A similar illustration can be found
in [10].

where possible effects due to the presence of 7° daughter photons are excluded. Also
the 77 — p~7,v; decay mode is used as a cross check.
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Figure 8.2.: Number of additional photons, N,
T — T Vrs.

waq» 10 the event for the decays 7= — p~7,v, and

8.2. Determination of the split-off correction

Figure 8.2 shows the number of additional photons in the event for the decays 7= —
WUy and T = U,

The number of additional photons is small in 7= — =7, v, decays compared to the
7~ — 7 v, decays. This is expected, because the 7= — p~7,v, sample contains less
7= — 7 7%, cross-feed events than the 7= — 7~ v, sample, and the muon does not
produce split-offs from hadronic showers.

The data/MC ratio is approximately constant for the 7= — ;= 7,1, decay mode. In
contrast to that, the distribution for the 7= — 771, decay shows an increase of the
ratio with the number of additional photons. An overall data excess with respect to
the first bin (V,,,, = 0) of the data/MC ratio is attributed to split-offs which occur
more often in data than in simulated events, as has been mentioned above and can be
seen in Figure 8.3a. A possible explanation for the increase for IV, ,, < 2 is a larger
discrepancy in the description by the simulation of EMC clusters with more than two
local maxima?, i.e., with more than one split-off.

Figure 8.3 shows the distance, d, on the calorimeter surface between the intersection
point of the signal track with the EMC and the centroid of the nearest photon cluster.
For the 7= — pu~7,v, decay mode (Figure 8.3a), the distribution shows two peaks. The
peak near d = 50 cm is dominated by the 7= — 7~ 7%/, background. The peak at larger
values of d is attributed to final-state photons radiated by the tag electron which are

2The fraction of clusters with more than two local maxima in simulated 7-pair events is ~ 8%
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Figure 8.3.: The distance, d, between the track intersection point with the EMC and the cluster
centroid of the next photon.

reconstructed in the opposite part of the EMC.

The distribution for the 7= — 7~ v, mode (Figure 8.3b) shows an additional large
peak at small d values, which is attributed to split-offs. The description of data by
the simulation is not good in this region. The number of simulated split-offs is too
small. Therefore, this effect has to be corrected, if no additional photons are allowed
(N.,.. = 0). The relative data excess, Nsplit-oft, 1S defined as

NPata(d < 40 cm) — NMC(d < 40 cm)
NV Data )

Tlsplitt-off = (8-1)
where NP2 (d < 40 cm) and NMC(d < 40 cm) are the number of events with d < 40 cm
in data and simulation, respectively. The value of 40 cm corresponds to the estimated
average width of a hadronic shower: The average number of crystals in clusters with
multiple local maxima is &~ 32. Assuming that the crystals correspond to a squared
area, and using that the average distance between the crystals centroids is 5cm one
obtains 40 cm as the diagonal of the area.

Table 8.1 shows the values of 7o for every run. For d < 40 cm about half of the
selected 7= — 7~ v, candidates are true 7= — 7 7'y, events. In these background
events split-offs are in principle also produced. However, due to the reconstructed m°
the split-off effect could be distorted. Therefore, half of the data excess is taken as its
systematic uncertainty. The differences between the runs are small compared to this
value, therefore a correction averaged over all runs is applied to the simulation. In
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8. Split-off correction

Table 8.1.: Observed relative amount of split-offs for each run. The listed uncertainties are statistical.
Additionally to the statistical uncertainty a systematic uncertainty of 1.2% is assigned to
the split-off correction factor.

Run period  nspiit-oft[ %]

1 3.13 £ 0.16
2.53 £ 0.09
2.56 £ 0.13
2.44 £ 0.07
2.35 = 0.06
2.18 £ 0.08

1-6 242 £0.04

S UL W N

this analysis, split-offs are produced by pions and kaons. Since only one pion or kaon
is allowed per event, the split-off correction can be applied as an event weight. The
correction factor is defined as:

Wsplit-off = 1- Tlsplit-off (82)
— 0.976 + 0.012(syst), (8.3)

where the systematic uncertainty is half of the average of the 7o values for the

different runs, and the statistical uncertainty is negligible and therefore not taken into
account.
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9. ©¥ reconstruction efficiency
correction

9.1. Motivation

The uncertainty of the 7% reconstruction efficiency is one of the dominant uncertainties
in this analysis. Five of the six measured signal decay modes contain at least one 7°.
In one decay mode, four 7’s are reconstructed. Thus, it is very important that the 7°
efficiency is well described by the simulation. Deviations between data and simulation
can be introduced by shortcomings of the description of electromagnetic shower shapes!

Studies have been performed by the BABAR collaboration [37, 51] to measure the
difference of the 70 efficiency in data and simulation. A correction of the simulation
which is applied to each reconstructed 7° candidate in dependence of its momentum
has been determined to (—2 4 3)%. The uncertainty is obtained from a comparison
with a correction obtained with the same analysis but with an inclusive 7° selection
not separating the 7 final states. In this analysis, an attempt is made to reduce this
uncertainty. The 70 efficiency correction is determined using the same approach as
for the standard correction. However, the 7°’s for the correction determination are
selected in exactly the same way as for the branching fraction measurement. Thus,
no systematic uncertainty due to differences in selection criteria has to be taken into
account. A detailed study of the remaining systematic effects is performed, and a
significant reduction of the uncertainty could be achieved.

This section presents the determination of the 7° efficiency correction and the study
of the associated systematic uncertainties.

9.2. Correction method

The method to determine the 7° correction has been developed in [37], and is introduced
in this section.
The 70 correction w™ is defined as the ratio of the m° reconstruction efficiency in

data, €2 and in the simulation, e}°:
0 €D£xta
™ __ T
W' = T (9.1)
ey

'In addition, small effects can arise from the uncertainty of the energy calibration, and from the
description of the spacial acceptance of the EMC.
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9. 7° reconstruction efficiency correction

This ratio can be determined in a study of the 7 decays

T — t_7TOI/7-,
_ _ (9.2)
T =1 v,
where t denotes a charged particle of any type, i.e., t can be either a pion, kaon,
muon, or in principle an electron. However, as will be explained later, electrons have
to be vetoed . These modes can be used for the determination of the 7° correction,
because the branching fractions B(t~ — ¢t 7°v,) and B(t~ — t"v,) with t = 7, K, u
are known with a high precision or are small [4]. The 7= — t 7%, and 7= — t7 v,
decays are selected by applying the same selection criteria for both modes except of the
7V reconstruction. The numbers of selected 7= — ¢t 7y, and 7= — 7 1, events can

be expressed as

N7 =t 7)) = €, Lo, B(T7 — t 7°0,) N,

9.3
Nt~ =t v)=¢€-_y,.B(1T = t7v.)Nyp, (9:3)

where ¢; is the reconstruction efficiency of the mode i and N, is the total number of
produced 7 pairs?. The reconstruction efficiencies for both modes are then

N(t= — t~7%;)
Crootmtes = B(t— — t—7%,)N,,
_ N(17 =t
ot T B > )N,

(9.4)

The reconstruction efficiency of the 7= — ¢~ 7%, mode has two contributions: the 7°
reconstruction efficiency, and the efficiency due to all other selection criteria. The latter
is assumed to be equal to the reconstruction efficiency of the 7= — ¢t~v, decay mode.
Therefore,

€r——t—n0u, = Ex0€r—t—p, - (95)

Using the relations above, the 7¥ efficiency correction can then be written as

’LUWO _ €50 7~ =t~ 70u / 7~ =t~ mOu,
EMC €Data EMC
70 Tt Tt v, (9 6)

N(t= — t—70p, )P N(77 — ¢, )MC

N(t= = t— 7, )MC N(7= — ¢, )Data

The determination of the 7° efficiency correction using this double ratio has the advan-
tage that systematic effects partially cancel for w”o, since the decays 7= — t v, and
7= — t~ 7, are reconstructed with the same selection criteria (except for the recon-
structed 7° in the 7= — ¢t 7%, decay). For example, the luminosity uncertainty and
the tracking efficiency uncertainty contribute to both channels in the same way. The

2 As described in Section 6.2, the number of simulated ee™ — 717~ events is scaled to match the
data luminosity.
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79 efficiency correction depends on the momentum? of the 7%, p,o. Thus, the correction
is determined as a function of pyo:
N(1~ —t~n0p,)Data (
0 N(r— =t 01, )MC pwo)
W™ (pgo) = (TN;;QT)DM . (9.7)

N0 MC

Since the track reconstruction efficiency is independent of the particle momentum (Sec-
tion 5.1.2), the denominator of the double-ratio is constant.

9.3. Determination of the ©° efficiency correction

9.3.1. 7~ — t v, and 7~ — t~ 7%, event samples

The 7¥ efficiency correction could in principle be determined from the 7= — 7 v,
and 7= — 7 7v, decay modes used as control modes in the main analysis. However,
the identification of a charged pion leads to a relatively large systematic uncertainty
in the 7= — 7~ 1, mode (Section 10.5). Hence, the application of pion identification
criteria is omitted for the determination of the 7° correction to minimize the systematic
uncertainty. If the pion is not identified, an electron veto on the signal charged particle
is necessary in the e-tag event sample to reject eTe~ — eTe™ events, and accordingly a
muon veto has to be applied in the u-tag sample to reject ete™ — u™pu~ events. The
muon identification is less efficient than the electron identification and the muon-veto
uncertainty is relatively large. Therefore, the muon veto is not applied and only the
e-tag sample is used. In summary, the 7= — ¢~ v, and 7= — t~ 7. modes with an
e-tag are selected where t failed the electron identification criteria and thus can be a
charged pion, muon, or kaon.

Figure 9.1 shows the tag electron momentum distribution for both channels, 7= —
t~v. and 7= — t~7°v,. For the 7~ — t~v, mode the data is described very well by the
simulation. Table 9.1 lists the composition of the selected samples in the simulation.
As expected, the ratio of the selected 7= — p~7,v; and 7~ — 7~ v, candidate numbers
which amounts to 1.5 is approximately consistent with their branching fraction ratio,
B(t— = pwv,v;)/B(tT — mv,;) = 1.6, as no particle identification is used. The same
is true for the 7= — K~ v, candidate number. The small deviation from the branching
fraction ratio can be due to different kinematics of the muons, pions, and kaons. For
example, the muons tend to have a smaller momentum than the pions, because of the
presence of an additional neutrino in 7= — u~7,v, decays. The background fraction
in the selected sample of 7= — ¢~ v, events amounts to 3.6%. A systematic uncertainty
due to this background is estimated in Section 9.6.

For the 7= — t~n%v, events, the data/MC ratio is constant for the lepton momen-
tum distribution. The deviation from one can be attributed to the differences in the

79 reconstruction efficiency between data and simulation. The fraction of simulated

3 A more natural quantity for the ¥ correction dependence would be the measured 7° energy. The

0 0

7 momentum is used instead to allow for a direct comparison with the results of the previous 7
correction determinations [37, 51].
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—4—Data R Er-nRy, HEAT-Kny BT - WV,
v - Ky BRT - M1y, DT'»TI‘KOOT[OVT T - Kn'v, AT - ev,y,
v - Ky v -y Or- KRy, EET-Tnmy  Elee - uw
Qv - K®ry,  pggr-nrrry, Ot KRy, CIT -ttty mllee - qq
v - Ky, v -nrf’®ve Jr . xR K%, [t - Rest
Q x10° Qo x10°
3 2 o1k
2 & 012
pa S OB
> S 00
2 £ UURsRsssasai
g T 006
o o R R
0. Q4555885 IR
: s o %
00 e
7 T
p [GeV/c] p [GeV/c]
Q 1% Q 1%
35 L1 S 1E
g 1?’”""""""“’ vO“5.t,0.—0"m500.w“—‘—6“¢é¢+++++ g 1;.; foeeno®enetenren e T ;’ o .;'..".'""; - ;;; '+' +'
0.90 0.9 L +
0 2 3 4 5 6 7 0. ‘ : a5 6 7
p [GeV/c] p [GeV/c]

(@) 7 =t v,

(b) 7~ =t 7%,

Figure 9.1.: Momentum of the tag electron. A constant deviation between data and simulation is
visible in (b), which is attributed to the imprecise simulation of the 7% reconstruction

efficiency.

Table 9.1.: Composition of the selected 7= — t v, 7~

simulation.

— t=7%,, and 7= — ¢t~ (27°)r; modes in

Decay mode T =ty 7 =ty 7 =t (27,

N [%] N [%] N [%]
T ST U, 37.26 0.39 0.06
7~ = 7 1%, 3.27 93.02 3.57
™ =7 (27, 0.19 4.37 90.60
7~ = 7 (379, 0.01 0.09 2.82
T = K v, 2.15 0.03 0.00
7~ = K 7%, 0.05 1.30 0.08
™ = K~ (27%0, 0.00 0.03 0.58
7~ =1 K, 0.26 0.11 1.06
77 = 7 KO, 0.01 0.41 0.38
T = WU, 56.03 0.06 0.00
T = e Uy 0.65 0.01 0.00
rest 0.12 0.18 0.85

103




Chapter 9

- v - - -
—e— Data__ R Erv-nKyv, EET-KV% BT - pYy
T - Ky BT~ mmvy Ot - nRoPy, &IT - KNV At - ey,
- - q T- - - _ .
T - Ky, NNNASEE 111V Ot - kK, @AT-mnmy, Elee-pp
v - Ky, Aty v . KRy, EIT-1mneryv, mEllee - qq
- - - 0
v - Ky, v -nrf’®ve CJr . pR K, [t - Rest
o x1¢P o x10°
> > 100
g o1 s
ees -
— 0.14 RSSRg, — 80—
o o [
2 01% Eesssccey 2 F
S 60
2 0. D F
= R o e
T 008 s 5 F
S L e SR [=STy
i 0.0 (s w =
0.04 B335 -
e 20
e A
B R R R i, A7 >SS .
05 1 15 2 25 35 4 45 5 0 06 1 15 2 25 3 35 4 45 5
p,s [GeVic] P, [GeVic]
0 12 o 12
s s
1 2 11
8 8
8 "";.';;;;;;;""';;;;;;“5‘63;“"6‘&5"6‘“‘ 8 Lo * """"
ooo0e e, eet®o%0 0,
o o I R
0805 1 15 2 25 3 35 4 45 5 O 05 1 15 2 25 3 35 4 45 5
P, [GeVic] P, [GeVic]
(@) 7~ =t 7, (b) 7~ =t~ (27,

Figure 9.2.: Distribution of the 7% momentum before the application of the 70 efficiency correction.
(b) contains two entries per event, i.e., one entry per reconstructed 7.

background events is 5.7% as can be seen in Table 9.1. The background is dominated
by 77 — 7 (27%)v; events. As for the 7 — tv channel, the systematic uncertainty due
to this background is discussed in Section 9.6.

The dependence of the data/MC ratio on the 7° momentum can be seen in Figure 9.2a
for the 7= — t 7%, mode. At high 7° momenta the deviations are small and increase
for smaller momenta. For the 7= — ¢~ (27%)v, channel (Figure 9.2b) a deviation is
visible, which is about twice as large as for the mode with one reconstructed #%. This
observation further confirms that the uncertainty of the 7° reconstruction is the origin
of this deviation. The dependence of the data/MC ratio on the 7° momentum for
this mode does not correspond to the dependence observed in the 7= — ¢t~ 7%, mode.
This is attributed to the insufficient modeling of the resonance structure in the 7= —
7~ (27%) v, decay which is the dominant contribution to the 7= — ¢~ (27%)v, sample
(see also Section 6.3.4).

9.4. Determination of the correction values

The correction of the 7% reconstruction efficiency is determined according to Equa-
tion 9.7 using the data and simulated samples described in the previous section. Figure 9.3a
shows the obtained 7° correction values, w;ﬁ_av, in dependence of the 7 momentum
pro, where the index r-av denotes that the correction factors are averaged over the runs,

i.e., they are determined using the whole data sample. The correction factors approach
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Figure 9.3.: The 7" efficiency correction values in dependence of the 7 momentum. (a) shows the
correction for each run period, while the time-averaged correction is displayed in (b). The
latter correction values are used in this analysis to improve the description of data by the
simulation. The shown error bars correspond to the statistical uncertainties.
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Figure 9.4.: Momentum-averaged 7° correction values determined for each run period. The shown
uncertainties are only statistical. In addition to the graphical exposure the values are also
listed in a table.

1 with increasing momentum.

The performance of the electromagnetic calorimeter of the BABAR detector changed
over the years. Different calibrations and corrections [25] have been applied to the data
and the simulation to ensure a good description of the reconstruction efficiency by the
simulation over time. Therefore, no significant time dependence of the 7° efficiency
correction is expected. Nevertheless, the 7° correction values, w;ro, are determined
separately for each run to exclude this possible source of a systematic effect. The
momentum-averaged 7° correction factors, wf’(;_av, for each run are shown in Figure 9.4.
The size and shape of the distribution of the correction values (Figure 9.3a) agree very
well between the runs. The values for run 4, run 5, and run 6, which correspond to
73% of the total event sample, agree within the very small statistical uncertainty. The
values obtained for the data samples of run 1, run 2, and run 3 agree within 0.6% with
the average correction value. Therefore, the run-averaged 7° correction values are used

to correct the simulation.
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Figure 9.5.: Distribution of the 7 momentum after the application of the ¥ efficiency correction. (b)
contains two entries per event, i.e., one entry per reconstructed 7.

9.5. Application of the 7° correction

The simulated 7 reconstruction efficiency is corrected by applying the weight

neo = [[wp: .on (9.8)
=1

to each event, where p; is the momentum of the i"* 7% in an event with n reconstructed
79s. The weights are taken from Figure 9.3a. Since the width of the bins is rather large,
a linear interpolation of the bin centers is used as correction function. Figure 9.5 shows
the 7% momentum in the 7= — ¢t~ 7%, and 7= — ¢~ (27°)v, decays with a corrected 7°

efficiency. The agreement between data and simulation is significantly improved.

9.6. Uncertainty of the w° correction

This section discusses the systematic uncertainties of the 7° efficiency correction deter-
mined by the double ratio of Equation 9.7.

9.6.1. Determination of systematic uncertainties

The contributions to the systematic uncertainty of the 7° efficiency correction are es-
timated using the same method as for the branching fractions uncertainties described
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9. 7° reconstruction efficiency correction

later in Section 10.4.1. Each quantity X, which affects the determination of the 7
efficiency correction, e. g., the split-off correction factor, is varied within its uncertainty
AX. A total of N = 50 variations are performed and for each variation £ the quantity

X, =X+, AX, (9.9)

where 7}, is a random number following a Gaussian distribution, is computed. All sources
of systematic uncertainties are assumed to be independent of the 7° momentum. A test
of this assumption is presented in Section 9.6.4. The momentum-averaged 7° correction,
n™, is recalculated for each X .. The root mean square (RMS) of the distribution of
the resulting 50 values of the 7° correction is taken as the estimate for the systematic

uncertainty.

9.6.2. Sources of systematic uncertainties

In this section, the systematic uncertainties which affect the selection of the 7= — ¢~ v,
and 7= — t 7%, samples are described. Some of these uncertainties cancel in the
double ratio (Equation 9.7), i.e., they do not contribute to the total uncertainty of
the 70 efficiency correction. However, they do contribute to the uncertainties of the
branching fractions of the 7= — 7~ v, and 7= — 7~ 7’ decays which are determined
as a cross check in Section 9.6.5. In this section, the magnitudes of the uncertainties
are determined with respect to the 7% correction. The uncertainty values for the con-
trol branching fractions are given in Section 9.6.5. The systematic uncertainties are
discussed briefly in this section, since a detailed description of systematic effects in this
analysis is given in the context of the determination of the signal branching fractions
in Chapter 10.

Luminosity and 7 cross section uncertainty

In this analysis, the number of generated 7-pair events is scaled such that it agrees with
the number of eTe™ — 7777 processes expected in the ete™ collisions. This scaling is
performed by applying a weight w = L;;'gtg — to each simulated 7-pair event, where £ +
AL is the integrated luminosity, o +,- + Ao+ is the T-pair production cross section,
and N&" the number of generated ee™ — 777~ processes. This scaling factor enters
both the nominator and the denominator of the double ratio through the event numbers
N(t= — t7v)MC and N(r= — ¢t 7%, )MC  Since the background of non-ete~ —
7t7~ events is negligible, the scaling factor cancels in the double ratio. Therefore, the
uncertainties of £ and o,+,- do not contribute to the systematic uncertainty of the 7°
efficiency correction.

Track reconstruction efficiency

As described in Section 5.1.2, the track reconstruction efficiency is independent of the
charges particle momentum. The uncertainty of the track reconstruction therefore
only depends on the number of selected tracks in the event. Both decays used for
determination of the 7¥ efficiency correction are selected in events containing exactly
two tracks. Therefore, the track efficiency cancels in the double ratio.
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Particle identification uncertainty

Events selected for the 7° correction determination contain two charged tracks, where
the tag track is identified as an electron and the other track is required to fail the
electron selection criteria. Therefore, the product of two PID weights has to be applied
to each simulated event according to the method described in Section 5.2.5:

evt __ veto
Wprp = We * We (9.10)

where w, is the correction of the identification efficiency of the tag electron, and w?*

the correction of the signal track . The PID weights depend on the momentum, polar
angle, azimuthal angle, the charge, and the true type of the track.

The distributions of p, €, and ¢ of the selected tag electron are very similar in both
decays. Therefore, the contribution of the tag electron, w,, largely cancels in the
double ratio. However, the correction weights w?“*® are distributed differently for the
two decays, because of the different fractions of muons, kaons and pions contributing
to the selected 7= — t~v, and 7= — t 7'y, decays. The uncertainties of the veto
weights, Aw’®°, contribute to the total uncertainty of the 7° efficiency correction. The
resulting particle identification uncertainty on the 7% correction amounts to

A%y, = 0.0002. (9.11)
This small contribution is neglected.

Split-off correction uncertainty
A split-off correction (Chapter 8) is applied to each hadron in the simulated event. The
selected 7= — t"v; and 77 — p~U,v, samples contain different fractions of hadrons.
About two-thirds of the selected 7= — t~v; events contain 7= — p~7,v, decays, i.e.,
such events are purely leptonic (the other 7 in the event is tagged by an electron). For
the 7= — ¢~ 7%, sample, the fraction of purely leptonic events is negligible. Therefore,
the split-off correction does not cancel in the double ratio resulting in an uncertainty
of the double ratio of

AN oo = 0.005. (9.12)

Branching fractions uncertainties

The 7 efficiency correction relies on the good knowledge of the branching fractions of
the 7 decays used for its determination. These branching fractions and their uncertain-
ties are given in Equation 4.3. Their relatively small uncertainties have to be taken into
account in the uncertainty of the ¥ efficiency correction. The uncertainty amounts to

Ang. . = 0.005. (9.13)

Uncertainty due to Bhabha background

The selection criteria which reject this type of events are described in Section 6.2. These
criteria have been optimized for events where the signal track is identified as a particle
of a certain type by the application of a PID selector sequence (Section 5.2.4). This
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Figure 9.6.: Missing mass in the event.

sequence contains not only an electron veto but also an explicit identification of the
particle as a pion, kaon, or muon. In contrast to that, the 7= — ¢t~ v, and 7= — t 7%,
modes are selected by only applying an electron veto to the signal track, i.e., a less
efficient suppression of Bhabha events is possible.

Since the simulation does not contain ete™ — ete™ () events (Section 3.3.2), the
Bhabha contamination of the 7= — t v, and 7~ — t 7%, sample should appear
as a data excess at small values of the missing mass mys. The distribution of the
missing mass is shown in Figure 9.6 for the both samples. A data excess is visible
for muyis < 3.8 GeV/c? for the 7= — t~v, mode, while no excess is observed for the
7~ =t~ 7%, mode.

The excess in the distribution for the 7= — ¢t7v, mode is quantified by computing
the relative data excess

<3.8GeV/c? <3.8GeV/c?
NData(m &V/c ) . NMC(m eV/c

miss miss )
D, = NeTh = 0.0043 + 0.0004(stat)  (9.14)

in the My region below 3.8 GeV/c?. The relative uncertainty on the number of se-
lected 77 — tv, events is assumed to amount to the full size of 7, .. resulting in an
uncertainty

Anhanne = 0.004 (9.15)

of the 7¥ correction.
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Table 9.2.: Uncertainty of the 7° efficiency correction. All contributing sources are listed.

Source of uncertainty Contribution to An™
Data and simulation statistics 0.001
Splitoff correction 0.005
Branching fractions 0.005
Bhabha background 0.004
Total 0.008

9.6.3. Summary of the systematic uncertainties of the 7°
correction

Table 9.2 lists the determined contributions to the total systematic uncertainty of the
79 efficiency correction. The average m correction determined in this analysis is

7™ = 0.960 + 0.008 (9.16)

where all statistical and systematic uncertainties are added in quadrature. The size of
the correction is consistent with the value determined in previous BABAR studies of the
70 efficiency correction [37, 51]. The uncertainty is reduced by more than a factor of
three. The correction is applied to all simulated events in this analysis as a function of
the 7% momentum.

9.6.4. Tests of possible remaining dependencies of the 7°
correction

In this section, a test is presented to rule out a dependence of the 7° correction on the
7V polar angle. In addition, the assumption that the 7° uncertainty does not depend
on the 7° momentum is validated.

7° polar angle dependence of the w° correction

7%s are reconstructed from photons measured in the electromagnetic calorimeter. Cal-

ibrations of the EMC are performed as a function of spacial coordinates. Therefore, a
possible dependence of the 7 correction on the polar angle 0,0 is investigated. This
dependence can be checked by studying the 6.0 distribution. Figure 9.7 shows the dis-
tribution of 00 for the 7= — 7~ 7%y, and 7= — 7 (27°)r, decay modes which are
selected according to the criteria discussed in Chapter 6. All corrections to the sim-
ulation including the momentum-dependent 7 correction are applied. The displayed
data/MC ratios show that the description of the data by the simulation is very good
over the whole polar angle range.
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Figure 9.7.: Distribution of the 7° polar angle for the 7= — 7~ 7%, and 7= — 7 (27°)v, decay
modes. The decays are selected according to the criteria described in Chapter 6. The

70 efficiency correction is applied. (b) contains two entries per event, i.e., one entry per
reconstructed 7°.

7% momentum dependence of the 7% correction uncertainty

The uncertainty of the 7% correction has been assumed to be independent of the 7°
momentum. The dominant contributions to the systematic uncertainty of the correc-
tion are determined in dependence of the 7° momentum to validate this assumption.
Table 9.3 shows the uncertainty arising from the split-off correction and from the un-
certainty of 7 decay branching fractions used in the simulation. The uncertainties are
listed in intervals of the 7° momentum. The differences of the uncertainties in different

intervals are negligible which justifies the assumption of a 7°-momentum independent
uncertainty assignment.

Table 9.3.: Largest contributions to the systematic uncertainty of the 70 efficiency correction deter-
mined in intervals of the 7% momentum p,o.

pro [ GeV/(] 0.0-10 10-20 20-3.0 3.0-40 4.0-5.0

split-off correction 0.0050 0.0050 0.0051 0.0052 0.0053
branching fractions  0.0047  0.0048  0.0049  0.0050 0.0051
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9.6.5. Consistency check: Branching fractions determined in the
T >t v, 7 —tnv, and 77 — t~(27°) v, samples

As a consistency check of the 7% correction determination the branching fractions of
the 7= = 7 v, 77 — 7 7, and 77 — 7 (27°)r, decays can be computed from the
selected 77 — t7v,, 77 — 771, and 77 — ¢t (27°) 1, samples. The results have to be
consistent with the branching fractions of these modes used in the simulation, i.e., the
current world averages. Since the 7¥ correction is applied twice in the 7= — 7~ (27%)v,
mode, any inconsistency of the correction would be doubled in this mode.

Moreover, the obtained values can be compared with the branching fractions of these
decays obtained from the samples selected in the main analysis. In the latter samples
a full particle identification is applied. The comparison can be therefore used to cross
check the PID performance. This comparison is discussed in Section 10.5.

Figure 9.8 shows the branching fractions determined from the 7= — t7v,, 77 —
t=n%,, and 77 — t~(27%)v, samples for each run as well as the run-averaged value.
The branching fractions are computed according to Equation 10.8 which is presented
in Section 10.2. The branching fractions are compared with the current world average
[4] which is used in the simulation. All statistical and systematic uncertainties as listed
in the previous section are included in the figure. The uncertainties of the tracking
efficiency and of the number of 7 pairs are also taken into account. They are a signif-
icant contributions to the total uncertainty of the branching fractions. In case of the
uncertainty of the 7% efficiency correction, which is given by a double ratio, these con-
tributions cancel. The obtained branching fractions and uncertainties are summarized
in Table 9.4. For all three decay modes the branching fractions determined separately

Table 9.4.: Summary of the measured branching fractions of the control decays. The branching frac-
tions are calculated from the event samples used to determine the 70 efficiency correction.
The total uncertainties are obtained by adding the uncertainties in quadrature.

Control mode T v, 17—y, 17— a7,
Branching fraction [%] 10.894 25.371 9.214
Total uncertainty [%] 0.335 0.578 0.256
Statistical uncertainty (Data & MC) [%] 0.033 0.021 0.017
Systematic uncertainty [%] 0.333 0.577 0.255
Breakdown of systematic uncertainties

Background branching fractions [%)] 0.044 0.025 0.008
Bhabha background [%)] 0.065 0.000 0.000
Number of 7777 pairs [%] 0.253 0.260 0.087
Track efficiency [%)] 0.096 0.099 0.033
Splitoff correction [%)] 0.177 0.418 0.140
PID (electron + electron veto) [%)] 0.014 0.005 0.002
70 efficiency correction %] 0.000 0.284 0.191
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decays. The black circles represent the branching fractions determined for each run. The
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10. Determination of the branching
fractions

In the following sections, the branching fractions of the signal and control decays are
computed from the numbers of selected events, and the determination of the uncertain-
ties for both types of decays is presented.

10.1. Number of selected events

The number of selected events for each signal and control mode in data and simulation
is listed in Table 10.1 for the total dataset used in this analysis. For the simulated event
sample the contribution from the signal and control decays (bold) and the contributions
from the various background decays are given.

The selection efficiencies are determined from simulation. For the decay mode ¢ the
efficiency is defined as
Nsel
o i

€ = 8o
7

(10.1)

where N3 is the number of selected signal or control events and N is the number
of generated events of this type. The efficiencies obtained for all analyzed decay modes
are given in Table 10.2. They are relatively small due to the requirement of a tag
lepton which limits the efficiencies to at most ~ 34%, corresponding to the branching
fractions B(t~ — e T.v;) = B(tT — p U,w,) & 17%. Thus, the maximum signal
selection efficiency which can be achieved with a lepton tag is approximately 32%. The
selection criteria described in Chapter 6 further reduce the efficiency. The efficiency
of the 7%-less modes is relatively small compared to the modes with 7%’s, because
additional selection criteria to suppress ete~™ — [T]7 () events are applied. For the
decays with 7’s the efficiency decreases with the number of reconstructed 7°’s.

10.2. Calculation of the branching fractions

The branching fractions of the signal decays are determined with the same method as
in [10]. The method is described in detail in this section.
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Table 10.1.: Selected event numbers for each signal decay mode in data and simulation. These numbers are used to determine the branching
fractions. All corrections to simulated events are applied leading to non-integer numbers of simulated events. The event numbers
obtained in simulation are further subdivided according to the true 7 decay mode contained in the event. The selected signal events

GIt

numbers are bold.

Selected mode K- K7 K-(27) K~(37Y) T 70 7= (27°%) 7= (37%) 7~ (4n°) uwo
data 79279 148327 12399 609 1445918 6786687 1217602 50560 1099 1074053
MC 77602.2 134203.4 12672.4 770.5 1479464.4 6795696.1 1216317.0  43555.5 1091.2 1076260.7
True decay

K~ 59255.8 1032.2 7.4 0.2 3076.4 358.8 15.9 0.0 0.0 974.1
K-V 1174.2 80695.7 404.3 6.7 56.1 4630.0 207.4 4.1 0.0 27.2
K~ (27%) 13.7 1516.5 4813.2 204 1.6 105.1 395.4 10.7 0.0 0.8
K= (37%) 1.0 118.9 560.3 328.6 0.1 12.8 89.6 30.1 0.7 0.1
o 12375.0 592.0 18.8 0.6 1143012.3 25660.9 604.9 13.2 0.0 54281.8
7~ 1076.6  42151.1 657.1 16.1 105358.7 6406842.6 42074.7 534.1 3.5 5694.7
7~ (27Y) 58.7 2317.7 4790.2 70.5 6203.6 307031.5 1114868.6 6637.6 42.8 333.7
7~ (37) 6.1 44.4 166.4 75.7 223.1 6210.2 35285.9 29209.1 194.5 12.6
7~ (47°) 0.2 2.1 4.9 8.4 8.7 192.5 1161.3 3057.6 575.2 0.2
7~ nn° 0.0 2.3 3.3 3.0 18.1 504.6 881.0 1449.9 180.2 0.2
7 yr070 0.0 0.2 0.3 0.3 0.1 10.0 88.3 98.7 18.1 0.0
K= 6.5 414 110.1 14.2 0.3 3.6 14.8 6.8 0.2 0.1
K—nrt 0.1 15.5 35.4 16.7 0.0 1.5 4.6 2.3 0.3 0.0
71'_[20 80.9 65.1 17.8 1.9 8131.7 7352.2 13129.9 92.0 1.8 566.3
7~ K70 2.2 143.8 23.5 24 342.6 28435.1 4633.8 2024.1 14.1 24.7
KTKY 1341.9 1364.5 365.8 11.0 112.6 124.7 160.7 3.0 0.0 40.0
K7EOWO 44.7 3853.2 652.0 183.2 7.0 299.0 117.9 46.3 1.2 0.9
7~ K% 0.0 0.2 0.3 0.3 0.1 10.5 29.1 14.3 2.8 0.0
7~ K°K° 2.1 10.0 3.4 0.9 99.6 659.2 1586.1 181.4 29.7 24.7
e~ 248.7 15.4 0.0 0.0 17795.6 657.1 1.7 0.0 0.0 34.7
wo 1794.1 3.6 0.0 0.0 187800.9 606.7 3.7 0.0 0.0 1014019.6
qq 23.6 155.3 33.6 9.3 120.0 922.8 433.1 116.8 26.0 2.9
wrpT 55.7 2.2 0.0 0.0 5538.1 76.2 0.0 0.0 0.0 123.0
rest 40.5 60.1 4.8 0.0 1557.3 4988.6 528.8 23.6 0.0 98.4
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Table 10.2.: Selection efficiencies in % of all signal and control decay modes.

Mode €[ %] Mode €[%)]
T =T U, 1.27 T = K v, 0.99
7~ = 1 71, 3.32 77 = K7, 2.19
™ =7 (2%, 1.46 ™ = K (27%r, 0.96
™ =7 (3%, 035 ™ = K~ (3r%r, 0.10
™ =7 (47%r, 0.06 T = WU, 0.74

10.2.1. Definition of signal events for the branching fraction
calculation

The branching fraction of a signal 7 decay is defined as the ratio of the width of a signal
decay, I'(r— signat), and the total decay width, I';. It can be obtained from the ratio of
the number of signal decays, N(r— signat), and the total number of 7 decays, N,:

F(T—) signal) N(T—> signal)

B(T—> signal) = FT = NT . (102)

For the calculation of the branching fraction it has to be taken into account that events

which contain two 7’s are selected. One or both of the two 7’s can decay into a signal

final state. A signal event is defined as an event which contains at least one signal

decay'. The number of produced signal events, NP for a signal decay i can be
written as:

Nprod = N(T’—) signal, 7T/ signal)

T~/ signal, 7T — signal (103)

+ N( )
+ N(T7—> signal, 77— signal),

where N (r—— signal, +4 signal) and N (r—# signal, 7+— signal) are the numbers of events
where only one 7 decays into a signal final state, and N(7=— signal, 7+ — signal) is the
number of events with two signal decays. These numbers are related to B(r— signal)
through

N(T7—> signal, 774 signal) = N(T77L) signal, 77— signal)

10.4
= B(T—) sigmzl) . (1 — B(T—) signal)) . NTT’ ( )

and
N(T*—> signal, 77— signal) = (B(T—> signal))2 . NTT, (105)

In principle, a signal event could be defined as (r~— signal, 7~ — [~ j1;). However, this results
in a dependence of the measured branching fraction on itself. The branching fraction is obtained by
subtracting Nﬁﬁlg from data. Ngilg is taken from the simulation, and depends on the branching fractions
of the background decays. With the above definition, events with two signal 7 decays are background.
They can contribute to Nﬁf(lg if one of the two signal decays is misidentified as a 7= — [~7;v, decay,
which leads to a dependence on the branching fraction to be measured.
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10. Determination of the branching fractions

where N, is the total number of produced 7-pair events given by the product of the
integrated luminosity and the 7-pair production cross section at the BABAR center-of-

mass energy:
N, =L 0. (10.6)

With the above relations NP9 can be written as
Nprod = (28(7’—) sigmzl) — B(T—) signal)2)NT7-. (107)
The branching fraction is then?

Nprod

B(T—> signal) =1- 1-— . 0-7—7—.

(10.8)

For the signal modes, cross feed between the different signal modes has to be taken
into account. Therefore, the branching fractions of the signal decays and those of the
control decays are determined using two different approaches. The two approaches are
described in the next sections.

10.2.2. Branching fraction determination for control decays

The branching fractions of the control decays 7= — 7 v,, 7= — 7 7, 7~ —
7 (27, and 77 — p v, are well known. Therefore, the fraction of cross feed
between the selected control modes is correctly simulated. The number of selected sig-
nal® events, N;egl(l), where the index ¢ corresponds to the selected control mode, is then
given by

ig

sel() _ nrsel(s sel ()
N; _N“—ZMmﬂ (10.9)
J

where N is the number of selected events, and NSfig(g.) are the numbers of selected

background events j, where j can be any type of event, except of events which contain
the control decay i. The number of produced signal events, NP©4®) igs related to N:g(z)
through

Ns.el(i)

—5 (10.10)

€;

Nprod(i) _

where ¢; is the signal selection efficiency defined in Equation 10.1.
The number of selected background events as well as the signal efficiency (Table 10.2)
are estimated from simulation:
sel() _ arsel(z),MC
kag(j) - kag(j) ’ (10.11)

€ — Ei'\/IC.

2Equation 10.7 contains a quadratic term of the B(r— signat) leading to two solution for
B(r— signat). The second solution is unphysical, because B(r— signal) > 1, and is not considered.

3In this thesis the term signal usually denotes one of the six decays which are measured. Here it
refers to the analyzed control decay.
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This leads to .
sel (4 sel(z),
N=@ — N bkg(j

NProd(d) — - (10.12)

€;

Ngilg(g.’)MC is obtained by scaling the number of selected simulated events for each of

the processes eTe™ — 7777 ete”™ — puTp~, and ete™ — qq (¢ = u,d, s,¢,b) to match
the integrated luminosity. The branching fraction is then given by

sel(i) _ Nsol(i)',MC
B(r— signai(i)) = 1 — J -~ E:‘g(” . (10.13)

The statistical uncertainties of the data and simulated event samples are assumed to
be Poisson distributed. The resulting uncertainties of the branching fractions are given
in Section 10.3.1.

10.2.3. Branching fraction determination for the signal decays

The six signal decays can be mutual backgrounds, i.e., a signal decay can be wrongly
reconstructed as a different signal decay. As the branching fractions are not known,
this migration for a signal mode to another is taken into account in the calculation of
the branching fractions by using the following method. As given in Equation 10.9 the
number of selected signal events, Nsl(;( ), i

sel () sel(i sel(m)
N ' =N Zkag(m (10.14)
Due to the migration of signal events, two different contributions to the number of
background events have to be considered:

Z Novsim) = Z N ey Z Noeait (10.15)

where the first term is the number of migrated signal events from the k # ¢ modes ,
and the second term is the sum of events from all remaining background modes*. The
event numbers for this remaining modes are taken from the simulation.

The probabilities M;; to reconstruct a true event of type j as an event of type ¢,
which are estimated from simulated events, are defined as

Nsol(j—as—i),MC

M;; = T (10.16)
The number of selected events in decay mode i can then be written as
NI = MO 5 M 5N, (10,17

k#i

4The number of these background events is scaled to match the data luminosity.
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10. Determination of the branching fractions

where the probabilities M;; correspond to the signal selection efficiencies as defined in
Equation 10.1. This can be used to write

sel (4 - rod (i
N(w/o rest) Z Miij d(J)u (1018)
=0
where N (S‘il/(o) rest) = IV sel(i Z Nf:slél and n = 6 is the number of all signal modes, or
in matrix form:
sel rod
N(W/o rest) M - NP (1019)
where “ »
NSlg + Z N feod(k
sel _ sel(2 sel(2
N(w/o rest) ~ N51g + Z N, feed(k) (1020>
and
Nprod(l)
Nprod — Nprod(2) (1021>

The matrix M is denoted as migration matriz.

The number of produced events is obtained from the number of selected signal events
by inverting the migration matrix:

N=M"1 N (10.22)

sig
The branching fractions of the signal decays j are then calculated according to

N prod(s)

N=1—4/1— .
B(t — j) for

(10.23)

10.2.4. Statistical uncertainty of the signal branching fractions

el(é)

The statistical uncertainties of the selected signal event numbers, N ", are uncorre-

sig
lated for the various signal modes. The covariances of the NV, =) are therefore

sig
Oifi#j
Vsel 0; Nslegl(l) with 5 = { 1if i ij , (1024)

assuming a Poisson distribution of the Nssfgl( ),

The number of produced signal events N5¢) is related to 51g( 2 trough the migration
matrix M (Equation 10.22). The covariance matrix V of the produced signal event
numbers is then obtained from

V=M1ve(mMH)Tt (10.25)
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where V*¢! = (V5!). The covariance matrix Vj for the measured branching fractions is
determined by error propagation:

AVAEN AV (10.26)

where J is the Jacobian matrix with the elements

oB,;
The elements are derived from Equation 10.13:
1 N, 0if i # j
Jii =0, ——]1 — =2 ith 6;; = . 10.28
2o N Loy, O { 1ifi = j (10.28)

The elements of the correlation matrix pg for the branching fractions are given by

Ve
pij = —a?;f (10.29)

where
0B = \JVB = AB™, (10.30)

is the statistical uncertainty of the branching fraction B; of the signal mode 1.

10.3. Measured branching fractions

The branching fractions of the analyzed decays are determined by averaging the branch-
ing fraction values obtained separately for each run. Some of the branching fraction
uncertainties, i.e., the statistical uncertainty of the selected data and simulated event
sample, and the systematic uncertainty of the particle identification performance, are
uncorrelated between the data taking periods. The average branching fraction is com-
puted taking this uncertainty contributions into account. Other systematic uncertain-
ties which are independent of the run are determined only for the whole data sample.
The reason to first determine the branching fractions for each run, and then compute
the average is that this procedure allows for a test of the consistency of the measured
values for the statistically independent samples. The determination of all uncertainties
is described in the following sections.
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10. Determination of the branching fractions

10.3.1. Control decays

The branching fractions of the control decays are calculated from Equation 10.13. The
values obtained in the total event sample are

Bt~ = 7 v,) = (10.542 £ 0.016(stat(paaenc)) X 1072

B(r~ = 1%;,) = (25.366 £ 0.015(stat patatmcy) X 1072 (1031)
B(r~ = 7 (27%v,) = (9.236 £ 0.012(stat patatmcy) X 1072 '
B(r~ = p o) = (17.225 £ 0.924(statpataenc)) X 1072

The uncertainty is the combined® statistical uncertainty of the data sample and the
simulated event sample.

10.3.2. Signal decays

The signal branching fractions are determined with the migration matrix method de-
scribed in Section 10.2.3. The values obtained according to Equation 10.22 for run 1-6
are

B(r~ = K v,) = (7.100 % 0.033(stat)) x 1072

B(r~ — K 7°v,) = (5.000 %+ 0.020(stat)) x 1073

Bt~ — K~ (27°)v,;) = (5.654 +0.144(stat)) x 10~* (10.32)
B(t™ = K~ (37%r,) = (1.642 +0.279(stat)) x 10~ '
Bt~ = 7 (37°)r,) = (1.216 £ 0.010(stat)) x 1072

B(r~ — 7 (47°)r,) = (1.041 £ 0.067(stat)) x 107>

The uncertainty is the statistical uncertainty of the selected data event sample. The
determination of statistical uncertainty of the simulated event sample is described in
the next section. The corresponding correlation matrix is

K Kn° K270 K30 w370 w470

K 1.000 —0.033 0.001 —0.000 -0.000  0.000
Kr° | —0.033 1.000 —0.104 0.012 0.000 —0.000
B K2r° 0.001 —0.104 1.000 —-0.370 —0.005  0.007

Pit) = f300 | —0.000 0012 —0.370 1000 —0.023 —o0.002 |- (10-33)

737 | —0.000  0.000 —0.005 —0.023 1.000 —0.652
w40 0.000 —0.000 0.007 —0.002 —0.652 1.000

10.4. Systematic uncertainties

The branching fractions are calculated from the numbers of events selected in data and
simulation. These numbers depend on various quantities which have been determined
with a limited accuracy. In this section, systematic effects in the branching fraction

5Throughout the thesis, uncertainties are combined by adding them in quadrature.
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measurement are discussed, and the resulting branching fraction uncertainties are de-
termined. Furthermore, the uncertainty due to the limited number of simulated events
is also computed.

10.4.1. Determination method of systematic uncertainties

The systematic uncertainties considered in this analysis are estimated using a variation
method which is summarized in this section, and is applied in the following.

The systematic uncertainty of the branching fraction resulting from an uncertainty
AX of a quantity X is determined simultaneously for all signal mode branching frac-
tions, B;, as follows:

The quantity X is varied N times within its uncertainty according to

X, =X+r,-AX, with k=1..N, (10.34)
where the r; are random numbers generated according to a Gaussian function
1 _@=w?
f@) = 7=¢e 2 (10.35)

with mean p = 0 and variance 0> = 1. In this analysis, the quantity X is varied
N = 50 times. The branching fractions B; are recalculated for each X, (k = 1, ...,50).
The branching fraction uncertainty is then determined from the resulting branching
fraction values Bf by

N
AB; = \Jcov(B;, B;) = \l% > (BF —By)? (10.36)
k=1
where
— 1 &
B, =~ B (10.37)
Ni=

For all uncertainties also the correlation matrices are determined according to:
COV(BZ', BJ)
\/COV(BZ', Bi)\/COV(Bj, B;)

p=(p); = (10.38)

This variation method has the advantage that a systematic effect which is the result
of a combination of many uncertainties, can be computed in a single variation cycle k
by generating different random numbers (i) for the different quantities . This leads
to a significant reduction of computational time. An example is the total particle iden-
tification uncertainty obtained from the uncertainties of PID weights (Section 5.2.5).
The number of different PID weights applied in this analysis is of the order O(1000).
For each of the PID weights a different random number is generated and all the PID
weights can be varied in a single variation cycle k.
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10.4.2. Statistical uncertainty of the simulated event sample

In addition to the uncertainty of the number of data events, the statistical uncertainty of
the number of selected simulated events has to be taken into account in the calculation
of the branching fractions uncertainties. Selected simulated events are either signal or
background events. The statistical uncertainties of these two event categories have to be
determined separately for the signal modes®, because signal event numbers are related
through the migration matrix used to calculate the signal decay branching fractions.
Correlations between the migration matrix elements therefore have to be considered
when calculating the statistical uncertainties of simulated signal events. In contrast, the
numbers of selected simulated background events, which are subtracted from the data in
the branching fraction calculation, are assumed to be uncorrelated. Both contributions
to the branching fraction uncertainties are determined in the following paragraphs.

Signal events
The uncertainty of the number of selected signal events in the simulation enters the
calculation of the branching fractions trough the uncertainty of the migration matrix
elements M;; defined as

N;;
Ngen

J

M;: = (10.39)
where the matrix elements M;; are the efficiencies to select a true signal event of type j
as an event of type 7. The method to determine the AM;; is presented in this section.

An event which is generated as a signal event of type k is either correctly recon-
structed and therefore contributes to the matrix element My, or is misidentified as
another signal event [ contributing to M. The matrix elements for a certain true
event type are therefore anti-correlated. For different true event types they are statis-
tically independent.

For the case of only two reconstructed modes a and b, the matrix elements M, and
My, for the true type k = a, b would be fully anti-correlated. In this analysis, however,
six different modes are selected, i.e., the size of the correlations between the matrix
elements cannot be easily estimated. A method to account for these correlations was
developed in [10]. The matrix elements M;; for a certain true type k are expressed as
a combination of fully anti-correlated efficiencies. The following diagram illustrates the
definition of these efficiencies:

1—e
gen 0
Nk > Nrejected

|«
1—e€1 1—eo 1—e3 1—eq 1—es5
Nppro N}( Ngerr —— Ngozor —— NM—> Nsrer

A

NK NKT(O NK27rO NK37TO N7r37r0 N7T47TO

6The statistical uncertainties for the control modes have already been presented in Section 10.3.1.
For the control decays the selected simulated event numbers have been assumed to be Poisson dis-
tributed and their uncertainties to be uncorrelated between the different modes.
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The first efficiency, ¢y = %, is defined as the efficiency to select a true event of
k

type k as any of the signal events, i. e as the efﬁciency not to reject a signal event. In
the next step, the efficiency, ¢, = event from a sample

N
of selected signal events is determlned The efficiency to select events of true type k,

which are not reconstructed 7= — K~ v, events (denoted as K in the diagram) is then
given by € = € - (1 — €). The procedure is continued by determining the efficiency
€y = NNL;) to select 7= — K~ 7v, events from a sample of signal events not containing

the already selected 7= — K~ v, events. The steps are repeated for all signal modes in
the same way. The efficiency €4 to select the last event type in the sequence is equal to
one by construction”. The chosen order of the signal modes in this scheme is arbitrary
because any possible order leads to the same final result for the branching fraction
uncertainties.

With the above efficiency definitions the migration matrix elements for the true decay
k can be then expressed as

MK,k = €€
Mgmopr = €-(1—€)- €
Mo = ¢e-(1—e€ 1—e€)-€
K270k 0 ( 1) - ( 2) " €3 (10.40)
Mpgszo, = € (1—€) - (1—€) (1—€) €
Mﬂ-3ﬂ-07k = €9 (1 - 61) (1 - 62) (1 - 63) . (1 - 64) €5
M7r47r0,k = €9 - (1 — 61) (]_ — 62) (]. — 63) . (1 — 64) (]. — 65) (&
The uncertainties of the efficiencies ¢; are given by the binomial uncertainty:
Ni(N;—1 — N;)
Ae; = \l N7 , (10.41)

where N; is the number of selected events in the i** step of the above diagram, e.g.,

Ngro(Nyg — Ngr
Aesy :J s KK ) (10.42)
N
K
The resulting branching fraction uncertainties are determined according to the variation

method described in Section 10.4.1. The ¢; in Equation 10.40 are replaced with the
corresponding efficiencies varied within their uncertainties:

€ — 6; = ¢ + r; Ae;, (10.43)

where r; are random numbers generated according to a Gaussian distribution. A differ-
ent number 7r; is used for each of the six efficiencies for a true decay mode k. Therefore,
6 x 6 = 36 random numbers are used in total for each variation cycle. Table 10.3 shows

"The possible presence of 7= — 7~ (57°)v, and 7= — K~ (47°)v, events, or events with even more

79’s, is ignored in this definition.
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the obtained uncertainties for the signal mode branching fractions. The correlation
matrix calculated according to Equation 10.29 is

K Kr° K2n%  K3xY w370 w470

K 1.000 —0.092 —0.156 —3.662 1.296 —0.278
Kx° [ —0.092  1.000 0.059 2214 —0.250 0.224
5 _ K27°| —0.156  0.059  1.000 —0.148 —0.312  0.284
PNy = K370 | —3.662 2214 —0.148  1.000  0.664  0.145
73m0 1.296 —0.250 —0.312  0.664  1.000 —0.568
740 \ —0.278  0.224 0284  0.145 —0.568  1.000

Table 10.3.: Absolute and relative systematic uncertainties of the measured branching fractions due
to the uncertainties of the number of simulated signal events.

Signal decay AB 2B [%]

T =K v, 0.021 x 1073 0.30
7™ = K7, 0.012 x 1073 0.23
™ = K~ (27%r, 0.056 x 107* 1.00
7™ = K~ (3r%r, 0.090 x 107*  5.48
7~ =7 (3,  0.005x 1072 0.41
77 = (4n%r,  0.028 x 107*  2.69

Background events
The branching fractions are calculated from the numbers of selected signal events (Equa-
tion 10.13). They are obtained by subtracting the number of background events®, NPke,
in the selected signal mode sample from the number of selected data events, NP2%:

Nt = NP — NPk, (10.44)
The latter number, NP8 is determined by estimating in simulation the efficiency to
select a background event as a signal event.

As has been discussed in previous sections events of different types can contribute to
the background of a signal mode. Each of these types has a different selection efficiency,
i.e.,

N,
Cij =~
N, gen,j

where 7 is the selected signal mode, and j denotes the true type of the background

(10.45)

8Note that in this context also the control decays are considered as background decays.
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Table 10.4.: 7 decay modes which contribute to the background of the signal modes. The table specifies
the branching fractions and their relative uncertainties in % as summarized in [4].

Decay B[%] % (%)

T =T U, 10.828 + 0.105 1.0
7~ = 1 71, 25.46 + 0.12 0.5
™ =7 (2%, 9.239 £+ 0.124 1.3

7~ = iy, 0.138 £+ 0.009 6.5
7~ — 7 7%, 0.015 £ 0.005 33

T = K, 0.0161 4+ 0.0010 6.2
7~ — K nnv,  0.0048 £ 0.0012 25

7~ =1 K%, 0.831 &+ 0.030 3.6
7~ =7 K%, 0.36 £ 0.04 11

= KK 0.158+0017 11
™ = K- K%, 0.144 + 0.023 16

7~ = 1 K, 0.0093 £ 0.0015 16
7~ =7 K°K%,. 0.153 + 0.034 22

TT — e Vs 17.83 £ 0.05 0.3
T — U Uuls 17.33 £ 0.05 0.3

events with 7 # j. The uncertainty of the efficiency ¢;; is given by

(10.46)

N3 ’

Ae;y = J Ny(N]™ = Nij)

similarly to Equation 10.41.

Table 10.1 lists the numbers of events selected in this measurement. The fraction
of background events containing processes other than ete™ — 7777 is very small and
their contribution is neglected. The number of remaining ete™ — ete™ events, which
are not simulated, is estimated from the missing mass distribution in Figure 6.6b in
the 77 — 7 v, mode in the same manner as in Section 9.6 for the 7= — ¢t~ v, mode.
The remaining relative contribution amounts to 0.1%. Since this contribution is small
and the Bhabha background is expected to be even smaller in modes with additional
79s this uncertainty is neglected. Also the contribution of 7 decays into more than one
charged track is neglected.

The various 7 decays which contribute to the background of the selected signal modes
are listed in Table 10.4. The selection efficiency of each of the listed decays is determined
in the simulation. Following the procedure described in Section 10.4.1, the efficiency is
varied within its uncertainty. A different random number is used for each of the back-
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ground decays listed in Table 10.4, i. e., the numbers of selected events for the different
background modes are assumed to be uncorrelated. The branching fractions of the
signal decays are recalculated for 50 variations of the background selection efficiencies.

The resulting uncertainties are listed in Table 10.5 and the correlation matrix is

K

Kr°
B . K27T0
p(ANé\f(g) = K370

w370
a0

K

1.000
0.236
0.180
0.216
0.034
0.102

K
0.236
1.000
0.346
0.424
0.199
0.128

K270 K3r°
0.180 0.216
0.346 0.424
1.000 0.588
0.588 1.000
0.721 0.371
0.271 0.377

w370

0.034
0.199
0.721
0.371
1.000
—0.000

wdn0

0.102
0.128
0.271
0.377
—0.000
1.000

Table 10.5.: Absolute and relative systematic uncertainties of the measured branching fractions due
to the uncertainties of the numbers of simulated background events.

Signal decay AB SE(%)
T =K, 0.010 x 1072 0.14
77 = K7, 0.008 x 1073 0.16
= K210 0.052x 1074 0.92
7~ = K=(3r%r, 0.131x107% 7.98
™ =7 (3%, 0.002x 1072 0.16
7~ = (4%, 0.023x 1073 2.21

10.4.3. Uncertainty of the background decays branching fractions

The uncertainties of the background branching fractions, ABy,(;), Which are known
from other measurements [4], have to be considered. The AByg(;) enter the calculation
of the branching fractions in the same way as the statistical uncertainties of the numbers
of selected background events (Section 10.4.2).

The background decay branching fractions are varied within their uncertainties listed
in Table 10.4 to determine the resulting uncertainties of the signal decay branching
fractions. The results for the signal decays are listed in Table 10.6 together with the

uncertainties observed for the control modes. The correlation matrix is:

K
Kn°
B . K27T0
p(ABbkg) - Kgﬂ.o
Pi3n°
Pi4r®

K

1.000
—0.076
0.317
—0.221
0.020
0.265

Knr°
—0.076
1.000
0.538
0.932
—0.081
0.001

K279 K3
0.317 —0.221
0.538 0.932
1.000 0.462
0.462 1.000
0.327 —0.110
0.021 —0.042

w370

0.020
—0.081
0.327
—0.110
1.000
0.158

w470

0.265
0.001
0.021
—0.042
0.158
1.000
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Table 10.6.: Absolute and relative systematic uncertainties of the measured branching fractions due
to the uncertainties of the background decay branching fractions used in the simulation.

Signal decay AB SE[%)] | Control decay AB SE[%)

T = K v, 0.024 x 1073 0.34 T =T U, 0.008 x 1072 0.07
77 = K7, 0.031 x 107*  0.62 7 = 1y, 0.028 x 1072 0.11
™ = K (21%r, 0104 x107* 1.84 |77 =7 (27%r, 0.006 x 1072 0.07
™ = K (3%, 0289 x107* 17.60 |7~ — pu v, 0.011 x 1072 0.06
= =7 (3%, 0.009 x 1072 0.77
77 =7 (47, 0.026 x 107*  2.54

The largest uncertainty, ABgso = 17%, is obtained for the 7= — K~ (37°)v, signal
mode. The source of this uncertainty is the large background contribution of the 7= —
K=K, decay which amounts to 24% of the selected 7= — K~ (37°)v, candidates.
The 7= — K~ K%, branching fraction is known with a relative uncertainty of 16%.
The decay is misidentified as a 7= — K~ (37%)v, decay if the K2 decays into two 7%’s
(B(K? — 7°7%) = (30.6940.05)%). The signature for this decay in the detector is very

similar to that of the signal decay. A reduction of this background is therefore difficult.

10.4.4. Particle identification uncertainty

Events selected in this measurement contain exactly two charged tracks. The types of
both tracks have to be identified to assign the selected event to a signal mode. The
identification is performed using PID selectors which have already been described.

The identification efficiencies of a PID selector differ for data and simulated events.
Correction factors are applied to simulated events to account for these deviations. PID
selectors can be used to identify particles or to veto particles of a certain type. The cor-
responding correction factors are called PID weights and PID veto weights, respectively
(Section 5.2.5). In the following, the latter type is included in the term PID weight for
simplicity.

PID weights are determined with an uncertainty which arises from the limited number
of events in control samples and which contributes to the uncertainty of the branching
fraction measurement performed in this analysis.

Two groups of PID weights are applied in this measurement. The first group of PID
weights is provided by the BABAR PID Group. These PID weights are used to correct
for deviations between data and simulation in the lepton identification and misidentifi-
cation, and also for the misidentification of kaons as pions. The latter is a minor effect
in this analysis. The second group of PID weights is determined with control 7 decays
with three charged particles in the final state (Chapter 7). These correction factors are
used to correct the pion and kaon identification, and the misidentification of pions as
kaons.
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PID weights from BABAR PID tables

The PID weights for a certain reconstructed particle type are provided in dependence of
the true type of the particle. For example, a PID weight table exists for true electrons
which have been correctly identified as electrons. A further table contains correction
factors for a true electron misidentified as a pion. The tables are determined sepa-
rately for each run. Each table contains correction factors in intervals of the particle
momentum p, polar angle # and azimuthal angle ¢.

The uncertainties of the signal decay branching fractions are determined assuming
that the PID weights in different tables and intervals are uncorrelated. Following the
method described in Section 10.4.1, the PID weights are varied within their uncertain-
ties. A different random number is generated for each table (i.e., for each run , particle
charge, and true type), and for each interval of the three variables p, 6, and ¢ of the
table. The results for the branching fraction uncertainties are listed in Table 10.7 and
the correlation matrix results to

K Kn° K270 K3r° w370 w470

K 1.000  0.588 0.363 0.048 0.270 —0.159

Kr° 0.588 1.000 0.627 0.174  0.622 1.782

B _ K2n° 0.363  0.627 1.000 0.175 0.471  0.197
PaPDw) = [r3n0 0.048 0.174  0.175 1.000 0.025 —0.050
73m? 0.270  0.622 0.471 0.025 1.000 1.053

m4n® \ —0.159  1.782 0.197 —0.050 1.053 1.000

Table 10.7.: Absolute and relative systematic uncertainties of the measured branching fractions due
to the uncertainties of the particle identification weights.

Signal decay AB 2B[%] | Control decay AB 2B [%)

T =K v, 0.010 x 1073 0.14 T =T Uy 0.018 x 1072 0.17
7™ = K 7. 0.005 x 1073 0.10 7™ = 1 1%, 0.019 x 1072 0.07
™ = K~ (27%r, 0.009x 107* 016 |77 =7 (27%v, 0.007 x 107% 0.08
o K- (3%, 0.012x 107 073 |7 = p 7w, 0.023x 1072 0.13
T~ =7 3%y,  0.001 x 1072 0.08
= = (4%, 0.003x 107 0.29

PID weights from 7 control decays
The determination of PID weights from 7 control samples is described in Chapter 7.
The weights are available for true pions and kaons which are identified correctly, and
for true pions which are misidentified as kaons. The weights are determined separately
for each run and in intervals of the particle momentum p.

The determination of the signal decay branching fractions is performed by varying
the PID weights within their uncertainties using a random number (Section 10.4.1) for
each true and reconstructed particle type, run, and momentum interval. Table 10.8
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lists the obtained uncertainties and the correlation matrix is

K Kn' K270 K370 w30 wdrO

K 1.000 0.878  0.673  0.586 —0.089 —0.290
Kn° 0.878  1.000  0.907  0.799  0.047 —0.056
5 K27 0.673 0907  1.000 0910 -0.002 —0.094
PaPdi) = 370 | 0586 0.799 0910  1.000 —0.145 —0.192
7370 | —0.089  0.047 —0.002 —0.145  1.000  0.969
70 \ —0.290 —0.056 —0.094 —0.192  0.969  1.000

Table 10.8.: Absolute and relative systematic uncertainties of the measured branching fractions due
to the uncertainties of the pion and kaon PID correction factors.

Signal decay AB 2B[%] | Control decay AB 8B [%)]

T =K v, 0.083 x 107% 117 |77 =71, 0.023 x 1072 0.22
7™ = K 7%, 0.047 x 1073 0.94 7™ = 1 1%, 0.033 x 1072 0.13
™ = K (27%r, 0.067x107* 1.19 |7 =7 (27%r, 0.011 x 1072 0.11
™ = K~ (3n%r, 0.023x107* 140 |77 — u D, 0.000 x 1072 0.00
7~ =7 (3, 0.002x 1072 0.16
7~ =7 (47,  0.002 x 107* 0.19

10.4.5. Uncertainty of the number of 7 pairs

The number of produced 7 pairs, N, enters the calculation of the signal decay branch-
ing fractions (Equation 10.13) in two ways. On the one hand, a branching fraction is
defined as the number of selected signal events relative to N,.,. On the other hand, N,
is used to normalize the simulated 7-pair background to the integrated luminosity of
the data. These 7 background events are subtracted from selected data events. N, is
given by the product of the integrated luminosity, £, and the 7 pair production cross
section, o,,:

N, =L 0. (10.47)
The uncertainties of both quantities have to be considered.

e Integrated luminosity: The BABAR collaboration provides luminosity uncer-
tainty values for two different periods. The first value, AL 53, is the luminosity
uncertainty for the runs 1, 2, and 3. The second value, ALys54, is determined for
the larger data sample corresponding to the runs 4, 5, and 6. The two values are
treated as partially correlated following the recommendations of the BABAR Tau
Analysis Working Group. The uncorrelated contributions are

AL — 0.80%

10.48
AL = 0.49%, (10.48)
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whereas the fully correlated contribution is
AL = 0.50%. (10.49)

All three uncertainties are relative uncertainties.

The branching fraction uncertainties due to the luminosity are determined taking
the described correlations into account. The luminosity is varied using three
different random numbers for the relative uncertainty contributions:

/ uncorr uncorr corr
5123 = Ly93 + Li93 - (7’1 Aﬁlzg + 7°corrA£ )

! uncorr uncorr corr (1050)
Lys6 = Lase + Lass - (15 ALY 4 7o AL

e 7-pair production cross section: The cross section 0., was determined in [29]
with a relative uncertainty of

Ao,

Orr

= 0.31%. (10.51)

The branching fraction uncertainties due to the cross section are fully correlated
for all runs, i.e., only one random number is generated for each variation of this
quantity.

The branching fraction uncertainties determined in 50 variations of the luminosity and
T-pair cross section due to the uncertainty of N, combined from the luminosity and
cross section uncertainties are listed in Table 10.9. The relative sizes of the uncertainties
are different for the decay modes due to the different fractions of background events
contributing to the selected event samples. The relation between the relative branching
fraction uncertainty and the background fraction is given in Appendix C.

Table 10.9.: Absolute and relative systematic uncertainties of the measured branching fractions due
to the uncertainty of the number of 77~ pairs.

Signal decay AB 2E[%] | Control decay AB 2B [%)

T =K v, 0.063 x 1072 0.89 T =T Uy 0.102 x 1072 0.97
7™ = K 7. 0.053 x 1073 1.06 7™ = 1 1%, 0.220 x 1072 0.89
™ = K~ (27%r, 0.090 x 107* 159 |77 =7 (27%r, 0.074 x 1072 0.80
7~ = K- (3%, 0.034x107* 2.07 |77 = u v, 0.142 x 1072 0.83
= =7 3%y, 0.011x 1072 0.90
= (A%, 0.011 x 10%  1.04
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The uncertainties are fully correlated for all signal modes, i.e., all entries of the
correlation matrix are equal to one:

K Knr° K27Y K3n° 7370 w4

K 1.000 1.000 1.000 1.000 1.000 1.000

Kn° 1.000 1.000 1.000 1.000 1.000 1.000

B - K270 1.000 1.000 1.000 1.000 1.000 1.000
P(aN-.) = K3r° 1.000 1.000 1.000 1.000 1.000 1.000
w370 1.000 1.000 1.000 1.000 1.000 1.000

wdm0 1.000 1.000 1.000 1.000 1.000 1.000

10.4.6. Uncertainty of the track efficiency

The efficiency to reconstruct a charged track in data and simulation is discussed in
Section 5.1.2. The efficiency ratio

Data

€
;M—C = 0.9996 & 0.0017 (10.52)

is consistent with one, i.e., the track reconstruction efficiency is well described by the
simulation within its uncertainty. Therefore, no simulation correction is applied in this
analysis, i.e., the correction factor n; is set to one. However, the uncertainty of 7, is
taken into account in the calculation of the signal mode branching fractions.

The factor n, = 1 £ 0.0017 is varied within its uncertainty:
m= e+ A, (10.53)

where 7 is a random number (see Section 10.4.1).

Since each event contains exactly two tracks, a track efficiency correction would have
to be applied twice in each event. As the corrections for the two tracks are assumed to
be fully correlated, the same random number 7 is used for both tracks. The correction
factor for the whole event is then given by

7],2 tracks — (77t +2r - Ant) (1054)

The obtained branching fraction uncertainties (Table 10.10) are of similar size for all
decay modes. The largest value is obtained for the 7= — K~ (37%)v, mode because of
the large fraction of background events which have to be subtracted from the number
of data events in the calculation of the branching fraction.

The resulting uncertainties of the branching fractions are fully correlated, i.e., the
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Table 10.10.: Absolute and relative systematic uncertainties of the measured branching fractions due
to the uncertainty of the track efficiency correction.

Signal decay AB SE[%)] | Control decay AB SE(%)
T =K v, 0.028 x 10=*  0.39 TT =T U 0.045 x 1072 (.42

7~ = K 7%, 0.023 x 1073 0.46 7~ = 1 71, 0.096 x 1072 0.38
™ = K (27%r, 0.039x107* 069 |77 =7 (27, 0.032x107* 0.35
™ = K (3%, 0.015x107* 091 |77 = u v, 0.062 x 1072 0.36
= =7 (3%, 0.005x 1072 0.39
= = (47%r,  0.005x 107 0.45

correlation matrix is

K KO K2r° K370 w370 w4m0

K 1.000 1.000 1.000 1.000 1.000 1.000

Knr° 1.000 1.000 1.000 1.000 1.000 1.000

B _ K2x° 1.000 1.000 1.000 1.000 1.000 1.000
Panact) = 370 1.000 1.000 1.000 1.000 1.000 1.000
w370 1.000 1.000 1.000 1.000 1.000 1.000

wdr° 1.000 1.000 1.000 1.000 1.000 1.000

10.4.7. Uncertainty of the split-off correction

The hadronic split-off correction determined in Chapter 8 is applied to each simulated
event which contains a true charged pion or kaon. The correction factor is

Weplitof = 0.976 & 0.012. (10.55)

It is varied within its uncertainty. The results are listed in Table 10.11.

Table 10.11.: Absolute and relative systematic uncertainties of the measured branching fractions due
to the uncertainty of the split-off correction.

Signal decay AB 2E[%] | Control decay AB 2B [%)

T =K v, 0.107 x 103 1.51 T =T Ur 0.152 x 1072 1.44
7~ = K 7%, 0.092 x 1073 1.84 7™ = 1 1%, 0.383 x 1072 1.51
™ = K (27%r, 0156 x107* 276 |77 =7 (27%y, 0.129 x 1072 1.40
™ = K~ (3r%r, 0.068 x 107* 3,53 |77 = u v, 0.014 x 1072 0.08
™ =7 3%y, 0.019x 1072 1.56
o (A%, 0188 x 107%  1.81

133



Chapter 10

The uncertainty of the 7% — p*v, 7, branching fraction is small compared to the
uncertainties of all other modes because hadrons can only enter this mode if they are
misidentified as a lepton. The fraction of such misidentified hadrons is small in this
mode.

The obtained uncertainties are fully correlated for all signal modes:

K KO K2xY K3r° w370 w470

K 1.000  1.000 1.000 1.000 1.000  1.000
Kn° 1.000  1.000 1.000 1.000 1.000  1.000
B K270 1.000  1.000 1.000 1.000 1.000  1.000

P(&nspiie-on) = 3570 1.000  1.000  1.000 1.000  1.000  1.000
w370 1.000  1.000  1.000  1.000  1.000  1.000
w470 1.000  1.000  1.000  1.000  1.000  1.000

10.4.8. Uncertainty of the 7° reconstruction efficiency

The determination of the 7 reconstruction efficiency correction is presented in Chap-
ter 9. A correction factor is applied for each reconstructed 7° in the event in depen-
dence of the 7% momentum, e.g., three correction factors are applied to a selected
7~ = 7 (37°%)r, candidate.

The uncertainties of the signal mode branching fractions resulting from the uncer-
tainty of the 7° correction are determined according to the method presented in Sec-
tion 10.4.1. Each of the correction factors is varied within the uncertainty of the average
70 correction, An,o = 0.008. The uncertainties of all correction factors are considered
to be fully correlated, i.e., the same random number is used for their variations.

The resulting values of the branching fraction uncertainties are given in Table 10.12.
As expected, the uncertainty increases with the number of reconstructed 7°’s. The
branching fraction uncertainty of a decay with (n+ 1)7°’s is however not twice as large
as the uncertainty for a decay with n7°’s due to the different fractions of background
events in the various signal samples.

Table 10.12.: Absolute and relative systematic uncertainties of the measured branching fractions due
to the uncertainty of the 79 efficiency correction.

Signal decay AB S2[%)] | Control decay AB SB[%)

T~ = K v, 0.002 x 1073 0.03 T =S, 0.000 x 1072 0.00
77 —= K 7, 0.065 x 107 1.30 |7~ — 7 7', 0.274 x 1072 1.08
77— K~ (2%, 0.221 x 107* 3.91 7~ =7 (2%, 0.186 x 1072 2.01
77— K37y, 0.131 x 107* 7.98 T — WU, 0.000 x 10=2 0.00
™ =7 (3%, 0.039 x 1072 3.24
™ =71 (4r%r,  0.059 x 1073 5.63

The uncertainties of all branching fractions of decays with 7°’s in the final state are
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fully anti-correlated with the uncertainty of the 7%-less 7= — K~ v, decay as can be
seen from the computed correlation matrix:

K K7° K2nY  K3xY w370 w470
1.000 —-1.000 —-1.000 —-1.000 -—1.000 -—1.000
K0 —1.000 1.000 1.000 1.000 1.000 1.000

B _ K2x° —1.000 1.000 1.000 1.000 1.000 1.000
Pan0) = K370 —1.000 1.000 1.000 1.000 1.000 1.000
370 —1.000 1.000 1.000 1.000 1.000 1.000

w40 —1.000  1.000 1.000 1.000 1.000  1.000

10.4.9. Uncertainty due to 7~ — 7« (57°)r; and
7~ — K~ (47%) v, background decays.

Motivation

The decays 7= — 7 (57%)v, and 7= — K~ (47%)v, are not included in the background
simulation because their branching fractions have not been measured [4]. Their branch-
ing fractions are expected to be very small. However, these decays can contribute to the
background of a signal mode if one or more 7%’s are not reconstructed. To determine the
systematic uncertainty of the signal branching fractions due to this effect, first upper
limits on the numbers of 7= — 7~ (57%)v, and 7= — K~ (47")v, events are determined,
and then the fractions of 7= — 7~ (57%)v, and 7= — K~ (47°)v, events migrating into
a signal mode are determined by using an estimate of the 7° reconstruction efficiency.
This procedure was already applied in [10] to estimate this systematic uncertainty.

Determination of the upper limits on the numbers of 7= — 7~ (57°)v, and
7 — K~ (47%)v, events
The upper limits, N%E, and N o, on the numbers of selected 7= — 7~ (57°)v, and
7= — K (47°)r, events are determined by selecting 7= — 7 (57°)r, and 77 —
K~ (47%)v, events in data and in simulation. The number of selected events in data,
NPata - consists of signal events and background events, i.e., NP2 = Nsig + Nypig. The
number of selected simulated events, NM€, only contains background events NMC =
kag~

The selection criteria are the same as for the 7= — 7~ (47°), and 7= — K~ (37°)v,
modes, and one additional 7° is required. The selected event numbers in data and
simulation are

=7 (57, NDPata — 51, NMC

sel, w59

= 36.8

sel, w50 )

77— K- (4%, . NP =18, NMP., . =123 (10.56)
T sel, K4n0 — ’ el K40 = .O.

The upper limit, S®~, on the number of selected events of a certain type at a confi-
dence level C'L can be determined according to
SCL
PsdS
CL:=*= 5

0
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where Ps is the probability to observe S signal events, with S being the (unknown)
true number of signal events. Pg is obtained from a combination of the probability
to observe Ny + Npi, events in the selected data sample, Ps;p(Nsig + Nokg), and the
probability to find Ny, events in the simulated event sample, Pg(Npyg):

ig s = si ) .
Ps(Nag + Nijgs Norg) /0 Ps5(Nyg + Niseg) P (Nigg) AB (10.58)

where B is the true number of background events.
The events are assumed to be distributed according to a Poisson distribution. There-

fore NN
(S+B)( slg+ bkg) —(S—|—B)

P Nge + N = , 10.59
S+B( g + bkg) (Nsig + kag)! € ( )
and

Py(N B b 10.60
B( bkg)—me . ( . )

Using this relations with Equation 10.57 leads to

SCL oo(s+B)(Nsig+kag) —(S+B BVbke _B

CL w2020 (Nl T ey 74848 (10.61)

oo oo (8B Mt gy Nk g
fo 0 (Nsig+Npikg)! € (kag)!e dBdS

which is used to determine the upper limits S“% = (NUE,, NYE ), by a numerical
evaluation of the integrals. The upper limits obtained at a confidence level of CL = 68%

with the selected event numbers given in Equation 10.56 are:

NYE, =19.2

10.62
Nk, =9.2. ( )

Estimation of the number of migrating 7=~ — 7~ (57°%)v,; and 7= — K~ (47%)v,
events

Table 10.1 gives the numbers of selected events for each signal mode. For the simulation
the numbers are split up according to the true decay. Two observations are made with
respect to the selected background decays with missed 7%’s:

1. The contribution of true decays with (n + m)7° to a decay mode with n 7%’s is
largest for m = 1, i.e., for decays where one 7° is not detected. The fraction of
true decays with a larger number of missed 7° is significantly smaller.

2. The background contribution of (n+ 1)7° decays is dominated by decays with the
same charged hadron type as the signal decay under study.

As a result of these two observations, the contribution of the 7= — 7~ (57%)v, decay
is estimated only for the 7= — 7~ (47°)r, signal mode. The number of these events
is denoted as N;5z0_r470 in the following . The contribution of these decays to the
7= = 7 (n7°)r, modes with n < 4 and all 7= — K~ (n7")r, modes are assumed to be
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10. Determination of the branching fractions

negligible. Accordingly, only the contribution, Ng4ro_ g3r0, of 77 — K~ (47%) v, decays
to the 77 — K~ (37%)v, mode is estimated.

The number of 7= — 7~ (57%)v, events contributing to the background of the 7= —

7~ (47 v, mode, Ny50_sr4r0, and the corresponding number, Ny 4o, x50, for the 77 —
K (37%)v, mode are both determined with the same method. Therefore, both numbers
are denoted as N(,11)—, is the following description of the method.

The number of selected events containing a decay with (n+1)7%s is

N(Srfil = (Ewo)nJrlN(nH), (10.63)

where €0 is the 7° reconstruction efficiency, and N,1) is the number of events con-
taining the decay with (n+ 1) 7%’s where all selection criteria but the 7° reconstruction
have been applied. The number of events, N(,41)—,, which migrate from a decay mode
with (n + 1)7° into a decay mode with nr is given by

Nty = (04 1)(1 = €30)(€40)" N1y, (10.64)

where (1 — €,0) is the probability to lose one 7°. The factor (n + 1) takes into account
that any of the (n + 1) 7%’s can be missed. Using Equation 10.63, Nn+1)—n can be

written as ( e )
n+ — & se
N(n+l)—>n = - N(nfi—l (1065>

€0

For the number of selected events in a decay mode with (n + 1)7%’s, N, S;il the upper
limits determined in the last paragraph are used:

(n+1)(1 —€z0)

‘]\/v77rr£'f)]c77rr = N7r57r07
€0
™ (10.66)
n4+1)(1—e,
NIIS?;O = ( )e( O)NK47r0
7|-0

An estimate for the 7% reconstruction efficiency is determined in simulated events
containing the 7= — 7~ (47°)v, decay. The obtained value is

€no = 81%. (10.67)

O’s with low-energy daughter

The value arises from the photon selection criteria, i.e., 7
photons are not reconstructed and from photon losses due to the EMC acceptance®.

The resulting values of N™7) and NX37 are

Th7!

N — 239,

™

10.68
NI — 9.1, ( )

The numbers N7, ;ro and N }gf o are used as an estimate for the uncertainty of the
number of selected 7~ — 7 ~(47% v, and 77 — K~ (37%)v, decays, i.e., AN 40 = 23.9

9The photons can be lost in gaps between the EMC crystals.
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and ANgs0 = 9.1. The selected event numbers are varied within these uncertainties
according to Equation 10.34 to obtain the systematic contribution to the branching
fraction uncertainty. The resulting values are listed in Table 10.13 and Table 10.14.
This systematic effect mainly contributes to the uncertainty of the 7= — 7~ (47%)v,
and 7= — K~ (37°)v, branching fractions. As expected, the effect is found to be
negligible for the other signal modes. The correlation matrices are also determined:

K Kr° K2x° K3nY w370 w470

K 1.000  0.000  0.441 0.000  0.000  0.441

Kr° 0.000  1.000  0.000 0.705 0.705  0.000

B  K27Y 0.441  0.000 1.000 0.000  0.000  1.000
PN 10) = K370 0.000  0.705 0.000 1.000 1.000  0.000
7370 0.000  0.705 0.000 1.000 1.000  0.000

m4m0 0.441  0.000 1.000 0.000  0.000  1.000

K K7° K2n%  K3xY w370 w470

K 1.000  0.000  0.000 0.000  0.000  0.000

Kr° 0.000  1.000  0.000 0.999  0.000  0.000

B _ K27° 0.000  0.000 1.000 0.000  0.992  0.994
PN ar0) = K370 0.000  0.999  0.000 1.000  0.000  0.000
370 0.000  0.000  0.992 0.000 1.000  0.982

m4m0 0.000  0.000  0.994 0.000  0.982  1.000

Table 10.13.: Absolute and relative systematic uncertainties of the measured branching fractions due
to the contribution of 7= — 7~ (57°)v;, events to the background of the 7= — 7~ (47°) v,
decay mode.

Signal decay AB 2B [%)

T = K v, 0.000 x 1072 0.00
77 = K7, 0.000 x 10~3 0.00
7~ = K~ (27%r, 0.001 x 107* 0.01
7~ —= K~ (37%v, 0.000 x 107* 0.02
™ =7 (3%, 0.004 x 1072 0.33
77 = (47,  0.047 x 1073 4.51

10.4.10. Summary of systematic uncertainties
Control modes

The branching fractions of the control decays, which have been used to develop the
selection criteria and the corrections of the simulated events, are obtained as a consis-
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10. Determination of the branching fractions

Table 10.14.: Absolute and relative systematic uncertainties of the measured branching fractions
due to the contribution of 7= — K~ (47°)v, events to the background of the 7= —

K~ (37%)v, decay mode.

Signal decay AB SE[%]
T =K v, 0.000 x 1072 0.00
77 = K7, 0.000 x 1073 0.00
77— K- (2%, 0.018 x 107* 0.32
™ = K~ (3r%r, 0.097 x 107* 5.91
™ =7 (3%, 0.000 x 1072 0.00
™ =7 (47%r,  0.000 x 1073 0.00

tency check of the analysis. As expected, they are consistent with the current world
averages from [4] within their uncertainties. The determined values are

B(r~ — 7 v,) = (10.542 4 0.192)
Bt~ = 7 7'v;) = (25.366 4 0.531)
Bt~ =7 (27%r,) = (9.236+£0.241)
B(r~ — p v,v,) = (17.225 4 0.160)

x 1072
x 1072
x 1072
x 1072,

(10.69)

The listed uncertainties are the total uncertainties which include all statistical and
systematic effects presented in Section 10.4. The separate contributions are summarized

in Table 10.15.

Signal modes

The measured branching fractions for the signal modes are

B(r~ = K v,) = (7.100 % 0.160) x 1073

B(r— = K 7v,) = (5.00040.141) x 1073

B(r~ — K (27°)v,;) = (5.65440.354) x 10~* (10.70)
B(r~ — K~ (37%v,) = (1.64240.468) x 10~* '
Bt~ = 7 (37°)r,) = (1.216 4 0.048) x 1072

Bt~ — 7 (47°)r,) = (1.0414£0.112) x 1073,

The quoted uncertainty is the total uncertainty which includes all statistical and
systematic contributions. The separate contributions are listed in Table 10.16. The
correlation matrix for the statistical uncertainties is given in Equation 10.33. The
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Table 10.15.: Summary of the measured branching fractions of the control decays. All uncertainties are relative uncertainties in % with respect to
the branching fractions. The total uncertainties are obtained by adding the uncertainties in quadrature.

0

0.0

Control mode T =TV T =TT Ve T =TT Vr T —UV,lr
Branching fraction [%] 10.542 25.366 9.236 17.225
Total uncertainty [%)] 1.82 2.09 2.61 0.93
Statistical uncertainty (Data & MC)[%] 0.15 0.06 0.13 0.14
Systematic uncertainty [%] 1.82 2.09 2.61 0.93
Breakdown of the systematic uncertainties

Background B’s [%] 0.07 0.11 0.07 0.06
Number of 7777 pairs [%] 0.97 0.89 0.80 0.83
Track efficiency [%] 0.42 0.38 0.35 0.36
Splitoff correction [%)] 1.44 1.51 1.40 0.08
PID efficiency (tables) [%] 0.17 0.07 0.07 0.13
Pion and kaon ID [%)] 0.22 0.13 0.11 0.00
70 efficiency correction [%] 0.00 1.08 2.01 0.00
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the branching fractions. The total uncertainties are obtained by adding the uncertainties in quadrature.

Table 10.16.: Summary of the measured branching fractions and their uncertainties. All uncertainties are relative uncertainties in % with respect to

T Kv, 17— Ky, 75K, 17— K@), 77061, 17— 7450y,
Branching fraction 7100 x 1073 5.000 x 1073 5.654x 10~*  1.642x 10~% 1216 x 10~2  1.041 x 10~3
Total uncertainty [%)] 2.25 2.82 6.26 28.50 3.95 10.76
Statistical uncertainty [%)] 0.46 0.40 2.55 16.99 0.82 6.44
Systematic uncertainty [%] 2.20 2.78 5.71 22.84 3.87 8.65
Breakdown of systematic uncertainties
Signal efficiencies [%] 0.30 0.23 1.00 5.48 0.41 2.69
Background efficiency [%] 0.14 0.16 0.92 7.98 0.16 2.21
Background B’s[%] 0.34 0.62 1.84 17.6 0.77 2.54
Number of 7777 pairs [%] 0.89 1.06 1.59 2.07 0.90 1.04
Track efficiency [%] 0.39 0.46 0.69 0.91 0.39 0.45
Splitoff correction [%)] 1.51 1.84 2.76 3.53 1.56 1.81
PID efficiency (tables) [%)] 0.14 0.10 0.16 0.73 0.08 0.29
Pion and kaon ID [%)] 1.17 0.94 1.19 1.40 0.16 0.19
70 efficiency correction [%] 0.03 1.30 3.91 7.98 3.24 5.63
7570 — w4r° migration [%) 0.00 0.00 0.01 0.02 0.35 4.49
K470 — K370 migration [%] 0.00 0.00 0.31 5.88 0.00 0.00
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matrix for the systematic uncertainty is:

K Kr° K2n%  K3xY w370 w470

K 1.000  0.786  0.545 0.025  0.398  0.190
Kr° 0.786  1.000  0.871 0.535  0.761  0.504
B K27° 0.545 0871 1.000 0.484  0.867 0.614

Plyst) = K370 0.025  0.535 0.484 1.000 0.388  0.306
7370 0.398  0.761 0.867 0.388 1.000  0.606
m4m0 0.190 0.504 0.614 0.306 0.606  1.000

The total correlation matrix for the measured branching fraction amounts to

K Kn° K270 K3r° w370 wdnO

K 1.000  0.761 0483  0.019 0.382  0.149
Kn° 0.761  1.000 0.781  0.425  0.737  0.401
5 K2r®| 0488 0781  1.000 0.264  0.776  0.453
Plton) = K379 0019 0425 0264  1.000 0.301  0.197
w370 0.382  0.737  0.776  0.301  1.000  0.398
w470 0.149 0.401  0.453  0.197  0.398  1.000

10.5. Stability checks of the results

In this section, the stability of the results for the control and signal modes with respect
to the data taking periods and the two lepton tag categories is studied.

As has been described in Section 10.3, the branching fractions are obtained by averag-
ing branching fractions measured separately for each run. The uncertainties considered
in the calculation of the average branching fraction are the statistical uncertainties
of data and the simulated samples, and the particle identification uncertainty. These
uncertainties are assumed to be uncorrelated between the runs. All other uncertainty
contributions are calculated only for the whole data sample.

The branching fractions are presented in figures similar to the Figure 10.1 which
shows the control decays determined for each run (black circles), the average branching
fraction (blue circle), and the current world average (red circle) taken from [4]. All
uncertainty contributions discussed in Section 10.4 are considered in the figure. The
uncertainty which is assigned to a branching fraction determined for a certain run
(black error bars) is the quadratic sum of the statistical uncertainty of the data and
the simulated event sample, and of the particle identification uncertainties. The yellow
band shows the uncorrelated uncertainty of the average branching fraction. The gray
band shows the systematic uncertainty which is correlated between the runs, and thus
not determined separately for each run. The total branching fraction value is displayed
with the corresponding statistical and systematic uncertainty contribution added in
quadrature (blue error bar).

The statistical agreement between the branching fractions determined for a subsam-
ple (for one of the six runs, for the e-tag-sample, or the p-tag-sample) is tested by
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Figure 10.1.: Branching fraction of the control decays obtained as a cross check of the analysis. The

black circles represent the branching fractions determined for each run. The corre-
sponding error bars display the run dependent contributions to the uncertainty, i.e., the
uncertainty of the data and simulation event numbers, and of the number of control
tracks in the PID control samples. The displayed x? value is calculated with respect
to the average branching fraction using the branching fractions for each run and the
uncorrelated uncertainties between the runs. The run-averaged value of the branching
fraction for each decay is represented by the blue circle with error bars. The yellow
band corresponds to the averaged run-dependent uncertainty. The gray band shows
the systematic uncertainty contribution which is assumed to be run independent. The
measured branching fractions are compared with the world average [4] red circle.
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calculating the x? for the n branching fractions B; in n subsamples:
2 _ <~ (B-By)?
X=> (10.71)
1

where B is the average of the B; (i = 1,..,n). The x? is compared with the number of
degrees of freedom, ndf. The determined numbers are shown in Figure 10.1 together
with the corresponding probability, Prob, to observe a larger x? than the computed y2.

10.5.1. Stability checks for the control modes

The branching fractions of the control modes determined for each run and for each tag
sample are expected to agree with the world average branching fractions used in the
simulation. This comparison is described in this section.

Agreement between the results for different runs

For the 7= — 7 v, decay sizable deviations of the branching fractions determined
separately for the runs are observed (Figure 10.1). They are clearly systematic and
are discussed below in the last paragraph of this section. The branching fractions
of the 77 — 7 7%, and 7= — u 7, decays determined for each run agree well
with each other. Their average is consistent with the world average. For the 7= —
7~ (27°%) v, decay the x? probability amounts to 0.047% indicating that the uncertainty
contributions for each run might be too small. Every of the six branching fractions
obtained for the different runs is consistent with the world average.

Agreement between the results for the e-tag and p-tag

In Figure 10.2 the branching fractions determined separately for the e-tag and u-tag
samples are shown for the control modes 7= — 7 v,, 7~ — 7 v, and 7~ —
7= (27%)v,. A good agreement is observed for the 7= — 7~ 7%, and 7= — 7~ (27%)v,
modes. For the 7= — 7~ v, mode, the y? probability is small.

Discussion of 7= — 7w~ v, branching fraction result
The observed deviation between the 7= — 7~ v, branching fractions determined sepa-
rately for each run are attributed to the difficult separation of muons and pions in the
7~ — 7 v, mode. In contrast to all other decay modes studied in this analysis, this
mode contains a significant fraction of 7= — p~7,v,; background, i.e., run-dependent
deviations between data and simulation of the probability to misidentify a muon as a
pions can be sizable. The muon background is small in all modes with 7°’s due to a
small probability to reconstruct a 7 from background photons. The decay 7= — K v,
is not affected due to much better separation of muons and kaons compared to the
separation of muons and pions. The values of the Cherenkov angle measured in the
DIRC are similar for muons and pions, whereas significantly larger values are obtained
for kaons (Figure 5.1b).

The above assumption is validated by a comparison of the control decay branching
fractions discussed in this section with the branching fractions obtained from the 7= —
t7 vy, and 7= — t 70, (¢ = not e) samples described in Section 9.6.5. In these
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Figure 10.2.: Branching fractions of the control decays. The values are determined separately for the
e-tag and p-tag sample. The statistical uncertainties of the data sample and simulated

event sample, and the systematic uncertainty of the electron and muon identification are
displayed and used in the y? calculation.
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samples, only minimal particle identification criteria are applied. Instead of the full
PID selector sequence described in Section 5.2.4, the selected signal track in Figure 9.8
is only required to fail the selection criteria of an electron. A further difference is that
only electron-tagged events are considered. As can be seen in Figure 9.8, the agreement
of the 7= — 7 1, branching fractions determined for each run is very good for these
minimal PID requirements. This means that the observed deviations between the runs
originate from the applied particle identification.

The identification of the tag muon can be ruled out as a possible source of the
deviations, since no deviations are observed for the other two control modes with a
p-tag, the 7= — 7 7%, and the 7= — 77 (27%)v, modes. As an additional check, the
branching fractions are compared for each run and for the e-tag and p-tag sample. The
obtained values are displayed in Figure 10.3. The same run dependence is visible in
both tag samples.

Muons are identified with the IFR. This detector component was subject to significant
changes during the data taking periods, and showed a degrading performance of the
RPC’s from run 1 to run 4, which were then partially replaced by LST’s. This means,
that a run-dependent performance of the muon identification is expected. If in the
simulation a true muon is misidentified as a pion the following PID weight combination
(Section 5.2.5) is applied to the signal track

o veto veto
Wsignal track — Wy-as-1 * w,u—as—e . w,u—as—,u' (1072)

The weights w,, asr correct the probability to misidentify a muon as a pion. Since
muons and pions are difficult to separate in the tracking detectors and the calorimeter,
they are separated with quantities measured in the IFR, i.e., a run dependence of
the separation performance is expected, and thus is also likely to be observed for the
Wy-as-n- The probability to misidentify a muon as an electron, which is corrected by the
veto weights wpl? ., is not expected to be run dependent, since muons and electrons
are mainly separated by comparing their signature in the calorimeter, which did not
change much with time. The veto weights w; 2 , can be regarded as reliable since
this weights are only applied in muon-tagged events, and a good agreement is found
between the p-tag and the e-tag for all other control modes. Therefore, the observed
deviations between the runs are attributed to the w,,s.~. The corresponding systematic
uncertainty is regarded as underestimated. Since the 7= — 7~ v, mode is a control mode
and other modes are much less influenced by this systematic effect, no attempt is made

to estimate this uncertainty.

10.5.2. Stability checks for the signal modes

In this section, a comparison of the signal branching fractions obtained for the different
runs, and the e-tag and pu-tag are presented. The shown figures correspond to the
figures presented in the last section for the control decays.
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Figure 10.3.: Branching fractions of the control decays. The values are determined separately for each
run, and for the e-tag and p-tag sample. A description of the figures can be found in the
caption of Figure 10.1. The run independent uncertainty contributions are not displayed.
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Figure 10.4.: Branching fractions of the measured signal decays. The values are determined separately
for the e-tag and p-tag sample. Only the statistical uncertainties of the data sample
and simulated event sample, and the systematic uncertainty of the electron and muon
identification are displayed and used in the x2 calculation.
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10. Determination of the branching fractions

Agreement between the results for the e-tag and p-tag
Figure 10.4 shows the branching fractions determined separately for the e-tag and pu-tag
tag samples. The agreement is good for all signal modes.

Agreement between the results for different runs
Figure 10.5 shows the branching fractions determined for each run.

For the 77 — K~ 7v,, 7= — K~ (27%)v,, and 7~ — K~ (37")v, modes, the obtained
x? probabilities show that the branching fractions for each run are in a good agreement
with each other.

For the 7= — K v, and 7= — 7 (47%)v, modes, the x? probabilities are large,
99.2% and 98.9%, respectively. Possibly this could indicate an overestimated systematic
uncertainty for this modes. Besides the statistical uncertainty of the selected data
and simulated event samples, only the charged particle identification uncertainties are
considered in the y? calculation. As has been mentioned above, the agreement between
the the e-tag and pu-tag tag is good for these signal modes, i.e., an overestimated
uncertainty of the lepton identification can be ruled out. Therefore, only the kaon and
pion identification uncertainty might be overestimated for this signal modes. However,
these uncertainties are determined in the same manner for all signal modes, where no
such large x? probabilities are observed. As an additional check, Figures 10.6 and 10.7
show a comparison of the branching fractions for the runs and for the two tag samples.
For the 7= — 7~ (47%)v, mode a large value is obtained only for the u-tag, and not for
the e-tag. This means the high x? probability for the 7= — 7~ (47%)r, mode is probably
due to a statistical fluctuation ("data is too good"). For the 7= — K~ v, mode large
x? probabilities are obtained for both samples which leads to the conclusion that the
uncertainty assigned to the kaon identification might be too large for this mode.

For the 7= — 7~ (37%)v, branching fractions obtained in different runs, the x* proba-
bility is only 0.45% which might indicate an underestimated run-dependent uncertainty.

In summary, one can say that the run dependent and the tag-lepton dependent
branching fractions agree very well with their averages.

The figures shown in this section also display the current world average values [4] of
the measured branching fractions. A detailed comparison of the results of this analysis
with previously published measurements is given in the next chapter.
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Figure 10.5.: Branching fractions of the measured signal decays. The values are determined separately

150

for each run. A description of the figures can be found in the caption of Figure 10.1.



10. Determination of the branching fractions

= 5 = 0.6¢
S 08 X2/ ndf 1.047 /5 =) . X’/ ndf 13.35/5
@ 8';25 Prob  0.9587 @ 055 Prob  0.02033
0.74; r % :
E 0.5~
072 * + + l {' : + ! % B
0.7 0.45— f
0.68- -
0.66- 0.4
0'64} 1 1 1 1 1 1 1 : 1 1 1 1 1 1 1 1
PDG Runl Run2 Run3 Run4 Run5 Run6 Av. PDG Runl Run2 Run3 Run4 Run5 Run6é Av.
(@) - K v, (b) 7~ —» K—n%,
x10°
S 01 x>/ ndf 6.76/5 S 8o- X2/ ndf 2.567 /5
m - a1] C
01 Prob 0.2391 60; Prob 0.766%
0.08— } 40—
0.06— } ¢ % . 20 * + l } } $
C % % OF T % T
0.04— g I
r -20
0.0‘ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
PDG Runl Run2 Run3 Run4 Run5 Run6 Av. PDG Runl Run2 Run3 Run4 Run5 Run6é Av.
(c) 7~ = K~ (2n%v, (d) 77 — K= (37w,
? 1.°k 'E‘ 0.24:
S E X2/ ndf 8.337/ g 0.2 X2/ ndf 6.006 /5
@ 16 Prob  0.138 @ ol Prob  0.305¢
1.4 % 0.1 +
L 0.1
1.2 bt boe oy 0. + } t
r 0.0
1o 0.0
F 0.0
0.8~ 0.0%
1 1 1 1 1 1 1 1 |l 1 1 1 1 1 1
PDG Runl Run2 Run3 Run4 Run5 Run6 Av. 0 PDG Runl Run2 Run3 Run4 Run5 Run6é Av.
(e) 7= = 7 (37 ), (F) 7 — 7= (4r)v,

Figure 10.6.: Branching fractions of the measured signal decays determined in the e-tag sample. The
values are determined separately for each run. A description of the figures can be found
in the caption of Figure 10.1. The run independent uncertainty contributions are not
displayed.
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Figure 10.7.: Branching fractions of the measured signal decays determined in the p-tag sample. The
values are determined separately for each run. A description of the figures can be found
in the caption of Figure 10.1. The run independent uncertainty contributions are not
displayed.
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11. Summary, discussion of results,
and determination of |V, 4]

In the first part of this chapter the measured branching fractions are discussed and,
if available, compared with earlier results published by BABAR and with results from
other experiments. In the second part, the results are used to determine the magnitude
of the CKM matrix element V,,. In the last section the conclusion of this analysis is
presented.

11.1. Summary of the branching fraction measurements

Using the data sample of 435.5 x 105 7-pairs recorded by the BABAR experiment from
19992008 in ete™ collisions at the center-of-mass energy of 10.58 GeV and 40 MeV
below the following 7 branching fractions have been determined

B(r~ — K~ v,) =(7.100 £ 0.033(stat) £ 0.156(syst)) x 10~ (£2.3%),
B(r~ — K~ 7,) =(5.000 % 0.020(stat) & 0.139(syst)) x 107° (+2.8%),
B(r~ — K~ (27%),) =(5.654 £ 0.144(stat) = 0.323(syst)) x 10~ (£6.3%),
B(r~ — K~ (37°)v,) =(1.642 £ 0.279(stat) £ 0.375(syst)) x 10~* (£29%),
B(r~ — 7 (37%)r,) =(1.216 £ 0.010(stat)  0.047(syst)) x 1072 (+4.0%),

( ( (stat) (syst)) )

Jvr)
Ou,)  =(1.041 % 0.067(stat) + 0.090(syst)) x 107  (£10.9%),

where the first uncertainty is the statistical uncertainty of the data and the second is the
total systematic uncertainty which includes the statistical uncertainty of the simulated
events. In brackets the relative total uncertainties are given.

The consistency of the analysis has been checked with several well known 7 control
modes. The control modes have also been used to develop corrections of simulated
events to improve the description of the data by the simulation which has been used
to develop the selection criteria and to estimate the signal and background selection
efficiencies.

The branching fraction uncertainties of the 7= — K~ v,, 7~ — K 7nv., 7= —
K= (27%v,, and 7= — 77 (37°)v, decays are dominated by the systematic contributions.
For the 77 — K~ (37°)v, and 7= — 7~ (47%)r, decays the statistical uncertainty is of
similar size as the systematic uncertainty.

The 7= — K~ (37%)v, branching fraction has the largest relative uncertainty of 29%.
As can be seen in Table 10.16 the dominant systematic uncertainty in this mode results
from the uncertainty of 7 background events. The background is dominated by the
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7= — K~K°1%, decay with a branching fraction known with a relative precision of
16% [4]. This decay has not yet been measured by the B Factories leaving room for
improvement. The dominant systematic effects for all other signal modes are related
to the reconstruction of photons and 7°’s, i. e., to the reconstruction of electromagnetic
clusters in the electromagnetic calorimeter of the BABAR detector.

11.2. Comparison of the obtained branching fractions
with earlier published results

In Figure 11.1 the measured branching fractions (blue circles) are compared with pre-
viously published results (black circles). The comparison is discussed below separately
for each signal decay. The values of the published branching fractions are taken from
(7], [52], [53], [54], [55], [56], [57], [17]. The same measurements are considered as are
used by the Particle Data Group when calculating the current world averages [4]. Here,
new average branching fractions are computed by including the results of this analysis.
They are shown in Figure 11.1 as red circles with an uncertainty indicated by the yellow
band. To compute an average branching fraction, B, from the results of N different
measurements, the same method is applied as is used by the Particle Data Group. The
average branching fractions are determined by

N
i=1 (8B
where B; + AB; is the result of the i*" measurement. If
N B _ 8)2
2> (N+1 h 2 _ 5~ (BB 11.2
X" > (N+1) where x ;(AB,-)Q ( )

then the uncertainty of the average branching fraction is increased by a factor S:

2 \3
AB — S-AB where Sz(NX_1> : (11.3)

The obtained value of S is also shown in Figure 11.1 for each signal decay. The new
average branching fractions are compared in Table 11.1 with the current world averages,

and the results of the Heavy Flavor Averaging Group (HFAG) [23] obtained in fit of all
available hadronic 7 branching fraction results'.

L As mentioned in Section 2.4.7, the HFA-Group uses the branching fraction results given in the
PDG listings and additional recent results from the B factories. In the fit the sum of the measured
branching fractions is constrained to one, and correlations between the different measurements are
taken into account.
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Table 11.1.: Average signal branching fractions. The first column lists the average branching fractions
obtained by the Heavy Flavor Averaging 7-Group [23]. The second column lists the
current world averaged taken from [4]. The last column contains the average branching
fractions computed from the results of this analysis and the world averages.

B %]
Decay HFAG PDG PDG + this
T > K, 0.697 £ 0.010 0.685 £ 0.023 0.696 £+ 0.009

7~ = K 7%, 0.431 £ 0.015 0.426 £ 0.016 0.492 £ 0.013
7~ — K27, 0.060 + 0.022 0.058 4 0.024 0.057 £ 0.004
™ = K= (3%, 0.039 + 0.022 0.037 &+ 0.024 0.017 + 0.005

™ =7 (3%, 1.046 £ 0.074 0.977 &+ 0.090 1.163 £ 0.069
7 =7 (4%, 0.107 £ 0.039 0.112 £+ 0.051 0.104 + 0.011

11.21. 7 - K v,

The branching fraction of the 7= — K~v, decay has been measured by CLEO, by
three LEP experiments (DELPHI, ALEPH, OPAL), and also by BABAR. The result of
this analysis is consistent with all other measurements, and has a significantly smaller
uncertainty than the results of the LEP experiments and CLEO. The other BABAR
result has a smaller uncertainty. The obtained B(t~ — K~ v,) is also consistent with
the 77 — K~ v, branching fraction computed from the K~ — =7, branching fraction
under the assumption of 7-y universality (Equation 2.36).

The other BABAR result was obtained from a measurement of the branching frac-
tion ratio B(t— — K v;)/B(t- — e D.v,;) with a data sample corresponding to
approximately the same integrated luminosity as used in this analysis. The selected
ete™ — 7t7~ events were tagged with a tagging technique which uses 7 decays into
three charged particles, i.e., events with a 1-3 topology were selected, whereas in this
analysis events with a 1-1 topology have been studied. Due to this difference the data
samples used for this and the other BABAR analysis are statistically independent.

In both analyses similar systematic effects are considered. However, the size of
most of the resulting branching fraction uncertainties is different for the two mea-
surements. For example, the same track reconstruction efficiency uncertainty applies
to both analyses. The resulting branching fraction uncertainty is larger for the other
result, since four tracks are reconstructed (to be compared with two track in this anal-
ysis). Another example is the uncertainty of the integrated luminosity. The effect of
the luminosity is smaller in the other measurement because it partially cancels in the
B(r— — K v;)/B(t~ — e T.v,) ratio.

Despite a partial correlation of the systematic uncertainties of this and the other
BABAR measurement, a new average of the 7= — K~ v, branching fraction is calculated
assuming that all measurements are uncorrelated. The new average is

Breree = (0.696 & 0.009) x 1072 (11.4)

T —>K v,
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11.2.2. 7= —- K 7%,

The branching fraction of the 7= — K~ 7%y, decay was also measured by CLEO,
ALEPH, OPAL, and BABAR. The branching fraction obtained in this analysis is con-
sistent with the results of the first three experiments which have significantly larger
uncertainties. However, there exists a 3.70 deviation between this result and the pre-
vious BABAR measurement.

The previous BABAR measurement was performed with the run 1-4 data sample which
corresponds to approximately 49% of the integrated luminosity used in this thesis. Since
a lepton tag was used to reconstruct the ete™ — 7777 events, i.e., events with a 1-1
topology were used, the statistical uncertainties of this and the previous measurement
are partially correlated. The same is true for the systematic uncertainties because the
applied selection criteria are based on the same variables in both measurements.

The essential differences between the two analysis arise from the corrections that
have been applied to the simulation. In this analysis, a 7° efficiency correction and
a split-off correction have been determined with exactly the same selection criteria
for the neutral particles as in the branching fraction measurement. In the previous
BABAR measurement the standard BABAR 7° correction was applied, and effects due
to hadronic split-offs were not considered. Moreover, in this analysis charged particle
identification correction factors have been determined in events with a similar topology
as the studied signal events. The other analysis used correction factors from multi-
hadron events, which are provided by the BABAR collaboration, without correcting for
the different event topologies.

Due to the significantly larger data sample and the improved corrections for the
simulation this 7= — K v, result supersedes the previous BABAR measurement. The
latter is therefore not used in the calculation of a new average which amounts to

BRerEe = (0.492 4 0.013) x 1072, (11.5)

T —=K—m0u,

11.2.3. 7= - K~ (27w,

The branching fraction of the 7= — K~ (27°)v, decay was already measured by the
CLEO and ALEPH collaborations. The value obtained in this analysis has a signifi-
cantly smaller uncertainty and is consistent with the other measurements. The updated
average branching fraction amounts to

B ap0y, = (0.057 £0.004) x 1072, (11.6)

While the central value of this average is in good agreement with the previous average,
the relative uncertainty is reduces from 41% to 7%.

11.2.4. 7= - K- (37",

The branching fraction of the 7= — K~ (37°)v, was only measured by the ALEPH
collaboration. The result of this analysis is consistent with the ALEPH result, and the
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relative uncertainty is smaller by more than a factor of two. The average branching
fraction amounts to

B apoy,, = (0.017 £0.005) x 1072 (11.7)

and is dominated by the result of this analysis.

11.2.5. 7= — 7= (37w,

The branching fraction of the 7= — 7 (37°)v, decay was also only measured by the
ALEPH experiment. The relative uncertainty of the branching fraction obtained in
this analysis is more than a factor of two smaller than the relative uncertainty of the
ALEPH result. However, the two measurements differ by 2.30. The average branching
fraction is

Baverase = (1.163 £ 0.069) x 1072, (11.8)

=== (370,

where the uncertainty is scaled with S = 1.6.

11.2.6. 7= — 7~ (47°)v,

The branching fraction of the 7= — 7~ (47°)v, decay has not yet been measured. The
result of this analysis is compared in Figure 11.1 with the 7= — h~(47°)v, branching
fraction measured by the ALEPH collaboration. Typically, branching fractions with
kaons are on the order of 10-100 smaller than the corresponding branching fractions
with a pion. Assuming that this also applies to the ratio of the 7= — 7~ (47%)v, and
77 — K~ (47%)v, decays, B(t~ — 7~ (47%)v,) is expected to be 1-10% smaller than
B(t= — h=(47°%)r,). The measured value is consistent with this expectation.

11.2.7. Summary

The measured branching fractions are consistent with almost all earlier published re-
sults. A deviation is observed between an earlier BABAR measurement of the 7= —
K~7%, branching fraction and the result of this analysis which supersedes the previ-
ous measurement. The 77 — 77 (37°)v, result differs by 2.30 from the earlier ALEPH
measurement.

The uncertainties of the measured branching fractions have been significantly re-
duced with respect to the ALEPH, DELPHI, OPAL, and CLEO measurements of this
decays, and, for the 7= — K~ v, and 7= — K 7%, results, are of similar size as the
uncertainties of previous BABAR results [4].

The obtained result for the 7= — K~ v, branching fraction is consistent with the
value predicted from the K~ — ;=7 branching fraction under the assumption of 7-1
universality (Section 2.3.5).
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11.3. Determination of |V,|

In this section, the measured branching fractions of the 7= — K~ v, 7= — K 7%,
7~ = K~ (27°%v,, and 7= — K~ (37°)r, decays are used to determine the CKM matrix
element |V, with two different methods. The results are compared with |V,4| values
obtained in other measurements in Figure 11.2
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hyperon decays
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Figure 11.2.: Comparison of different |V,,s| measurements. The |V,;| value obtained from the unitarity
condition of the CKM matrix is shown as red circle. The uncertainty of this value is
displayed as the yellow band. The black circles show |V,,s| values measured with different
methods which are described in Section 2.4. The blue circle labeled with this:B(T — K)
is the |V,s| value computed from B(r~ — K~ v;) measured in this analysis. The second
blue circle (PDG+this:t — s) is the |V,s| value from the inclusive sum of strange 7
decays where the results of this analysis is taken into account.
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11.3.1. |V,,| from the 7~ — K~ v, decay

The CKM matrix element |V, | can be determined from the branching fraction of the
7~ — K~ v, decay by using the following relation (see also Section 2.3.5) [5]:

167h m2

T

2 2 2,3 2\ 2
Bir — K-v,) = ZefilVuslmom <1 - mK) Spw (11.9)

where G2 = (1.16637 + 0.00001) x 107°GeV ™2 [4] is the Fermi coupling constant,
fre = 157 £ 2MeV [21] is the kaon decay constant, m, = 1776.82 £ 0.16 MeV/¢? and
7, = (290.6+£1.0) x 107"° s [4] are the T mass and lifetime, my = 493.677+0.013 MeV/c?
[58] is the kaon mass, Sgy = 1.0201 4+ 0.0003 [4] is an electroweak correction, and
h = 6.58211899 x 102> MeV/ s [4] is the Planck constant.

Using the 7= — K~ v, branching fraction obtained in this analysis |V,s| amounts to

|Viis| = 0.2224 + 0.0025(exp) = 0.0029(theo). (11.10)

which is consistent with |V, obtained from the CKM matrix unitarity condition
Vus|? = \/1 — | Vua|? = [Vip|? = 0.2255 £+ 0.0010, where |V,4| is known with a high
precision from superallowed beta decays and |V,;| is neglected (Section 2.4.1).

This result is also consistent with the |V, measurements from hyperon, K13, and
K12 decays. It also agrees with the |V,,;| value which has been determined in Reference
[7] from the earlier BABAR measurement of the 7= — K~ v, branching fraction and
which differs by almost 20 from the |V,4| predicted from CKM matrix unitarity.

11.3.2. |V,,| from the inclusive sum of strange T decays

The CKM matrix element |V,5| can also be determined from the sum of exclusive strange
decays by evaluating the relation [8]:

R
|Vus| = Rns -

M
vz — 0

(11.11)

which is described in Section 2.4.7. The value of the CKM matrix element |V,4| =
0.97425 4 0.00022 is taken from [14], and R, = 0.240 & 0.032 is taken from [8]. R, is
obtained from 8

Ry = )
B(tr— — e T.v;)

(11.12)

where B is the sum of the exclusive branching fraction of 7 decays with strangeness
S| =1.

Four of the exclusive decays which contribute to B are measured in this analysis. This
are the decays 7= — K v, 7~ — K 7%, 77 = K~ (27°)v,, and 7= — K~ (37%)v,.
For the calculation of B, the average of the branching fractions obtained in this analysis
with previously published results is used. The average values are given in Table 11.1.
For all other decays with |S| = 1 the current world average (Table 2.5) is used. B
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11. Summary, discussion of the results and determination of |V,s|

amounts to

B, = (2.894 % 0.066)%, (11.13)

where the relative uncertainty is improved from 2.7% to 2.3% by including the results
of this analysis. This leads to a strange hadronic width ratio of
B;

R, = = 0.162 4 0.004, 11.14
B(t™ = e Uelr )uni ( )

where B(1~ — € Tely )yni = 17.817 £ 0.031 is the lepton-universality improved 7= —

e~ U v, branching fraction as described in Section 2.2. The relative uncertainty of Ry is

2.3% to be compared with 2.7% without the results of this analysis (Section 2.4.7).
The hadronic 7 decay width ratio with |S| = 0, Ry, can be than calculated from

Rus = Ruaa — Ry = 3.478 4 0.010, (11.15)

where Rp.q = 3.6401 4 0.010 is the total hadronic 7 decay width ratio determined in
Section 2.3.3. Using the above values the CKM matrix element |V,,s| amounts to

|Vius| = 0.2176 4 0.0025(exp) 4 0.0010(theo), (11.16)

where the relative uncertainty has been slightly improved from 1.4% to 1.2%, but is
still dominated by the experimental uncertainty of B;.

The obtained |V,s| value is 0.50 larger than |V,s| computed from the branching frac-
tion world averages listed by the Particle Data Group in 2010 [4]. It is 1.20 smaller
than |V,s| = 0.2224 4 0.0038 obtained from the 7= — K~ v, decay.

The result differs by 2.90 from |V,,| derived from the unitarity condition of the CKM
matrix, and also deviates from the |V,4| values obtained in the hyperon, K13, and K2
decay measurements. It has to be noted that the 2.90 deviation is reduced to 2.60 if
the recently published result for the 7= — K~ 77 v, branching fraction, which has
already been mentioned in Section 2.3.4, is included? in the |V,| calculation. This new
7~ — K~ n"7 v, measurement is taken into account in the HFAG |V,| result shown
in Figure 11.2.

11.4. Conclusion and outlook

The six measured hadronic 7 branching fractions are in good agreement with earlier
published measurements. The |V, | value obtained from the inclusive sum of strange
7 decays is 2.90 lower that the |V,s| prediction from the unitarity conditions of the
CKM matrix, whereas the |V,,| value determined from the 7= — K~ v, decay is con-
sistent with this prediction. This indicates that a systematic uncertainty of the |V]
determination from the inclusive sum of strange 7 decays could be underestimated.
The understanding of the observed deviation could be improved by further mea-

2Instead of the world average, B(t~ — K 77 v,) = (0.280+£0.019)%, taken from [4], the HFAG
average B(t~ — K~ 77 ;) = (0.291 £ 0.016)% which includes the Belle result is used.
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surements of strange 7 decays by BABAR and Belle. Especially, a measurement of the
7= — 7 K%, and 7= — 7~ K%y, branching fractions is important, since these
branching fractions are relatively large and are currently known with a relative preci-
sion of 3.6% and 11.1% [4]. The 7= — 7~ K°v, branching fraction has already been
published by the Belle experiment [59]. BABAR has presented preliminary results for
both decays, and final results are expected soon [15].

The relative contribution of other strange 7 decays to the total strange branching
fraction By is & 6%. These contributions are known with a relative precision of only
~ 20%. Thus, a measurement of these less frequent decays is also important. More-
over, since non-strange 7 decays contribute to the background of the strange 7 decay
measurements, new high-precision measurements of these decays would also lead to an
improved precision of B;. For example, the precision of the 7= — K~ (37°)r, branch-
ing fraction measured in this analysis could be improved by a better knowledge of the
7= — K~ K°7% . branching fraction which currently limits this measurement.

A further possible source of the observed deviation is the CKM matrix element V4
which enters the |V,;| determination. In addition to the very precise |V,q4| result from
superallowed beta decays [14], which has been used in this analysis, |V,4| can also
be determined from the lifetime of the neutron. The neutron lifetime measurement
presented in [60] is inconsistent with the world average, and leads to a larger |V,q|
value. To resolve the |V,5| puzzle also further theoretical investigations of the SU(3).-
symmetry breaking correction é R, [8] could be necessary.

Besides the contribution to the determination of |V,|, the presented analysis is also an
important step towards the measurement of the invariant mass spectra of the hadronic
final states in the studied decays, and thus, of the strange spectral functions.
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A. Missing mass in T decays
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Figure A.1.: Distribution of the squared missing mass in the 7 decay, Muyjss(r—decay) for selected 77 —
K= (27%v,, and 7= — K~ (37°)v, candidates.
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B. Pion and kaon identification

correction weights
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Figure B.1.: Pion identification weights, w

in dependence of the control track momentum, polar

angle and azimuthal angle. The whole data sample, i.e., runs 1-6, is used to obtain the
shown weights. The error bars correspond to the statistical uncertainties of the weights.
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Figure B.2.: Kaon identification weights, wy.._; in dependence of the control track momentum, polar
angle and azimuthal angle. The whole data sample, i.e., runs 1-6, is used to obtain the
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B. Pion and kaon identification correction weights
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C. Effect of background in the
branching fraction calculation

This section illustrates the effect of background on the uncertainty AB of a branching
fraction computed according to Equation 10.8:

-1 1 Nscl kag ~ Nsol - kag
2‘Esig : NTT ’

(C.1)

6Slg TT B<<1

where Ny and €4, are estimated from simulation. The index MC is dropped to improve
the readability. The second term is a simplification of the formula using that B < 1.
The uncertainty of the branching fraction is calculated from

05 " (98 > (oB  \ (o8B :
<8NSCIANSOI> + <8kagAkag> + <8€—SigA€sig> + (aTTTANﬂ—) .

Using the simplified formula in Equation C.1 the relative uncertainty is than

(#) - (=) () - ()G
B 11— fbkg Neel 1- fbkg kag

1
AB2:@

(C.2)
Esig NTT
where fiie is the fraction of background events in the selected event sample:
kag
- . C.3
fbkg Nsol ( )

Equation C.2 shows why the relative branching fraction uncertainties of different modes
which arise from the same systematic effect can have different values:

bkg

1. The relative uncertainty of the background , which corresponds the statis-

tical uncertainty of the simulated background sample as well as systematic contri-

butions is scaled by the factor 110% For example, the uncertainty contribution
of the 7 pair cross section, Ao"” = 0.31%, enters ABB as (lf‘}kg - 0. 31%)

, ]éVSCI which is of statistical nature,

For example, a background fraction of 50%

2. The relative uncertainty of the selected events

is increased by the factor ——
1—fokg

f ANgel
S

sel

doubles the contribution o
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