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ABSTRACT

According to the Big Bang Theory, matter and antimatter were produced in equal
amounts at the beginning. Over time the antimatter disappeared, leaving galactic struc-
tures composed only of matter. Therefore, there is some process in nature that proceeds
at different rates for matter and antimatter due to the violation of the CP symmetry. CP
violation has been observed in strange and bottom quark meson decays. However, a direct
CP violation is predicted in the 7 lepton sector. Specifically, the charge asymmetry due to
CP violation in the decay 7= — 7~ K2 (> 07%) v, is predicted to be (+0.33 + 0.01)%. In
this work the charge asymmetry of the decay 7= — 7~ K2 (> 07°) v, is measured using a
dataset of 437 million 7 lepton pairs collected by the BABAR experiment at the SLAC Na-
tional Accelerator Laboratory. The charge asymmetry induced by CP violation is found to
be Ag = (—0.45 £0.24 £ 0.11) %, consistent with prediction.
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Chapter 1

Introduction

1.1 Antimatter and CP Violation

At the time of the Big Bang, the Universe was filled with energy. The energy converted into
equal amounts of matter and antimatter! in a process known as pair production. The highly
energetic matter and antimatter particles either interacted with other particles or decayed to
produce particles with lower mass. As the Universe expanded, the energy of the individual
photons in the Universe decreased®. At some point in time they were no longer energetic
enough to produce any new particle-antiparticle pairs, as limited by Einstein’s mass-energy
equivalence relation E = mc?. After this “freeze-out” point, the number of unstable, higher-
mass particles could only decrease as they decayed to stable particles — the protons, neutrons
and electrons we observe today.

Fig. 1.1 shows the evolution of the Universe after the Big Bang. Photons can only convert
into particle-antiparticle pairs, so matter and antimatter were created in equal amounts at
the beginning. The subsequent decays, however, somehow differentiated between matter and
antimatter, resulting in an excess of matter over antimatter. The antimatter then annihilated
with the surrounding matter, resulting in its disappearance at ~1 second after the Big Bang.
Presently, there is no evidence for any galactic structures composed of antimatter (see, for

example, [2]), and understanding the fundamental differences between matter and antimatter

! Antimatter is the doppelginger of matter: an anti-particle has the same mass and spin as its correspond-
ing particle, but its charge and other internal quantum numbers are the opposite.

2The wavelength of the photon was stretched along with the expansion of spacetime in the Universe. See,
for example, [2].



is crucial in deriving a complete picture of the evolution of the Universe.

The vast majority of the visible matter today is composed of baryons, which are particles
composed of three quarks (see Sec. 1.2 for a brief description of quarks). Protons and
neutrons are examples of baryons. It is important we understand the generation of baryons
(baryogenesis) from the photons in the radiation-dominated epoch of the Universe as it
can help explain the existence of the observed stellar structures. Sakharov proposed three

conditions necessary for baryogenesis [3]:

1. Baryon number non-conservation: There must be processes that do not conserve
baryon number. At the beginning, there was no matter in the Universe, and the total
baryon number was zero. However, the total baryon number is no longer zero in the
present-day Universe, as shown by galaxies and stellar structures that are formed by

baryons.

2. Matter-antimatter asymmetric processes: There must be processes in nature
that proceed at a different rate for matter and antimatter; otherwise, there should
be equal amounts of matter and antimatter in the current Universe. Alternatively,
matter and antimatter could have annihilated with each other, leaving no matter to

form galactic structures.

A mechanism that explains the difference between matter and antimatter on a funda-
mental level lies in CP violation. CP violation will be described in greater detail in

Sec. 1.3 as well as in Chapter 2.

3. Non-equilibrium thermal conditions: There must be a time in the early Universe
when it was not in thermal equilibrium. If baryogenesis had occurred under conditions
of thermal equilibrium, then it would have been equally likely to proceed backwards.
More specifically, any process that creates a net baryon number will be cancelled out
by the corresponding reverse process. An inflationary expansion stage of the Universe,
for example, can provide the environment where non-equilibrium thermal conditions

can be found. (see, for example, [4]).

This work focuses on the fundamental mechanism that gives rise to the matter-antimatter

asymmetry, as outlined in the second Sakharov condition.
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1.2 Standard Model

The fundamental particles and forces (except gravity) are described by the Standard Model.
The forces are mediated by the exchange of particles of integer spins known as bosons.
Fermions, which are particles of half-integer spins, are divided into two types: quarks and
leptons. Quarks are confined in composite particles such as the proton and the neutron
whereas leptons are observed independently®. Furthermore, quarks can only be found in
specific combinations: they can either be clustered together in groups of three (“baryons”)
or in a quark-antiquark pair (“mesons”). Quarks and leptons are further classified into three
generations, as shown in Fig. 1.2.

The main constituents of visible matter in the Universe today are baryons. An even
larger fraction of the matter in the Universe is invisible, but its existence is inferred from
observations. Known as “dark matter”, it has generated much interest in the particle physics

community regarding its origin; however, this is beyond the scope of the discussion here.

1.3 CP Violation

The CP symmetry is composed of two discrete symmetries in the Standard Model. The first
symmetry, C' (for charge conjugation?), is the operator that takes a particle state ¢ to its

antiparticle state :

Cly) =)

One would expect this to be sufficient in providing a natural link between matter and
antimatter at a fundamental level. However, neutrinos seem to violate this symmetry as they
are observed to be all left-handed® while all anti-neutrinos are observed to be right-handed.
If one applies the operator C' to a (left-handed) neutrino state |vr), one would result in a
left-handed anti-neutrino |71), which would not interact in the same way in the Standard
Model. As a remedy, the P (parity) operator can be applied in addition. The P operator

flips all external coordinates, so it also flips the “handedness” in our neutrino example:

30ne notable exception to quark confinement is the top quark, which decays before it can form hadrons
due to its mass

4More specifically, C flips all internal quantum numbers of a particle.

>The spin of a neutrino is anti-parallel with its direction of flight.
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Figure 1.2: The fundamental particles in the Standard Model of particle physics. The quarks
and leptons, which are both fermions, are divided into three generations, as represented by
the three columns in the diagram. There are four force carriers: the photon is responsible
for electromagnetic interactions, W and Z bosons for weak interactions and gluon for strong
interactions. The Higgs boson arises from the Higgs field, which is postulated to explain
the origin of mass. So far the Higgs boson has not been observed. Image source: http:
//www .physorg. com
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Systems that remain unchanged under a CP transformation are known as “CP symmet-
ric”. Conversely, systems that break this symmetry are said to display “CP violation”, often
labelled as CPV.

If our understanding of CP violation and CP-violating dynamics is complete, then one can
predict the matter-antimatter asymmetry in the Universe. Since particles and anti-particles
must be annihilated in pairs, the matter we observe today must be the remnant of the excess
of matter over antimatter when both could still be found in the Universe. This excess can be
calculated from the magnitude of CP violation that has been observed. Further, the number
of photons in the Universe indicates how many pairs of particles and anti-particles have been
annihilated. CP violation has indeed been observed in the quark sector, specifically in K
and B meson decays and oscillations®. If the current observed values for CP violation in the
Standard Model are used, then it is predicted that the baryon-to-photon ratio in the Universe
is ng/n, ~ 1072° [5]. This, however, differs from current cosmological observations by many
orders of magnitude, where the baryon-to-photon ratio is ~ 1072 [6], which indicates that
there are unobserved sources of CP violation.

Another possible source of CP violation in the Standard Model that has yet to be observed
is from neutrino oscillations. Neutrinos come in three different flavours: v., v, and v,. They
are produced in decays associated with the three charged leptons. However, neutrinos are
found to be able to transform from one flavour to another [7, 8], and such flavour oscillations

can be CP-violating.

1.3.1 CP Violation from New Physics

Despite its successes, the Standard Model also has its shortcomings. For example, the
Standard Model does not incorporate gravity in its descriptions and displays a “fine-tuning”
problem”. A complete theory of fundamental particles must be able to provide answers to

these problems; therefore, there must be extensions to the Standard Model that provide

6Qscillations are the processes where the particle changes flavour, e.g. a BY transforming into a B°.

In the Higgs boson case, there exist quantum corrections that are much bigger than the mass of the Higgs
boson. Such corrections must be cancelled precisely with other corrections, which is deemed unnatural. This
is known as the “fine-tuning” problem.



a more complete description of fundamental particles. Such proposed extensions to the
Standard Model can give rise to additional CP violation.

One possible extension to Standard Model is supersymmetry (SUSY) (see, for example,
[9] and [10]). SUSY is the theory proposing the existence of a symmetry between fermions
and bosons. Namely, all fermions in the Standard Model will have a corresponding super-
symmetric bosonic partner, and vice versa. SUSY was initially proposed so that divergent
terms in the interaction probability calculation due to SM dynamics can be cancelled out
with those associated with SUSY dynamics; namely, the one-loop quantum correction due
to a Dirac fermion can be cancelled with the corresponding correction due to a scalar boson.
In the case of CP violation, SUSY can provide additional decay channels that do not appear
in the Standard Model. Such decay channels can also be CP-violating, thus enhancing or
cancelling the CP violation postulated to occur under the Standard Model.

Some models of extra dimensions can also give rise to additional CP violation [11]. How-

ever, most of the theory literature explores the CP violation arising from SUSY.

1.4 CP Violation Study in 7 Decays

Currently, there is no direct evidence suggesting that leptons will undergo CP-violating
processes. Searching for C'P-violating decays in the lepton sector may help identify the
missing portion of the matter-antimatter asymmetry in the Universe. Among the three
charged leptons, the 7 lepton is most likely to yield CP violation. It is more massive than
the electron and the muon (x), making it kinematically possible to decay into many different
final states. The higher mass of the 7 lepton can enhance some new physics effects. For
example, the coupling to the charged Higgs boson in SUSY is larger for higher mass particles.

The decay channel studied in this work is 7= — 7~ K° (> 07°) v, where K — 7t 7~
and 7 — 7. The CP violation is predicted to manifest itself in the form of a decay rate
asymmetry® of (0.33 +0.01)% [12]. Deviations from the Standard Model value would be
evidence of new physics effects.

The 7 leptons used in this study are produced in pairs via the collisions of positrons

and electrons (ete”™ — 7177) at the SLAC National Accelerator Laboratory in Palo Alto,

8Decay rate asymmetry here means the difference in the decay rates for 7= — 7~ K (2 071'0) v, and the
corresponding anti-particle process divided by the sum of the decay rates. It will henceforth be referred to
simply as “asymmetry”.



California. The collisions are recorded by the BABAR detector. The accelerator and detector
will be described in Chapter 3. The selection of the events will be outlined in Chapter 4,
and the results will be presented in Chapter 5.



Chapter 2

Theory

2.1 Standard Model Overview

The Standard Model [13, 14, 15] describes the interactions between fundamental particles in
nature. It is deemed to be highly successful, as all experimental results are in good agreement
with predictions from the Standard Model. In this section a brief overview of the Standard
Model is presented, with aspects relevant to the analysis highlighted.

In the Standard Model, the particles are divided into bosons and fermions. They possess
integer and half-integer spins respectively, where spin is the intrinsic angular momentum of
the particle. Bosons are the force carriers, so all forces or interactions between elementary
particles are mediated by bosons. Fermions are the particles that form the basis of matter,
and they can be divided further into leptons and quarks.

Table 2.1 lists the bosons in the Standard Model. Electromagnetic interactions involve
the exchange of photons () between two charged particles. Quarks are bound by the strong
force through an exchange of gluons (g). The W* and Z° bosons are responsible for the weak
interaction. The Higgs boson (H) is a consequence of the spontaneous symmetry breaking of
the Higgs potential, which gives an explanation to the origin of mass [16]. The Higgs boson
is the only fundamental particle in the Standard Model that remains to be discovered.

All quarks take part in strong, weak and electromagnetic interaction. Electromagnetic
forces affect quarks because all quarks are charged: either +2/3e or -1/3e. The coupling of

strong force is stronger at small momenta and large distances, preventing quarks from being
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Boson Mass (GeV/c?) Spin Charge  Force
0 0 1 0 Electromagnetic
W= 80.399+0.023 1 +1 Weak
A 91.1876+0.0021 1 Weak
g 0 1 Strong
H 115< mpy <185 0
(95% C.L.)

Table 2.1: Bosons in the Standard Model [1]

torn from bound state. As a result, no solitary quarks have been observed in experiments!.
Rather, what can be observed is either a quark-antiquark pair called a meson, or a quark
triplet called a baryon.

Leptons are further divided to the charged leptons (e, p and 7) and the neutral leptons
known as neutrinos (v, v, and v,). While the charged leptons can interact electromagneti-
cally, neutrinos cannot. However, all quarks and leptons can take part in weak interactions.

Weak interactions in leptons can only couple leptons belonging in the same generation.

Recall that there are three generations:

(2.1)

This means that while e — v,WW ™~ and u= — v, W~ can occur, e~ — v,W~ is not observed.
(ignoring any effects from neutrino oscillations).
The charged weak carriers W* can only couple to left-handed chiral fermion states. The

left-handed chiral states are defined mathematically by the projection operator #:

1
uL = (1-7")u (2.2)
where u;, is the left-handed chiral fermion state, and u is the particle spinor. The Z° boson,
on the other hand, can couple to both left-handed and right-handed chiral states. The other
aspects of the weak couplings are very similar to those in the electromagnetic case, so the

electromagnetic force and the weak force are unified under the electroweak interaction, as

!The notable exception, as mentioned previously, is the top quark.
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proposed by Salam, Glashow and Weinberg. The underlying symmetry of the electroweak
force is described by the SU(2), x U(1) group [13, 14, 15]. As a consequence, leptons can
be divided into left-handed doublets and right-handed singlets:

eVL Z Z <€R) <MR) (TR) (2.3)

Note that the right-handed singlets only contain the charged leptons because no right-handed

neutrinos are observed?.

2.1.1 Quark Mixing

The generations in the quark sector are not divided in a manner as straightforward as the

case in the lepton sector. The quark generations in mass eigenstates are:

U c t

d s b

(2.4)

but both d — W~ and s — uWW ™~ have been observed, showing that the weak interaction can
mix quarks across generations. For the case of three quark generations, the weak interaction
couples the quarks according to the weak eigenstates instead of the mass eigenstates. The

weak eigenstates are:

(2.5)

where (d',s',b') and (d, s,b) are related via a complex-valued matrix called the Cabibbo-
Kobayashi-Muskawa (CKM) matrix V;; [18, 19]:

2Right-handed neutrinos may exist, but they do not interact in the Standard Model. The masslessness of
the neutrinos is the consequence of the fact that the Yukawa coupling requires both left-handed and right-
handed chiral states. This Yukawa coupling is essential in the generation of Dirac masses in the Standard
Model Higgs-lepton Yukawa Lagrangian (see, for example, [17]). With the discovery of massive neutrinos, this
whole description can change. However, this is beyond the scope of the discussion here and the description
on the Standard Model here will assume that the neutrinos are massless.
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d, Vud Vus Vub d
sl = | Vea Vs V| |5 (2.6)
v Via Vis V| |b

where V;; are complex numbers. The CKM matrix is unitary, and can be rewritten as:

0

C12C13 S$12C13 S13€
i6 i6
—512C23 — C12523513€ C12C23 — 512523513€ $23C13 (2‘7)
_ i _ i6
512523 — €12€23513€ C12523 — 512€23513€ C23C13

where s;; = sin(6;;) and ¢;; = cos(6;;) are trigonometric expressions with rotation angles
0;; and ¢ is the complex phase. It can be further shown that a 3x3 unitary matrix is the
smallest matrix where there exists a complex phase which cannot be reduced by a rotation
of the quark fields. This complex phase gives rise to CP violation?.

Empirically, the magnitudes of all nine elements in the CKM matrix are as follows:

0.97428 + 0.00015 0.2253 4 0.0007  0.00347F5-50015
0.2252 4 0.0007  0.9734579:09015 (0410430011 (2.8)
0.0086270:00030 ~ 0.040374:006%  0.99915275:00008
and § = (59 + 15)° (for a summary of the measurements of the CKM matrix, see [1]).

Currently, CP violation has only been observed in weak interactions, and the CKM matrix

provides the only mechanism for generating CP violation in the Standard Model.

3In fact, the 3x3 CKM matrix was proposed to explain CP violation in the quark mixing matrix after
the discovery of CP violation in the kaon sector. When the CKM matrix was proposed, only three quarks
were known.
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2.2 (P Violation Measurements

2.2.1 Neutral Kaon Mesons

There are two neutral K meson flavour eigenstates in nature: the K° and the K°. They can

be taken from one state to another by the charge parity operator CP*:
CP|K% = —|K°) (2.9)
CPIK°) = —|K°) (2.10)

The normalized CP eigenstates are:

1

Sl

| K1) (1K) = [K%)) (2.11)

2
1
2

5

| Ks) (K% + |K?)) (2.12)

The CP eigenvalues are +1 and -1 for the two eigenstates:

CPIKY) = |Ky) (2.13)
CP|Ky) = —|Ks) (2.14)

If CP is conserved, then the CP operator commutes with the Hamiltonian of the system.
Since |K;) and |K>) form a non-degenerate basis for CP in the K meson sector, they should
also be non-degenerate eigenstates for H. In other words, K; and K5 will not mix and will
decay independently. Neutral K mesons can decay into two or three pions. Since a 7~ 7"
system has CP eigenvalue of 1 and 7~ 7+ 7% has eigenvalue -1, K, will only decay into
two pions whereas K5 will only decay into three pions. Furthermore, K5 will have a longer
lifetime because the available phase space for the two-particle decay is greater than that
for the three-particle decay. Therefore, for a sufficiently long time after the production of
the neutral K mesons, one would expect only 7= 7 7% decays and no 7= 7* decays if CP

symmetry is valid.

4Some literature will not have the minus sign in Eqs. 2.9 and 2.10; however, the point is that both signs
should be the same. The sign will only change an overall phase to the two CP eigenstates and will leave the
physics unaltered.
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In 1964 Cronin and Fitch carried out an experiment investigating the decays of neutral K
mesons as described above [20]. In the experiment, evidence of neutral K mesons decaying
into 7™ 7~ was found even after a time much longer than the K, lifetime. This was the
first evidence of CP violation. In other words, the CP eigenstates |K;) and |K3) are not
exact eigenstates for the Hamiltonian. The two energy eigenstates, commonly called |K7?)
and | K9) respectively for their long and short lifetimes, are admixtures of K and K° with

different mixing amplitudes from those in K; and K. The lifetimes for K? and K9 are [1]:
7 (K?) = (5.116 £ 0.020) x 105 7 (KY) = (8.953 + 0.005) x 10~"'s

Physically, the two flavour eigenstates can change from one to another by an exchange of
two W bosons, as depicted in Fig. 2.1. The oscillation between K° and K° depends on the
mass difference (Am = (5.29040.015) x 10%2hs™! [1]) between the two flavour eigenstates.
The period of oscillation T is approximately 0.2x 107%s or ¢T' ~ 6 cm. The impact of neutral
kaon oscillation on the measurement in this study will be further explored in Chapter 5 and

in Appendix E.

|
Q)
B
Y]
S

w

K° w w Ko K° q q K0

Figure 2.1: Feynman diagrams showing how a K° (5 d) transforms into a K° (s d), where ¢
represents a u, ¢ or ¢ quark.

2.2.2 (CP Violation in the Kaon Sector

If one takes the generalization that CP symmetry may not hold but still assumes CPT

invariance, the two energy eigenstates can be derived as follows:

|KJ) = plK®) + q|K°) (2.15)
|K7) = plK°) —q|K°) (2.16)
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where p and ¢ are complex numbers and |p|?+ |¢|* = 1. The derivation is outlined in [4] and
is presented in Appendix A. An asymmetry parameter € can be defined:
e=L"14 (2.17)
P+q
Note that € = 0 when there is no CP violation. Furthermore, the two eigenstates are
no longer orthogonal; rather, the inner product of the two eigenstates is proportional to the

real part of € to first order of e:

(KUIKG) = Ipl” — al” = 2Re(e) (2.18)

The parameter € is related to the processes as represented by the Feynman diagrams in
Fig. 2.1. The matrix element (M} ;) for the transition of K to K° by an exchange of quarks ¢
and ¢’ is proportional to GQF‘/(Id\/;SX/(]/dV;iS. Conversely, the matrix element for the transition
of K° to K° is proportional to the complex conjugate M. The difference in transition rates

between K° — K% and K° — K© is then proportional to the imaginary part of Mp;:
I'(K°— K°) =T (K° — K°) & Sm(My;) (2.19)

In other words, the non-zero complex phase in the CKM matrix is a necessary condition for
a non-zero ¢, which represents the mixture of different CP eigenstates in K and K.

In the next section we will show that the asymmetry measured in this work is proportional
to the real part of € (Re(€)). One can measure Re(€) by noting that only the K? component

remains at a time sufficiently long after production of the neutral kaon:

1

V2/1 + |e]?

Due to the AQ = AS rule®, the semileptonic decay KY — 7% ¢~ 7, primarily comes from

K% = [(1+ )K" + (1 —¢)|K°)] (2.20)

the K° component of the K? [4]. Fig. 2.2 shows that as K° meson decays to a 7 meson,
the strangeness changes from -1 to 0, and the charge increases by 1. Similarly, K — 7= ¢*

v, primarily comes from the K° component. The semileptonic decay rates for the K are

°The AQ = AS rule [21] states that processes where strangeness and charge change by the same amount
are favoured. Processes such as AQ = —AS also occurs, but it is a second-order process in the Standard
Model. Its rate is proportional to G% [22].
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proportional to the components of the K and the K°:

r (Kg — WW*W) o (K°IKD)? o< |1 —¢€]® =1 —2Re(e) (2.21)
(K} =7 0ty) o (KK o< |1+ €] = 1+ 2Re(e) (2.22)

where the approximations are good to the first order of e. Thus, by comparing the decay

rates for K — 7t ¢~ 7y and KY — 7~ (T 1y, one can measure Re(e)",

(K? — 7 (ty) —T(K? — 770" m))

~2 9.9
r (Kg - 7T7€+I/e) +T (Kg s ,R.Jrg,vz) %6(6) ( 3)

(the approximation is accurate to the first order of €). Experimental results find 2Re(e) =
(3.27 4+ 0.12) x 1073 [12).

=
Y A
Y A
3

+

Vi

Figure 2.2: Feynman diagram for K — 7+ ¢~ 7,. The strangeness changes from -1 (K°) to
0 (7T) during the process, so the charge changes from 0 (K°) to 1 (7).

CP violation can also be observed in B meson decays, and this is the motivation behind
the experiments at the B factories such as BABAR. The decays of B; mesons, for example,
help constrain some of the parameters in the CKM matrix [4]. CP violation can also be
observed in precision measurements of the B°-B° mixing as a time-dependent asymmetry
[4].

6Results for /~ = e~ are reported by the Princeton group [23] and the CERN-Heidelberg group [24].
The mode ¢~ = p~ is measured by the CERN-Heidelberg group [24], the Stanford group [25] and the
Brookhaven-Yale group [26].
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2.2.3 CP Violation in the 7 Lepton Sector

CP violation has only been observed in the quark sector. However, Bigi and Sanda have
proposed that there can be CP violation in 7 decays under the Standard Model [12].

According to Standard Model, the following transition amplitudes are equal:
T(r~ = Krvv)=T (" — K"v) (2.24)

However, observations are made with the mass eigenstates K? and K2, not the flavour
eigenstates K and K. The mixing of the eigenstates is exactly the same as what is presented
in the previous section.

Since KY and K? are not orthogonal, both KY — 27 and K? — 27 are possible. The

asymmetry for the 7= — K27 v, is then [12]:

T (T+ — “Kg/lw*'l/}) -r (7'_ — “K(S)//’]T_I/T)

r (7’+ — “Kg"WJFl?T) +T (T* — “Kg"ﬂfyr)

A= = |p|* — |q|* = 2Re(e) (2.25)
where “K?” (in quotation marks) represents both K2 and K decays to the 7+7~ final state.
The approximation is accurate to the first order of €. The description given above does not
specify the dynamics that generate |g| # |pl|; rather, it only relies on the assumption that
the 7 decay is described by SM dynamics [12].

If the asymmetry is measured to deviate from the SM predicted value, then there is
indication that dynamics from other physics processes are at play. One possible new physics
effect is CP violation arising from the interference of amplitudes, one of which involving
an exchange of SUSY particles. In Fig. 2.3, for example, the SM amplitude (left) and the
amplitude of a charged Higgs exchange (right) can interfere. Namely, the charged Higgs
diagram will contribute to the s-wave state of the hadronic system whereas the SM W boson
diagram will contribute to both s- and p-wave states [27]. However, while this effect is
apparent in an angular distribution analysis, a study on the overall asymmetry should not
be affected barring any detector-induced effects. There are, however, no explicit predictions

of the impact of new physics effects on CP violation in 7 decays.
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Vr Vr
U U
W= H~
T s T s

Figure 2.3: 7 decaying via a W boson and a charged Higgs boson.

2.3 Goal of the Study

The goal of the study is to measure the asymmetry presented by Bigi and Sanda in 7
lepton decays. 7 lepton decays provide a clean laboratory for studies, which is desirable in
the investigations of new physics effects. Namely, hadronic backgrounds will be low, and
detector inefficiencies arising from a high number of charged tracks in the detector can be
avoided. If the CP asymmetry is found to deviate from the SM prediction, then it is a signal
for new physics. The measured CP asymmetry may also be used as a constraint to rule out
some new physics models.

The number of decays observed is proportional to the decay rate. By counting the num-
bers of decays for the modes 7= — 7~ K2 (> 07") v, and 7% — 77 KY (> 07°) 7, separately,

one can then compute the asymmetry:

Nt - 7"K2(>0m)7,) = N(r~ — 7 K2 (> 07 v,)

Ay =
T N+t > atK2 (> 0n0)7,) + N (1 — 7 K2 (> 07°) 1)

(2.26)

The BABAR experiment provides a large sample of 7 lepton decays, which is instrumental
in reducing the statistical uncertainty in the final result and in turn can increase the sen-
sitivity to new physics effects, should there be any. The BABAR particle detector as well as

strategy of selecting the dataset will be described in subsequent chapters.
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Chapter 3

The BABAR Experiment

The 7 leptons needed for this analysis were produced at the SLAC National Accelerator
Laboratory in Stanford, California, and recorded by the BABAR Experiment. The main focus
of the facility is to study CP violation in the B meson sector. However, it also provides an
opportunity to study 7 physics because the ete™ — 7777 cross section is comparable to
that for the ete™ — bb at the energy scale that BABAR is run (see Table 3.1 for the cross
sections of various processes). In this chapter, details of the SLAC accelerator and the BABAR

Experiment will be described.

ete” — | Cross section (nb)
bb 1.05
cc 1.30
sS 0.35
(im 1.39
dd 0.35
Trr~ 0.92
whp 1.16
ete” ~ 40

Table 3.1: Cross sections for different processes at /s = 10.58 GeV. The eTe™ — eTe™ cross
section is the effective cross section within experimental acceptance [28].
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3.1 SLAC and PEP-II

The BABAR experiment uses two accelerators to generate the et and e~ beam : the SLAC
linear accelerator and the PEP-IT storage rings. The SLAC linear accelerator (linac) is 3.2
km long and injects high-energy electrons and positrons into the PEP-II's storage rings.
PEP-II consists of the High Energy Ring (HER) and the Low Energy Ring (LER) for the
9.0 GeV and 3.1 GeV electron and positron beams, respectively (see Fig. 3.1). The typical
currents in the HER and the LER are 0.7 and 1.3 A, respectively [29]. The two beams collide
at the interaction point, which is surrounded by the BABAR detector. A total luminosity of
557 fb~! had been delivered, of which 531 fb™" was recorded by BABAR. In this work only the
data collected at the 7°(4S5) resonance (/s = 10.58 GeV) is used, corresponding to a total
luminosity of 476 fb~.

FEF Il S5AL FEF Il
Low Enemy SPEAR IR-2
Ring (LER} . Detactor
- e ]
Marih Damping Aing Briar : W
Switch - i3
Positron Felurn Line Pasilron Sodrce  Yard End
{ I [E 5 S Station A
&-gun % (ES&)
— =g ~— Final Focus #sm
j Tesl B
200 Ma Linas e ?;FTﬁm
injactor N
- T
FEF I '%}Fi'nd a NLETA
South Cramping Rin High Ensrgy Station
Firg Hing Filryg (HEH)
= 3 km - |

Figure 3.1: The SLAC linear accelerator. The e* and e~ beams collide at the site of the
BABAR detector, labelled as PEP-II IR-2 detector in the diagram. Image source: http:
//www.slac.stanford.edu/BFRO0OT/www/Detector/Images/Images.html

3.2 The BABAR Detector

The schematic of the BABAR detector is given in Fig. 3.2!. The detector consists of a silicon

vertex tracker measuring the trajectory of charged particles close to the ete™ collision vertex,

IThe standard coordinate system defined for the BABAR detector is a right-handed coordinate system such
that the positive z-axis is the e~ beam axis while the z-axis points upwards. The angles ¢ and 6 are defined
as in the usual spherical coordinate case. The origin of the coordinate system is at the ete™ interaction
point.



21

a gas drift chamber measuring the trajectory of charged particles up to a radius of 80 cm,
a Cherenkov light detector distinguishing between the different particles, a caesium iodide
calorimeter measuring the energy of electrons and photons, and an instrumented iron return
flux system for identifying muons. Fig. 3.3 shows an event in the detector with signals

detected in different components of the detector. The main subsystems of the detector are:

BABAR Detector

‘ Muon/Hadron Detector
Magnet Coil

. Electron/Photon Detector

. Cherenkov Detector ‘ﬁ\

. Tracking Chamber
- Support Tube

H Vertex Detector

Figure 3.2: Layout of the BABAR detector and its components, which include the Silicon Ver-
tex Tracker (orange), Drift Chamber (red), the support tube (light blue), Detector of Inter-
nally Reflected Cherenkov light (green), Electromagnetic Calorimeter (purple), the magnet
coil (yellow) and Instrumented Flux Return (dark blue) [29]. The person is drawn for scale.

1. Silicon Vertex Tracker (SVT). Consisting of five concentric cylindrical layers of double-
sided silicon microstrip detectors, the SVT provides information on the position of a
charged particle based on the signals in the silicon strips as it traverses the component.
If a neutral particle decays close to the ete™ collision beam spot, then the SVT can

be used to determine the position of the decay vertex with high precision.

The SVT provides precise angular information since the inner points are less affected
by multiple scattering. It is also the only subsystem used in track reconstruction for
charged particles with a transverse momentum less than 100 MeV/c, as the magnetic
field prevents these particles from reaching the drift chamber (DCH). The performance
properties are outlined in Table 3.2 [28, 29]. The dF/dx resolution of the SVT allows
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Figure 3.3: Display of an event in the BABAR detector. In this event, an e'e”
pair travelling perpendicularly to the page produces B°BY after collision. One of
the neutral B mesons decays into a pair of muons and a pair of pions (marked in
gold) while the other decays into a kaon and three pions (marked in red). The
reconstructed tracks in the SVT and DCH, as well as the energy deposits in the
calorimeter (green) and the muon signal in the IFR, are displayed in the dia-
gram. Image source: http://www2.lns.mit.edu/~LQS/old_page/MIT%20Laboratory
20for’20Nuclear’,20Science’20%20Lepton-Quark’20Studies%20Group.htm

for a 95%-confidence separation between charged kaons and pions up to a momentum

of 500 MeV/c, as well as kaons and protons below a momentum of 1 GeV/ec.

2. Drift Chamber (DCH). This subsystem provides the primary momentum measurement
for charged particles and energy loss measurements for particle identification. The
chamber is filled with helium gas and contains axial field wires and sense wires. The
field wires maintain an electric field in the chamber whereas the sense wires detect
ionisation electrons. As a charged particle passes through the chamber, it ionises the

gas along its trajectory, and the resulting electrons drift toward the sense wires. The
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Property Values
Angular coverage 0 20.1° < 0 < 150.2°
Point resolution 10-15 pym (inner layers)

30-40 pm (outer layers)
dE/dz resolution (for MIP) 14%

Table 3.2: Performance properties of the Silicon Vertex Tracker (SVT) .

drift velocity of the electrons can be calculated from the known electric field and the
properties of the gas. The position of the original ionising track can then be determined

from the time for the ionisation electrons to travel to the sense wire.

The energy loss per unit length (dE/dz) as the charged particle traverses the chamber
can be used to identify the particle. Fig. 3.4 shows dF/dx as a function of momentum.
The measurement of the energy loss can be derived from the total charge collected in
each drift cell.

The DCH is important in identifying decay vertices of long-lived particles that lie
outside of the SVT. The K meson, one of the particles in the final state of this study
with a lifetime of 7 = (0.8958 4 0.0005) x 10~ °s and a decay length of c7 = 2.6842 cm
[1], mainly decays in the DCH. Fig. 3.5 shows the mass of 7+ 7~ and the decay length?

of the K? meson decaying in the DCH for events selected in this work.

The SVT and DCH together form the tracking system. For tracks with the transverse

momentum above 3 GeV/¢, the resolutions are measured to be [29]:

04y = 23 pm 0y, = 0.43 mrad

0. =29m  Opgny = 5.3 x 1074

where dy and zy are the distances of the point of closest approach of the track to the ori-
gin of the coordinate system in the transverse plane and along the z-axis, respectively.
¢o is the azimuthal angle of the track. A is the angle between the track momentum

and the transverse plane.

2Decay length is the distance the particle travels from the point of production to the point where it
decays.
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dE/dx

N
BE83A0 Momentum (GeV/c)

Figure 3.4: Energy loss of particles in the drift chamber as a function of momentum. The plot
shows different relations between energy loss and the momentum of the particle depending
on whether the particle is an electron (e), muon (u), kaon (K), proton (p) or a deuteron (d)
[29].

While the measurements near the interaction point are done in the SVT, the trans-
verse momentum is measured primarily in the DCH. The resolution of the transverse
momentum of a track p, can be derived from cosmic muons®, and the data are found

to follow a linear relationship:

00, /Dy = (0.13 £ 0.01)% - p, + (0.45 £ 0.03)% (3.1)

where the transverse momentum p, is measured in GeV/c [29].

3. Detector of Internally Reflected Cherenkov light (DIRC). This detector is designed for
charged hadron (7~ /K ™) particle identification. The DIRC determines the velocity of

3The upper and lower portions of the tracks from cosmic muons are fitted separately. Since the momentum
should be the same, the measured values for the momenta of the two track fits should also be consistent.
Any difference is taken as the uncertainty.
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Figure 3.5: Plots of 7+ 7~ invariant mass (left) and distance travelled from eTe™ collision
vertex to the K decay vertex (right) of the K meson in the BABAR detector. The sample
consists of K2 — 7+ 7~ used in this work. Deviations from an exponential decay in the
right-hand plot are due to detector effects.

a charged track from the Cherenkov light emitted as the particle traverses the DIRC.
Cherenkov light is generated when a charged particle is travelling at a speed that is
greater than the speed of light in the medium. The light is emitted along a cone,
and the angle of the cone can be used to determine the velocity of the particle. The
velocity, along with the momentum information obtained from the tracking chamber,
can then be used to determine the mass of the particle, which in turn is used for
particle identification. While /K separation is based on dF/dz measurements in the
SVT and DCH at low momentum, the DIRC is primarily responsible for distinguishing
charged pions from charged kaons at high momentum. The DIRC can also help identify

electrons and muons.

Fig. 3.6 depicts the relationship between the Cherenkov angle and the momentum of
the particle in the laboratory frame. As shown in the plot, kaons and protons are well

separated from pions, muons and electrons.

4. Caesium lodide Electromagnetic Calorimeter (EMC). A calorimeter measures the en-

ergy and position of a particle. As an electron traverses the calorimeter, it can radiate
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850

650

Pp., (GeVic)

Figure 3.6: The Cherenkov angle of tracks as a function of momentum in the laboratory
frame for different particles. From top to bottom, the grey lines represent the predicted
values for the Cherenkov angles of electron (e), muon (i), pion (), kaon (K) and proton

(p) [30].
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photons by bremsstrahlung?. The photons, if they are energetic enough, can produce

e~ pairs. Depending on the energy of the eTe™ pairs, they can also in turn emit

e
more photons by bremsstrahlung (the positrons can also annihilate with an electron to
produce photons). The result is a shower of particles being produced in the calorime-
ter, with the energy and momentum of the original particle being distributed among

these new particles in the shower.

The EMC of the BABAR detector consists of a central component (barrel) and an
endcap in the forward region. The thallium-doped caesium iodide (CsI(T1)) crystals in
the EMC are lined in such a way that they point towards the interaction point. Signals
in the crystals are read out with silicon photodiodes [29]. The length of the crystals
range from 16.0X, to 17.5X, °, with length increasing in steps of 0.5X, as one moves

from the center of the barrel to the edge of the endcap.

The calorimeter can help identify the charged particle. The showers generated by
electrons and photons are well-contained in the EMC typically; however, muons pass
through the EMC while leaving only minimal energy in the subsystem. To see if the
particle is charged or neutral, one must look for any charged track in the tracking
system (SVT and DCH) that points at a cluster in the EMC. The main purpose of the
EMC is to determine the position and energy of the electromagnetic particle, as well
as separating electrons, photons and neutral pions. Its caesium iodide crystals provide

high energy and angular resolution even in the low photon energy regime.

The energy resolution of the EMC is [29]:

op _ (2324£030)% (185 +0.12)% (3.2)

E JE

and angular resolution is [29]:

87 £0.
o9 =04 = Mmr@d (3.3)

VE

4Bremsstrahlung can occur in principle for any charged particles, but the radiation power falls off as m™
for particles with acceleration perpendicular to velocity, or as m ™ for particles with acceleration parallel to
velocity. Since electron is the lightest charged particle, it is also the particle most probable to radiate by
bremsstrahlung.

5 X is the radiation length, which is the mean distance a high electron energy travels before its energy is
reduced by 1/e. For the CsI(T1) crystals used in the EMC, Xj is 1.85 cm [29).

4
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In both Eqgs. 3.2 and 3.3, energy F is measured in GeV and @ signifies adding in
quadrature. The first term in Eq. 3.2 is due to photon statistical fluctuations, whereas

the latter is due to shower leakage.

5. A superconducting coil provides a 1.5 T solenoidal magnetic field pointing in the posi-
tive z-axis. Under the presence of a magnetic field, the trajectory of a charged particle
bends. The charge of the particle determines the direction in which the trajectory

bends, and the momentum of the particle determines the curvature of the track.

6. Instrumented Flux Return (IFR) is used for muon identification down to about 0.6
GeV/c and hadron identification. Low-energy muons can lose all energy due to ionisa-
tion and stop in the EMC whereas muons with momentum greater than 1 GeV/c pass
through the EMC. The IFR is made of layers of iron and steel, with active detectors
situated between each layer to detect the particles or the showers generated in the IFR
layers. This IFR design can discriminate between muons and pions because muons
can penetrate iron or steel more easily than pions. Fig. 3.7 shows the identification

efficiency of muons and pions as a function of momentum in the laboratory frame [29].

3.3 Trigger

The et and e~ bunches pass through each other millions of times per second. Periodically a
pair of e™ and e~ may collide and produce an event. The purpose of the trigger is to identify
and record these events by “triggering” on some activity in the BABAR detector. The BABAR
trigger consists of a hardware level known as Level 1 (L1) and a software level known as
Level 3 (L3)°. The L1 trigger uses information from the DCH for charged particles, the
EMC for the neutral particles, and the IFR for the cosmic trigger. The DCH and EMC will
determine whether the event is due to an eTe™ collision, and the IFR will determine whether
the event is coming from cosmic ray background and will reject the event if it is the case.
The information from these three detector components are fed to a Global Level Trigger
(GLT), which passes the physics event to the next level of trigger.

The L3 trigger is designed to reduce the output rate of 2 kHz from the L1 trigger to the

logging rate of about 120 Hz without compromising the efficiencies of selecting physics events

6There is no Level 2 in BABAR.
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[29]. Tt is an online application that partially reconstructs events based on information from
the drift chamber and the calorimeter. This application is composed of reconstruction tools
and filter modules. The L3 trigger can select 77—, two photons, BB and ¢ events with

high efficiency. The output of the L3 trigger is then stored for later analyses.
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Chapter 4

Analysis

4.1 Analysis Strategy

The goal of this study is to measure the asymmetry between the decay rates of 7 and 77:

Ag =

N(tt - atK2(> 0% 7,) = N (7 —» 7 K2 (> 0% v,) (4.1)
7, ‘

N(tt - 7n+tK2(>0n%)7,)+ N (77 — 7= K9 (> 07%) v;)

The analysis uses the BABAR data sample, which contains 450 million 7 pair events with
approximately 1% of the 7 leptons having a KY meson in the final state. The K? — 7wt7r—
decays with a branching fraction of (69.20 £0.05)% and K — 7% with a branching
fraction of (30.69 £+ 0.05)% [1].

Instead of selecting 7= — 7~ K2 v, decays exclusively, we select 7= — 7~ K2 (> 07%) v,
decays where any number of 7 mesons in the final state are allowed. This has the benefit of
enlarging the sample for analysis, which increases the sensitivity of the measurement. The
presence of ¥ mesons in the final state does not affect the CP asymmetry.

Fig. 4.1 shows the topology of an event in the e*e™ centre-of-mass frame. 7 lepton pairs
are produced back-to-back in the centre-of-mass frame. The decay products of each 7 lepton
can be easily separated by dividing the event into two hemispheres. One side of the event,
called the signal hemisphere, contains a single track, a K2 and any number of 7 mesons.
The other side of the event, called the tag hemisphere, is required to have a leptonic 7
decay to suppress backgrounds from non-7 events. More details about the event selection

are described in Sec. 4.3.



32

Figure 4.1: Schematic of ete™ — 7777, where a 7= — 7~ K? v, decay (KY — 777) in the
signal hemisphere and a 7= — [77;, decay in the tag hemisphere. The definition of the

hemispheres are defined in Sec. 4.3. Here {~ = e, u™.

The 7 leptons in the data are produced by the process ete™ — 7777, The BABAR sample
is filtered with a set of selection criteria to maximize the number of signal events while
minimizing the contribution from background events. Both on-peak and off-peak data are
studied in this analysis, totalling to 476 fb™" (see Table 4.1). On-peak data are events from
ete™ collision at the 7°(4S) resonance (10.58 GeV) whereas off-peak data are recorded at a
centre-of-mass energy of 10.54 GeV.

Sample type Luminosity (fb™?)
Data 476
Monte Carlo
T 1014
uds 796
cc 868
¢ — K9 7% 860

Table 4.1: Luminosities for data and Monte Carlo simulation.

The Monte Carlo sample consists of four sub-samples. The process ete™ — 7777 is
modelled with kk2f [31], and Tauola is used to generate subsequent 7 decays [32]. Monte

Carlo sub-samples simulating e™e~ — ¢g, where ¢ = u, d, s, ¢, are generated using JETSET
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[33] and are used for the study of ¢g background events. Final-state radiative effects are
modelled with PHOTOS [34] and are included in all Monte Carlo sub-samples.

The signal modes are generated via 7= — K*~ v, for the 7= — 7~ K" v, decay and
7= — K;(1270) v, for the 7= — 7~ K2 7°v,. Other 7 decay modes with K7 final states are

modelled with a phase space distribution.

4.2 Preselection

A set of common selection criteria divides the data sample collected by BABAR into smaller
samples suitable for different analyses by the entire collaboration. Two such sets of prelim-
inary selection criteria are of particular importance for this study: the Taull and TaulN
selection criteria!. The Taull dataset is the nominal sample in this work whereas the TaulN
dataset is the control sample used for systematic studies. The labels 11 and 1N indicate there
is one track in one hemisphere and either 1 or N (where N = 3,4, 5) tracks in the other hemi-
sphere. The hemispheres are divided according to the thrust axis®. Tracks originating from
a displaced vertex, such as the pion tracks in K? — 7 7=, are not counted in the skim

definition (see Appendix B for the definition of the skims).

4.3 Selection

In this work the Taull sample is used, and additional selection criteria are applied in order

to select events for this analysis. The following selections are applied to the sample:

1. Events are required to satisfy a set of selection criteria that are optimised to select

decays with K0 in the final state, as well as to remove obvious sources of background

!Taull and TaulN selection criteria are produced by the BABAR Tau/QED Analysis Working Group.
2The thrust axis is defined to be the axis parallel to the unit vector A that maximizes the quantity [35, 36]

bl N (4.2)
Y\ P B

where P; is the three-momentum of particle ¢ to which the neutral cluster or the track is associated, and
N is the number of neutral clusters and tracks in the event. This can give rise to a two-fold ambiguity
because for any specific A that maximizes the quantity, so does —A. By convention, the one with a positive
z-component is taken to be A. The magnitude of the thrust, or simply known as “thrust”, is the maximum
value of the expression given in Eq. 4.2.
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events.

2. Two likelihood ratios are then used to further remove background events. The first

Jr

likelihood ratio separates ete™ — ¢q from e*e™ — 7777 events and the second selects

events with a K meson.

Particle identification is important in event selection, and is achieved through a set of
particle selectors developed by the BABAR collaboration. The selectors for electrons, muons,
charged kaons, K2 mesons and photon conversions used in the selection criteria are described

in Appendix B.

4.3.1 Selection Criteria Prior to Likelihood

As described in Section 4.2, the hemisphere with a single track associated to the collision
vertex and the K¢ candidate is considered the signal hemisphere and the other side of the
event is considered the tag hemisphere. The events in this analysis are tagged with an e or a
p lepton from a 7= — e~ U, v, and 7 — pu~ U, v, decay, respectively (charge conjugation
implied). They are referred to as the e-tag and p-tag selected events.

Fig. 4.2 and 4.3 depict the distributions of the variables used in the selection criteria
before the likelihood ratio selection criteria are applied®. Events included in the plots are
required to satisfy all selection criteria except for the variable depicted. The red lines in
the figures indicate the respective values of the selection criteria. For each variable, a plot
with a linear vertical scale is shown on top and a semi-logarithmic plot is shown below.
Although slight discrepancies between the data and Monte Carlo can be observed, they can
be considered insignificant due to large errors in the branching fractions of some of the decay

modes in this analysis [1]. The selection criteria prior to the likelihood ratio are listed below:

e Event:

— The magnitude of the thrust of the event must be between 0.91 and 0.995 (see
Fig. 4.2). The lower bound reduces ete”™ — ¢g backgrounds, and the upper
bound eliminates Bhabha events from the sample, as the ete™ — v ete™ events
are highly back-to-back;

3 All plots displayed in this chapter are for the e-tag sample unless specified otherwise. The plots for u-tag
can be found in Appendix D. Furthermore, the integrated luminosity of the Monte Carlo simulated sample
is normalized to the data sample.
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— Topology: the event is divided into the tag and signal hemispheres using the 3-
vector of the thrust. The signal hemisphere must contain three tracks — one track
from a charged hadron, and two tracks from KO — 7= 7. The tag hemisphere

must contain one track. (See Fig. 4.1 for a schematic of the topology);
— Conservation of charge: all four tracks must have their electric charges added up
to zero.

e Tag hemisphere:

— Only one track is allowed;

— The magnitude of the 3-momentum of the track in the centre-of-mass frame must
be less than 4 GeV/c (see Fig. 4.2). This is to remove radiative Bhabha events

and uds background;

— The track must pass an electron or muon selector.
e Signal hemisphere:

— None of the three tracks passes the electron selector selection criteria;

— One K? — 7" 7~ passes the K selector, after which the requirement on the
invariant mass of the 777~ system of the K candidate is tightened to be between
0.488 and 0.508 GeV/c? (see Fig. 4.3);

— None of the oppositely charged pairs of tracks passes the photon conversion se-

lector;

The number of neutral clusters in the signal hemisphere must be less than 9 (see

Appendix B for a definition of neutral clusters);

— The charged track associated to the e™e™ collision vertex does not pass the charged

kaon selector.

In addition to the above criteria, the mass of the hadronic final state (7~ K2 > 07°) is
required to be less than the 7 mass (1.8 GeV/c?) to reduce ete™ — ¢g background, especially
background from charm resonances. The invariant mass of the hadronic system is calculated
using the charged pion, the K? meson and all 7° mesons in the signal hemisphere. Figs. 4.4

and 4.5 show the invariant mass distributions for 7= — 7~ KY (> 07°) v,. Discrepancies
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between data and Monte Carlo in the invariant mass distributions are due to resonances
not included in the Monte Carlo. However, the discrepancies are found to be within the
uncertainties of the corresponding branching fractions quoted in [1] and are hence statistically
insignificant*. The number of 7° mesons in the final state is counted with the following

algorithm:

1. The invariant mass of all the pairs of neutral clusters in the signal hemisphere is

0

calculated. Any pair is considered a 7° candidate if the invariant mass of the two

neutral clusters is between 0.115 and 0.150 GeV/c?.

2. If there is more than one 7° candidate, then the candidate with the invariant mass

closest to that of a 7° meson is considered the first 7° in the signal hemisphere.

3. The neutral clusters used in the previous 7° candidate are removed from the neutrals

lists. The first two steps are repeated until there are no more 7° candidates.

4. If there are more than three 7% candidates reconstructed, only the first three 7° meson

candidates will go into the determination of the invariant mass of the hadronic system.

There is reasonable agreement between the data and MC for modes with a charged pion
(see Fig. 4.4 and 4.5). There is no MC sample for the 7= — 7~ K? 27, and 7= —
7~ K2 37%, decays as there is no evidence of these decay modes according to the PDG. The
7~ — 7~ KK, decay contributes to the (7~ K9 27°) invariant mass plot and this can be
seen in Fig. 4.6 where we see evidence of the K — 27% decay. We also plotted the invariant
mass of the 3% system in the (7~ K2 37°) sample and see evidence for n — 37°. There is

no evidence for the 7= — 7~ K25, from any other experiment.

4.3.2 Likelihood ratios

To further reduce the contamination from other 7 decays and e*e™ — ¢g events, we have
constructed two likelihood ratios. One likelihood ratio uses the properties of the K to
identify events that contain a KY. The second ratio uses the event properties to separate

the ete™ — 777~ pair events from ete™ — ¢g events.

4The difference in the shape of the distribution does not affect the measurement either, as the total
number of events is counted, and the shape of the distribution does not come into play.
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We define an approximate likelihood as:
Ly = [ ps (1) (4.3)

where pg (¢;) is the probability density function (PDF) for variable x; for signal (back-
ground) events. The PDFs are generated using the Monte Carlo simulated events passing
the previous selection criteria.

The probability of the event being a signal decay given measurement x;, P (sig|x;), can

be obtained through Bayes’ Theorem:

P (siglz;) = P(xi‘;iﬁj(ﬂg) (4.4)
P (z;|sig) P (sig)
P (xi|sig) P (sig) + P (;|bkg) P (bkg)
P (z;]sig)

P (xi|sig) + I;%Z]:;];P(xi‘bkg)

We define a likelihood ratio function in terms of the approximate likelihoods:

['s ([L’Z)
s (:L’Z) +wly (xz)

ye (i) = 7 (4.5)
where w is the overall background-to-signal ratio estimated from Monte Carlo simulation.
Note that P(bkg)/P(sig) is replaced by w. This ratio obtained empirically is an estimate of
the ratio between the prior probabilities of an event being a background P(bkg) and it being
a signal P(sig).

The variables used to distinguish 7 events from ete™ — ¢q events are (see Figs. 4.7, 4.8
and 4.9):

e Number of neutral clusters in the tag hemisphere
e Number of neutral clusters in the signal hemisphere
e Magnitude of thrust

e Visible energy, defined as the sum of the energies associated with all neutral clusters

and tracks of the event
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e pr of the event, calculated from all tracks and neutral clusters in both hemispheres
The variables used in the K? likelihood ratio are (see Figs. 4.10 and 4.11):

e Decay radius of the K2, which is the distance from collision point to K2 vertex projected

in the plane transverse to the z-axis
e Invariant mass of the K
e 3-momentum of the K
e Cosine of the polar angle of the K

All variables used in the K? likelihood ratio are taken in the laboratory frame of reference.

A probability distribution function (PDF) is generated for each of the variables using
the MC samples for 7 signal decays and the background (other 7 decays and ete™ — ¢q).
The two likelihood ratios are constructed using the method described above. We require
that events have the 7 and K likelihood ratios greater than 0.2 and 0.4, respectively (see
Fig. 4.12), in order to optimize the purity of the sample and the data yield. The selection
criteria on the likelihood ratios are varied around their nominal values, and no significant

variation in the resulted asymmetry in the Monte Carlo simulated sample is found.

4.3.3 Results

The results after all selection criteria for e- and u-tagged samples are applied are presented
in Tables 4.2 and 4.3 respectively, where the errors are statistical only. The asymmetry is
defined by the following:

N, —N_

Ag = ———+ 4.6
Q= N E N (4.6)
where N, (N_) is the number of 77 (77) decays. The asymmetry in the Monte Carlo simu-
lation is expected to be zero, as CP violation is not included in the simulation. In addition,

the asymmetries in data and Monte Carlo simulated samples as presented in Tables 4.2 and
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Figure 4.12: Likelihood ratios to distinguish 7 events from ete™ — ¢q events (top) and 7
decays with K? from those without (bottom) (e-tag sample).
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4.3 are not background-corrected®. The treatment of background events will be explained in

Chapter 5.
Type Events % of MC  Asymmetry (%)
Data 1990644446 -0.3140.23
MC 1965324283 100 —0.16 £0.14
Signal 1931224279  98.3+0.2
77— K2(>0r%) v, 1540824244  78.440.2 0.04 £0.16
™ = K K2(>0m% vy, 8300462 4.22+0.03 —4.17+£0.75
7~ =1 KK, 30740+121  15.64+0.07 —0.14 £0.39
Background 3411443 1.744+0.02
7 background 664418 0.3384+0.009 —4.0+2.7
uds 398+15 0.203£0.008 —9.0+£3.9
cc 2349+36 1.20£0.02 3.1+1.5
Purity (%) 98.3+0.2

Table 4.2: Numbers of events after all selections are applied to e-tag sample. The last column
lists the asymmetries in different MC subsamples, with the asymmetry for “MC” being the
overall asymmetry with all the subsamples combined. The data asymmetry does not have
any corrections applied. Errors are statistical only.

5The errors for the Monte Carlo simulation in Tables4.2 and 4.3 are scaled with the luminosities, and so

differ from the statistical uncertainty in the data despite their similar sizes
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Type Events % of MC  Asymmetry (%)
Data 1406024375 -0.10x0.27
MC 1384154238 100 —0.02£0.17
Signal 1344434233  97.1+£0.2
T~ = K2(>0m%)r, 1071044203  77.4+0.2 0.18 £0.19
™ — K K2(> 0% v, 5568+51 4.02+0.04 —2.39+£0.91
7~ =1 KK, 217714102 15.73+0.08 0.22+£0.47
Background 3971447 2.87+0.03
7 background 419+14 0.304+0.01 3.4+ 3.3
uds 1676+32 1.21£0.02 —85+£1.9
cc 1877132 1.36£0.02 —-0.94£1.71
Purity (%) 97.1+0.2

Table 4.3: Numbers of events after all selections are applied to u-tag sample. The last
column lists the asymmetries in different MC subsamples, with the asymmetry for “MC”
being the overall asymmetry with all the subsamples combined. The data asymmetry does
not have any corrections applied. Errors are statistical only.
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Chapter 5
Discussion

In Tables 4.2 and 4.3, the “raw” asymmetries were presented. These asymmetries, which
are (—0.31 £ 0.23)% for the e-tag and (—0.10 + 0.27)% for the p-tag, are based on the
total number of events that passed the selection criteria (the errors are purely statistical).
However, these numbers need to be corrected for backgrounds and detector effects that are
not modelled in the Monte Carlo simulation. Further, systematic errors need to be evaluated.
The corrections and the determination of the systematic errors are performed in the order
listed below. Each step is discussed in more detail in this section. The effect of each step on

the measurement is summarized in Table 5.1.

1. Background correction: the small background components from ete™ — ¢q and other
7 decays are subtracted to obtain the asymmetry for the 7~ K9 > 07°% K~ K? > 0x°
and 7~ K°K° modes. The size of the background components is estimated using Monte

Carlo simulation.

2. K K9 dilution correction factor: K° and K° interact with the material in the detector
at different rates due to the different nuclear interaction cross sections. The different
rates can give rise to a charge asymmetry. This effect is not modelled in the Monte

Carlo simulation and a correction is applied to the asymmetry.

3. Systematic errors: the uncertainties due to possible detector biases, background sub-

traction and the dilution correction factor are evaluated.

4. Average: a weighted average is used to combine the asymmetries measured in the e-tag

and p-tag samples.
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5. Final result after “unfolding”: the asymmetry obtained thus far is based on a sam-
ple including 7= — K~ K? (> 07%) v, and 7= — 7~ K°K°, decays. To obtain the
asymmetry pertaining to the 7= — 7~ K2 (> 07°) v, decay mode alone, one must take

into account how the 7= — K~ K% (> 07°%) v, and 7= — 7~ K°K°v, modes affect the

asymmetry.

Asymmetry e-tag (%) p-tag (%)
Raw -0.3140.23(stat.) -0.10+0.27(stat.)
Background correction -0.3240.22(stat.) -0.05+0.27(stat.)
Dilution correction -0.46+0.22(stat.) -0.19+0.27(stat.)
Systematic errors -0.4640.23+0.13 -0.1940.27+0.10
Average -0.34+£0.18%0.08

Final result after “unfolding” -0.454+0.24+0.11

Table 5.1: Summary of asymmetries presented in the sequence in which the corrections are
applied and the errors are included. “Raw” is the asymmetry obtained from the number of
events passing selection criteria; “Background correction” is the asymmetry obtained after
background events are subtracted; “Dilution correction” is the asymmetry after nuclear
interaction effects of K° and K° with the detector material is taken into account; “Systematic
errors” is the inclusion of uncertainties due to detector effects and background subtraction;
“Averaged” is the average of the e-tag and u-tag results; and “Final result after 'unfolding’
” is the asymmetry for the exclusive decay mode 7= — 7~ K0 (> 07%) ;. The uncertainties
quoted in the first three rows are statistical only whereas the remaining three rows show
both the statistical and systematic uncertainties.

5.1 Background subtraction

The selected sample has a small number of background events. The Monte Carlo simulation
predicts the background to be dominated by ete™ — ¢g events with a smaller component
from eTe™ — 717~ decays that do not contain a KV in the final state (see Tables 4.2 and 4.3).
At this stage, the 7= — K~ K2 (> 07%) v, and 7= — 7~ K°K°, events are not considered

to be background. These decays are treated separately in Section 5.7.
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The background-subtracted asymmetry is given by:

. (Ny —By) = (N- — B-)
@ (N, = By) + (N_ - B_)

(5.1)

where Ny and By are the number of 7F decays in the data and the number of 7* background
events in the Monte Carlo simulation, respectively. N, for e-tag (u-tag) is 99222 (70233)
whereas N_ for e-tag (pu-tag) is 99842 (70369).

The background is estimated from the Monte Carlo simulation and the results are given in
Tables 4.2 and 4.3. The accuracy of the background prediction of the Monte Carlo simulation
is checked by comparing the number of data and MC events in rejected regions (0 — 0.1)
of the two likelihood ratios (see Figs. 4.12 and D.11), which is dominated by background
events. The ratio of data to Monte Carlo events (data/MC ratio) for the likelihood ratio that
separates ete™ — ¢q events from ete” — 7777 events is found to be 0.81+0.02 for e-tag
and 0.49+0.01 for p-tag (see Table 5.2). The same procedure is repeated for the likelihood
ratio that selects KU events and we find that the data/MC ratios are consistent with unity
(with a large statistical uncertainty).

The overall data/MC ratios are used to correct the number of background events pre-
dicted by the Monte Carlo. The corrected background event numbers are B¢ = 1393 4+ 79
(B" = 1120 £ 65) for 7~ decays and B = 1401 £ 74 (B} = 1055 £ 74) for 7+ decays in the
e-tag (u-tag) sample, where the errors include the statistical uncertainties in the Monte Carlo
as well as the uncertainties in the data/MC ratios. The corrected background event numbers
are then subtracted from number of events selected in the data sample. The background-
corrected asymmetries are found to be (-0.324£0.22)% and (-0.05+0.27)% for e- and p-tag,
respectively, where the errors are statistical (see Table 5.1).

The systematic uncertainty on the asymmetry due to the background is estimated us-
ing the Monte Carlo statistical error (see Tables 4.2 and 4.3) and the uncertainty in the
data/MC ratio (see Table 5.2). The statistical uncertainty in the Monte Carlo simulation
only constitutes a small part of this error in the asymmetry (= 0.02% for both tags) whereas
the uncertainty in the data/MC correction factor is much more significant. The correction
factor was varied for each charge and the maximum change in the value of the asymmetry
was taken as the systematic error. The total systematic error on the asymmetry due to the
background is estimated to be 0.05% and 0.06% for the e-tag and u-tag samples, respectively.

The background-related systematic errors are combined with the other systematic errors in
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Tag Data to Monte Carlo Ratio
7~ decays 71 decays Overall
7 — qq Likelihood
e 0.82+0.03 0.794+0.03 0.81+0.02
1 0.53+0.02 0.4740.02 0.49+0.01
K? Likelihood
e 1.1+0.3 0.940.2 0.940.2
1 1.0+0.4 1.0+0.4 1.0+0.3

Table 5.2: The ratios of data to Monte Carlo simulated events for the vetoed region of the
likelihood ratios. The “7-gq Likelihood” separates e*e™ — ¢g background events from e™e™
— 7777 events whereas the “K? Likelihood” selects KY events.
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Section 5.4.

5.2 K% K" nuclear interaction

It has been suggested [37] that there can be a “dilution” effect to the asymmetry due to
the difference in nuclear interaction cross sections for K° and K° !. This is because the
measurement of the charge asymmetry is intrinsically linked with the asymmetry of a 7

lepton decaying into a K° or a K° meson:

D(rt —>7"K°(> 01 v,) - (1~ = 7 K° (> 07°) vy
[ (rt — 7t KO (> 010 v,) + T (7= — 7 K° (> 07°) v,)

A= (5.2)

If the K° and K° mesons are detected with different efficiencies, then the asymmetry mea-
surement will be affected. A correction factor needs to be applied to the asymmetry mea-
surement to account for this effect.

The asymmetry due to the interaction of neutral kaons with detector material (Ap) is

described in full detail in Appendix E and is calculated to be:

P}?O_PKO

Ap =

where Pjo(Pjgo) is the probability of a K° (K?) interacting with the detecting material. The
probabilities are dependent on the nuclear interaction cross section of the neutral kaon at a
specific momentum, the amount of detector material the kaon traverses before decaying, and
the polar angle of the trajectory of the kaon. Ap is determined on an event-by-event basis to
be (0.135+0.013 + 0.026)% for the e-tag and (0.137 £ 0.015 £ 0.017)% for the u-tag, where
the first error is statistical and the second is systematic. The statistical uncertainty is due to
the fact that the interaction probability is evaluated on an event-by-event basis whereas the
systematic uncertainty is dominated by uncertainties in the kaon-nucleon interaction cross
sections. This “dilution” asymmetry has to be subtracted from the measurement. The total

error on Ap is included in the systematic errors (see Table 5.3).

IThis effect is not accounted for in the Monte Carlo simulation because the Monte Carlo simulation
projects the neutral kaon onto the K2/K? eigenspace at the production point [37].



o7

5.3 Detector uncertainties

It is necessary to establish that there are no charge-dependent detector or selection criteria
that would result in a bias in the asymmetry measurement. Biases can arise from a charge
asymmetry in the interactions of particles from the decay with the detector material. Fortu-
nately there is a sample of 7= — 7~ 7~ 7", decays, which is approximately 30 times larger
than the signal sample. The 7= — 7 7 7tv, sample contains a negligible number of K
mesons that decay to a #* 7~ pair, as the three tracks are required to originate from the
ete™ beam spot. The 3-prong 7 decays are not expected to give rise to any CP asymmetry
induced by new physics processes (see, for example, [38] and [39]).

Appendix C contains more details regarding the control sample study. The selection
criteria for the control sample are similar to those used to select the signal sample. However,
one of the key differences between the control sample and the signal sample is the requirement
in the former that the three tracks in the signal hemisphere originate from the e*e™ collision
vertex. As aresult, KY decays are highly suppressed in the control sample due to its displaced
decay vertex, and any K selection criteria in the signal sample are not implemented in the
control sample.

One of the challenges with the e-tag control sample is the contamination of radiative
Bhabha events, where a photon converts to an eTe™ pair. This can give rise to a spurious
source of charge asymmetry due to the asymmetric ete™ beam energies. Specifically, the e~
beam will be more likely to radiate a photon that is energetic enough to produce a detectable
pair of particles. The pair of charged particles will then travel preferentially in the direction
of the e~ beam, resulting in the e~ being more likely to be identified as the tag particle.
In principle radiative dimuon events can give the same effect in the u-tag sample, but since
the radiative power for bremsstrahlung is inversely proportional to m? (for particles with
dv/dt L o) or m® (for particles with dv/dt || ¥), the effect is suppressed. The radiated
photon has a low invariant mass, so the K invariant mass window is effective in excluding
radiative Bhabha events in the nominal sample. However, no mass cut is applied in the
control sample. Therefore, additional selection criteria are applied to the control sample to
suppress background of Bhabha events.

The detector uncertainty is taken to be the difference in the asymmetries between the
data and the Monte Carlo simulation control samples. The asymmetries in the e-tag data
and Monte Carlo simulated control samples are (—0.065 4 0.039)% and (0.061 + 0.029)%,
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respectively. The asymmetries in the data and Monte Carlo simulation are slightly incon-
sistent with each other. Rather than taking the uncertainties of the asymmetries as the
systematic error, we take the difference (0.12%) as the systematic error. Since the asymme-
tries in the data and Monte Carlo simulated control samples are consistent with each other
for the p-tag sample ((0.115 %+ 0.044)% and (0.105 £ 0.033)% respectively), the sum of the

statistical uncertainties (0.08%) is taken to be the systematic uncertainty.

5.4 Systematic uncertainties

A summary of the systematic uncertainties of this study is presented in Table 5.3. Luminos-
ity, tracking efficiency and particle identification do not introduce additional systematic un-
certainties. Luminosity enters in both the numerator and the denominator in the expression
for asymmetry and will hence cancel out, so uncertainties in the luminosity do not contribute
to the uncertainty in the asymmetry. Tracking efficiency does not introduce additional sys-
tematic uncertainties because there are four tracks in the events, two for each charge. Any
biases introduced by particle identification will also be present in the control sample, so

uncertainties due to particle identification are not included to avoid double-counting.

Source Uncertainty
e-tag u-tag
Background 0.05 0.06

KO- K° Nuclear Interaction 0.03  0.02
Detector Uncertainty 0.12  0.08
Total 0.13  0.10

Table 5.3: Systematic Uncertainties. Uncertainties are in the same units as the asymmetry.

5.5 Average asymmetry

The e-tag and p-tag asymmetries are combined by a weighted average. Since the asymmetries

in the two samples are expected to have the same central value, a weighted average based
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on the uncertainties in the two asymmetries can be used. The average asymmetry A,,, can
be determined from the asymmetries of the two samples A; (i = 0, 1) and the corresponding

uncertainties o; by the following (see, for example, [40]):

Ay = % (5.3)

while the uncertainty in the average is related to the uncertainties in the individual samples

1 1

avg

by the following:

The systematic errors for the e-tag and u-tag samples are uncorrelated, except for uncer-
tainties in the dilution factor attributed to kaon-nucleon interaction cross sections. However,
the uncertainty from kaon-nucleon interaction cross sections only constitutes a small part of

the overall systematic uncertainty, and their correlations can hence be neglected.

5.6 Cross-checks

A series of cross-checks have been performed to ensure that there are no selection biases or

detector effects that need to be taken into account.

+

5.6.1 Asymmetry from e"e- — ¢g background

To check whether the ¢ggq background events would introduce any asymmetry, one can look at
the events in the vetoed region of the 7-qq likelihood ratio. It is found that the asymmetry
in the vetoed region (likelihood ratio between 0 and 0.2 in the top plot in Fig. 4.12) for the
e-tag is consistent with zero in both data ((0.6 & 1.7)%) and MC samples ((0.4 + 1.2)%).
The same is found for the u-tag: (—4.8 £2.0)% and (—1.3 + 1.1)% for the data and Monte
Carlo simulated samples, respectively.

The value of the likelihood ratio cut does not seem to have a significant impact on the
asymmetry. The value of the cut is varied by 0.1 around where it is applied, and a maximum
deviation of 0.07% (0.03%) is seen for the e(u)-tag sample. This is less than the statistical

uncertainty associated with the ete™ — ¢g background and can be neglected.
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5.6.2 Asymmetry from ete” — 777~ background

Since the 7 background constitutes only (0.33840.009)% of the e-tag sample and (0.30+0.01)%
of the u-tag sample after all selection criteria have been applied, its impact on the overall
charge asymmetry is limited. No systematic uncertainty due to the ete™ — 77~ back-
ground asymmetry is assigned. Furthermore, variations in the cut value at the K? likelihood
ratio do not seem to produce any significant impact on the overall asymmetry: the maximum
deviation in the overall asymmetry due to these variations is found to be 0.06% and 0.003%

for the e- and u-tag samples, respectively.

5.6.3 Forward-backward asymmetry

This could

manifest itself into an asymmetry if there is a difference in the selection efficiencies between

The ete™ — 777 events has a slight forward-backward asymmetry (A,,).
the forward and backward regions of the detector. However, this effect is modelled in the
Monte Carlo simulation and is also present in the control sample. Any asymmetry induced

by A, , will have already been taken into account by the control sample.

5.7 Unfolded Asymmetry

In addition to 7= — 7~ KY (> 07%) v, decays, the sample also containsa 7~ — K~ K2 (> 07°) v,
component as well as a 7~ — 7~ K°K%, component. The 7~ — K~ K (> 07°) v, compo-
nent is due to the K~ failing the charged kaon selector and being misidentified as the 7~
meson. The 7= — 7~ K°K°, component arises when one of the neutral kaons decays by
K? — 7%, and is then reconstructed as a 7= — 7~ K2 27"y, candidate.

The two decays have an impact of the overall asymmetry measurement since the SM
asymmetry from 7= — K~ K2 (> 07%) v, is equal and opposite to the 7= — 7~ K v, asym-
metry. This is because the K9 in the 7= — 7~ K2 (> 07°) v, mode is produced by a K°,
whereas the K2 in the 77 — K~ K2 (> 07%) v, mode is produced by a K°. The asymmetry
from 7 — 7~ K°K°v. is expected to be zero, which in turn dilutes the overall asymmetry.
The branching fractions as published by the Particle Data Group (PDG) [1] and predicted
SM asymmetry of the three signal modes are given in Table 5.4.

Quantitatively, if f is the fraction of the 7= — 7~ K2 (> 07°) 1/, decays in the background-

corrected sample, and f, and f3 are the fractions of the 7= — K~ K° (> 0n°) v, and
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Decay mode Bppc Ag ()
7~ =1 K0 (>0r%)y, (11.6+1.1)x10™%  0.33£0.01
™ =K K2(>0m")r, (3140.2)x107* —0.33+0.01
7~ — 1 KK, (1.7£0.4) x 1073 0

Table 5.4: Decay modes and their respective branching ratios [1] and SM asymmetries

7= — 71 K°KO, decays, respectively, then the asymmetry of the overall sample A,y is
expected to be related to the asymmetry due to the 7= — 7~ K9 (> 07°) v, mode Agys by
the following;:

.
fitfat /s

The f; will depend on the efficiency of the selection criteria for each mode. The values
of fi, fo and f3 are (78.4 £4.0)%, (4.2 +0.3)% and (15.6 & 3.7)% respectively for e-tag?,
and (77.4 +4.0)%, (4.0 £0.3)% and (15.7 + 3.7)% respectively for p-tag based on the

numbers in Tables 4.2 and 4.3. The errors quoted here also include the uncertainties due to

Aat = (5.5)

the branching fractions as given in the PDG [1]. The result obtained in this study can then
be compared with the prediction of Bigi and Sanda by dividing the measured asymmetry of
(—0.34 £0.18 £ 0.08)% by (f1 — f2)/(fi + fo + f3) = 0.75 £ 0.04 (the correction is identical
for the e-tag and p-tag samples). The uncertainty on the correction includes the statistical

uncertainty and uncertainties in the branching fractions.

5.8 Final result

The average asymmetry due to the 7= — 7~ K9 (> 07°) v, mode is measured to be Ag =
(—0.45 £ 0.24 + 0.11)%, where the first error is statistical and the second systematic. The
result is 3o from the SM prediction of (0.33+0.01)% [12].

2The values of f; depend on the charged kaon particle identification inefficiency. However, the uncertain-
ties in the particle identification efficiency are of the order of a few percent — negligible compared to the
uncertainties in the branching fractions.
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Chapter 6
Conclusions

The analysis of the decay mode 7= — 7~ K° (> 07°) v, reveals a decay rate asymmetry of:
Ag=(—-045+024£0.11) %

where the first error is statistical and the second systematic. The systematic uncertainties
are due to detector effects, background subtraction, and the uncertainties in the kaon nuclear
interaction cross sections. The measured asymmetry is consistent with the Standard Model
prediction of (0.3340.01)% within three standard deviations.

This is the first measurement of the decay rate asymmetry using 7= — 7~ K2 (> 07%) v,
decays!. Studies of CP violation using 7 decays have been carried out by Belle [41] and by
CLEO [42], both studying the angular distribution of 7= — 7~ K2 v, decays. None of the
three studies (including the one presented in this dissertation) has yielded any evidence for
CP violation induced by new physics. In a related study on the decay D* — K97 by BABAR
[43], the CP asymmetry is found to be consistent with the Standard Model prediction.

A measurement that confirms the Standard Model prediction would be an important
result. A new high-luminosity B factory (SuperB) is being constructed in Italy with collisions
expected in five to ten years. It is expected that the data sample would be over 100 times
the size of the dataset used in this work [44]. This would reduce the statistical uncertainty
by one order of magnitude, making it possible to confirm the Standard Model prediction, or

to find evidence of new physics.

LA draft of a journal paper of this work is under final review by the BABAR Collaboration and will be
submitted to Physical Review D (Rapid Communication).
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Appendix A

Mixing of K' and KV states

In Chapter 2 the coefficients for the admixtures of | K°) and |K°) in CP eigenstates |K;) and
| K5) were presented. However, since CP symmetry is violated in the kaon sector, different
admixtures of |K%) and |K°) make up the mass eigenstates |K?) and |K?). The derivation
for the new admixtures is described in [4] and is presented below.

Consider the basis {|K°), |K°)}. They span a two-dimensional vector space. One can

represent |K°) with the vector and |K°) with . An arbitrary linear combination
0 1

of |K% and |K°) can then be represented in the following manner:
0 70 o
alK°) + BIK7) = (A.1)

The time-dependent Schrodinger Equation can be expressed as:

d [« ~ [«
ih— =X (A.2)

dt 6 6

where X = M — iT'/2, M and T' are Hermitian matrices known as the mass and decay
matrices, respectively. Note that X is not Hermitian in general. The matrix representation
of X in the basis of |K°) and |K°), X, is:
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; (KO|X|K°)  (K°|X|K°)
Xij=1| _ . o (A.3)

(K°IX|K®) (K°|X]K°)
With the assumption of CPT invariance, the masses and decay times for K° and K° are
identical; therefore, (K| X|K°) = (K°|X|K°). The matrix X, is then of the following form:

. x a

b =z
To find the eigenstates, which will be known as |K?) and |K?), one needs to find the
eigenstates. The eigenvalues can be obtained by diagonalizing the matrix, i.e. to solve for A

in the characteristic equation:

@4Xﬁ—ﬂ)::o (A.5)
=(@x—-\N"—ab = 0
= N —2zA+ (" —ab) = 0
2x £ /422 — 4 (22 — ab)
2
= z+Vab (A.6)

=\ =

For the eigenvalue A\, = z + vab, the corresponding eigenstate (eigenvector) is the

nullspace of X;; — A\, I

T — Ay a —Vvab a
b -\, b —Vab

—Vab a
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J/a

where “—” represents row reduction. The nullspace of Xij —A_Iis hence spanned by /i
b

Similarly, for the eigenvalue A\_ = = — vab:

T — A a Vab a
b x— A b Vab
Vab a
— (A.8)
0 O
a
The nullspace is hence spanned by . Therefore, the two eigenstates are:
—Vb
[K?) o alK®) + VBIK®)
[K}) o alK®) — VBIK?) (A.9)

where the proportionality constant is chosen such that the eigenstates are normalized. The

e Define p = Y2 and ¢ = 2

S :a—_i_b,and

proportionality constant for both eigenstates is thus

one recovers the form in Chapter 2:

|K9) = p|K°) +q|K?)
|K7Y) = p|KY) —q|K°)
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Appendix B

BABAR Terminology

The BABAR terminology mentioned in this work is defined in this appendix. The criteria in
defining the following terms are not exclusive to this work; rather, they are used in all BABAR
analyses.

Basic components

e Tracks: Tracks are reconstructed in the SVT /DCH detectors, as outlined in Section 3.2.

The tracks are put into different lists with varying levels of selection criteria.
The GoodTrackVeryLoose list is used in this work. A track in the GoodTrackVeryLoose
list must satisfy the following criteria:
— Polar angle 6 between 0.410 and 2.54 radians, which corresponds to -0.824<
cos(f) <0.917 in the laboratory frame;
— Momentum p is less than 10 GeV/c in the laboratory frame;

— Maximum distance of closest approach from the interaction point (DOCA) in the

transverse plane dj is 1.5 cm; and

The z-coordinate of DOCA zy must be between -10 cm and 10 cm.

e Neutral clusters: Energy deposits in the calorimeter that are not associated with any

reconstructed tracks are assumed to originate from photons in the decay. In this work,

the neutral clusters are used to reconstruct 7° in the decay 7% — ~+.
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The list used in this work is CalorNeutral, which consists of energy deposits not asso-
ciated with any tracks. In addition, a cluster in the CalorNeutral list must satisfy the

following criteria:

— Energy associated with the cluster must be greater than 30 MeV;
— The lateral moment must be between 0 and 0.6'; and

— The number of crystals hit in the calorimeter must be greater than 3.

List definitions

e Conversion list: Photons can convert to produce two oppositely charged tracks when

they interact with material in the detector. The conversion list used in this work is
gammaConversionDefault. This list requires that a pair of oppositely charged tracks

satisfy the following criteria:
— The invariant mass of the two tracks is less than 30 MeV/c?, assuming the tracks
are electrons;

— The distance between the decay vertex and the eTe™ interaction point in the

xy-plane must be between 0 cm and 27 ¢cm; and

— The quality of the vertex reconstruction must be good, as measured by x2.

e Muon selector (muNNTight): The muon selector used in the analysis, muNNTight, is

a selector based on a neural net determined by the following variables:

— Energy in the EMC;
— Number of IFR hit layers in a cluster;

— Number of interaction lengths traversed by the particle;

Difference between the expected and measured number of interaction lengths tra-

versed;

!The lateral moment of the shower in the calorimeter (LAT) is defined as:

N 2
LAT = % (B.1)
Dz Bir?

where F; is the energy deposited in a crystal in the cluster; r; is the distance of the crystal to the cluster
centre; and r is the length scale of a crystal, 5cm [45]. E; are listed in decreasing order.
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— x?/D.O.F. of a polynomial fit of the cluster compared with the IFR hit strips;
— x?/D.O.F. of the track extrapolation compared with the IFR hit strips;

— A variable T, related to track continuity, determined from the ratio of the total
number of IFR hit layers in cluster to the total number of IFR layers spanned by

the cluster. T, should peak at 1 for continuous tracks; and
— Average and standard deviation of the distribution of the multiplicity of hit strips

per layer in a cluster.

e KM particle selector lists: The electron, pion and kaon lists — eKMTight, piKMTight

and kKKMTight respectively — are derived according to outcomes from an Error-Correcting

Output Code (ECOC) [46]. The algorithm compares the particle with a training sam-
ple and determines whether it is an electron, a charged pion, a charged kaon or a
proton. The algorithm uses variables such as kinematic properties of the track, energy
loss and recorded hits in the SVT and DCH, patterns in the DIRC, and energy deposits
in the EMC. The efficiencies for the KM particle selector lists are 95% for electrons
and charged pions above 1 GeV/e¢, and above 80% for charged kaons less than 3 GeV/c
47].

o K0 selector (KsTight): The K2 selector list used in this work is KsTight. The criteria

are as follows:

— The K? decays into two oppositely charged tracks;
— The mass of the K candidate is between 0.47267 GeV/c? and 0.52267 GeV/c?;

— After vertex reconstruction, the mass is required to be between 0.45 GeV/c? and
0.55 GeV/c?;

The x? probability given in the track fit algorithm is greater than 0.001; and

The distance between the ete™ interaction vertex to the K? decay vertex is more

than three times its uncertainty.
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Appendix C

Control sample studies

The control sample uses the TaulN skim, which consists of 7= — 7~ 77" (> 07°)r, decays
(and the charge conjugate decays) tagged with a 7+ — (T, decay in the opposite hemi-
sphere. The K? contamination is suppressed due to requirement in the TaulN skim that the
three tracks originate at the collision vertex (see Figs. C.1-C.7).

In the Standard Model, there is no CP violation in the 7= — 7~ 7~ 7" v, decay mode
and searches have found no evidence for CP violation. CP violation only arises through the
K? through which the 7 decays. The control sample should have no asymmetry under the
Standard Model. In other models (such as SUSY), the control sample is not expected to
show a charge asymmetry at the present level of sensitivity ([38], [39]).

The control sample uses the same preselection criteria as the nominal selection. Fig. C.1
displays thrust (top) and momentum of tag particle in the centre-of-mass frame (bottom)
in the e-tag control sample after the preselection criteria are applied. The same plots for
the p-tag control sample are shown in Fig. C.2. In addition, it is required that the invariant
mass of the three particle system be less than 1.8 GeV/c? (see Figs. C.4 and C.5).

Additional cuts are imposed on the e-tag control sample to ensure that radiative Bhabha

events are vetoed:
e The selection criterion on the thrust is changed from 0.995 to 0.99;
e The z-component of the thrust vector must be less than 0.9 (Fig. C.3); and

e The sum of the momenta of the two lower-momentum signal tracks must be greater
than 1 GeV/c (Fig. C.3).
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The charge asymmetries observed in both the control data and control MC samples are
summarised in Table C.1. We show the results for both the e-tag and p-tag samples. The
composition of the control Monte Carlo sample is shown in Table C.2 for e-tag and Table
C.3 for p-tag.

The e-tag sample is more challenging due to the impact of radiative Bhabha events
generating photons, which then convert into an ete™ system in the detector. Radiative
Bhabha events are not included in the Monte Carlo simulation. Even with the photon
conversion rejection requirements, we observe significant discrepancies between the data and
MC for the 7= — 7~ 7~ 7" v, sample whereas the samples with one or more 7 mesons are
in better agreement. Radiative Bhabhas are not present in the p-tag sample, so we compare
the e-tag and the p-tag samples to see the extent and the impact of Bhabha contamination
(See Figs. C.6 and C.7 for the mass plots for 3w decay in the u-tag sample). The discrepancy
in the tail of the (7~ 7~ #") mass spectrum is most likely caused by radiative Bhabhas, as
similar discrepancy is not observed in the p-tag sample.

The charge asymmetries for data and MC differ by 0.12% in the e-tag sample. We include
this as a systematic error (see Section 5.4). The charge asymmetries for data and MC in the
pu-tag sample, on the other hand, are consistent within the quoted uncertainties. The sum
of the data and MC statistical errors in the u-tag control sample is 0.08% and is included as

a systematic error.
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Figure C.1: Thrust (top) and momentum of the tag track in the centre-of-mass frame (bot-
tom) for the e-tag control sample. All selection criteria except for the variable depicted in the
distribution have been applied. The selection criterion on the thrust has been tightened from
0.995 to 0.99 to veto Bhabha contamination. The red lines indicate the selection criteria.



72

X
[y
<

aTeseeesy. N
e s, Thrust (p-tag)

120 ! y j j j
100
80
60
40
20

Entries

.(DIII|III|III|III|III|III|

A . .
0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99
Thrust

o

Entries

=
|

0.99 1
Thrust

X
[y
Q

140
120
100

Tag P, (1-tag)

Entries
o)
o

'
o

D
o
S III|III|III|III|III|III|III|

N
o

Entries

Momentum (GeV/c)

Figure C.2: Thrust (top) and momentum of the tag track in the centre-of-mass frame (bot-
tom) for the u-tag control sample. All selection criteria except for the variable depicted in
the distribution have been applied. The red lines indicate the selection criteria.



73

450 T
400 2 + -
250 Ip,| +Ip,| (e-tag)
300
250
200
150
100
50

Entries

8 9 10
Momentum (GeV/c)

O,
N
w)
N
[3))
ob
~

Entries

8 10

9
Momentum (GeV/c)

90000
80000
70000
60000
50000
40000
30000
20000
10000

Xis
(e-tag)

Entries

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Thrust Axis (z-comp)

O

Entries
&

1

0.8 0.9

1o ) ; . ) 05 06 0.7 ; s
Thrust Axis (z-comp)

Figure C.3: The sum of momenta of the two lower-momentum tracks (top) and the z-
component of the thrust vector (bottom) for the e-tag control sample. These selection
criteria are imposed to veto Bhabha contamination in the e-tag control sample. The red
lines indicate the selection criteria.



74

Entries

250 s E

200

150 Oag _

100
50

0
10°
10
10°
10%

10
1o

100

: 4

25 3 35
Mass (GeV/c?)

x10°
450 T T T T T T —
|
400 —
350 3rt(e-tag) — Data E
300 [ JNon-K¢ _

NF-

0.5 1 15

Entries

35
Mass (GeV/c?)

X
[y
<

3ntt (e-tag)

Entries

N B (2] @

o o o o
cIII|III|III|III|III|III

! L " o i 4

0.5 1 15 2 25 3
Mass (GeVic

o

\/N.(’JIII|III|III|III|III|III

Entries

*
fil
3 35

Mass (GeV/c?)

Figure C.4: Invariant mass of 37 (top) and 377" (bottom) in the signal hemisphere in the
e-tag control sample. The discrepancy between Monte Carlo simulation and data in the 37
invariant mass plot is due to Bhabha contamination. The red lines indicate the selection
criteria.



75

10000
3n2r’ (e-tag)

Entries

8000

6000

4000

2000

<:III|III|III|III|III|

3 35
Mass (GeV/c?)

10

Entries

10°
10°

10

1o ; § y 3 35
Mass (GeVic?)

600 T T T T T T

3n 31’ (e-tag) M

500

Entries

400
300
200

100

cIIII|IIII|IIII|IIII|IIII|IIII

\-’/\,5')IIII|IIII|IIII|IIII|IIII|IIII

Mass (GeV/c

Entries

10°

10

1o 05 § . 35
Mass (GeV/c 2)

Figure C.5: Invariant mass of 3727 (top) and 3737° (bottom) in the signal hemisphere in
the e-tag control sample. The red lines indicate the selection criteria.



76

x10°
0 350 & T T T T T T =
2 E D — E
£ 300E-  3m(u-tag) 3
w 250 E- =
200 E- =
150 - -3
100 E- =
S0E- =
E b i 4 3
0 0.5 T 15 p 35 3 35
Mass (GeV/c?)
(7]
o
€
i
35
Mass (GeVic?)
3
" 100 22 . . . . . . .
k] E i 3
E gol—  3n7 (u-tag) . =
i c ]
60— —
a0 —
20— —
E s . . 3
0 05 T 15 2 35 3 35
Mass (GeVic?)
1]
k]
=
f=
fin

3 35
Mass (GeV/c 2)

Figure C.6: Invariant mass of 37 (top) and 377° (bottom) in the signal hemisphere in the
p-tag control sample. The red lines indicate the selection criteria.



77

(%]
2
£ 3m2r (u-tag)
w
]
3 35
Mass (GeV/c?)
g
iy 10°
10°
10
1o ; 5 5 35
Mass (GeVic?)
17, 600 - T T T T T T —
2 E E
£ 500 F- 3m3rt (u-tag) =
w E E
400 — —
300 - =
200~ =
100 F- =
0 05 35
Mass (GeVic?)
17, T
o
=
&
10
10
1o 05 ; ; 35

Mass (GeV/c 2)

Figure C.7: Invariant mass of 3727 (top) and 3737° (bottom) in the signal hemisphere in
the p-tag control sample. The red lines indicate the selection criteria.



Sample

Positive Tag

Negative Tag

Aq

Data (e-tag)
MC (e-tag)

3207678 £ 1791
3368353 £ 1396

3203527 £ 1790
3372450 £ 1397

(—0.065 + 0.039)%
(0.061 & 0.029)%

Data (u-tag)
MC (u-tag)

2608240 + 1615
2720567 £ 1255

2614261 £ 1617
2726283 £ 1256

(0.115 = 0.044)%
(0.105 = 0.033)%
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Table C.1: Asymmetries measured in the control samples for data and Monte Carlo simula-

tion.

Type Events % of MC
Data 6411205 £ 2532
MC 6740802 £ 1975 100
7 non-Kg decays 6599205 £ 1968  97.90 &+ 0.04
Background 141597 £ 273 2.101 = 0.004
n~ Kg background 31722 4+ 136 0.471 £ 0.002
K~ Kg background 7771 £+ 67 0.1153 £ 0.0010
uds 15232 £+ 92 0.226 + 0.001
cc 86872 £+ 208 1.289 £ 0.003

Table C.2: Results for e-tag control sample after selection criteria. Errors are statistical

only.



Type Events % of MC
Data 5222501 £ 2285
MC 5446850 £ 1775 100
T non-Kg decays 5262142 £ 1758  96.61 £ 0.05
Background 184708 £ 314 3.391 £ 0.006
7~ Kg background 27500 £ 126 0.505 £ 0.002
K~ Kg background 5992 £ 59 0.110 £+ 0.001
uds 68971 £ 196  1.266 £ 0.004
cc 82245 + 202 1.510 £ 0.004
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Table C.3: Results for p-tag control sample after selection criteria. Errors are statistical

only.
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Appendix D

u-tag Results

The distributions for the kinematic variables used in the selection criteria are observed to
be similar for e-tag and p-tag samples. Distributions of the variables for p-tag are presented

here. The e-tag plots are presented in Section 4.3.

D.1 Selection Prior to Likelihood

Figs. D.1 and D.2 show the magnitude of the thrust of the event, the magnitude of the
momentum of the tag particle in the centre-of-mass frame, and the invariant mass of 7% 7~
pair in K — 7t 7~ candidates. Figs. D.3 and D.4 show the invariant mass of the hadronic
system in the decay 7= — 7~ KY (> 07°) v, in the signal hemisphere. A K? peak can be
observed in the invariant mass spectrum of the 27° mesons in the decay 7= — 7~ K2 27%u,
(see Fig. D.5), which is also observed in the e-tag sample. A similar peak at ~ 500 MeV/c? can
be observed in the invariant mass spectrum of the 37" mesons in the decay 7= — 7~ K9 3%,
in the p-tag (also in Fig. D.5), although the peak is less pronounced than the case found in
the e-tag.

D.2 Approximate Likelihood Ratio

The distributions shown in Figs. D.6, D.7 and D.8 are the variables used in the approximate
likelihood separating ee™ — ¢g events from ete™ — 777 events whereas Figs. D.9 and

D.10 display the distributions of the variables of the approximate likelihood used to identify
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Figure D.1: Thrust (top pair) and momentum of the tag particle in the tag hemisphere in
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Figure D.2: Invariant mass of 77 7~ in KY — 7" 7~ in the p-tag sample. As in Fig. D.1,
the top plot is linear while the bottom plot is semi-logarithmic. The colour scheme of the

histograms is the same as that in Fig. D.1.
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Figure D.3: Invariant mass of the 7= K? (top pair) and 7= K2 7° (bottom pair) systems
for p-tagged events. Within each pair of plots, the top is the linear plot while the bottom
is semi-logarithmic. All selection criteria except for the likelihood ratios and the invariant
mass criteria have been applied.



84

Entries / 0.027GeV/c 2
[
8

T Kg 210 (U-tag)

2.5 3
Mass (GeV/c?)

10?

10

Entries / 0.027GeV/c 2

| T IIIII|T|

25
Mass (GeV/c ?)

25
20
15

10

Entries / 0.027GeV/c 2

0.5

10

Entries / 0.027GeV/c 2

1 15 2 25 3
Mass (GeV/c ?)

Figure D.4: Invariant mass of the 7~ K9 27° (top pair) and 7= K? 37° (bottom pair) systems
for p-tagged events. Within each pair of plots, the top is the linear plot while the bottom
is semi-logarithmic. All selection criteria except for the likelihood ratios and the invariant

mass criteria have been applied.



250
200
150
100

Entries / 0.015GeV/c 2
3

CIIII|IIII|IIII|IIII|IIII|III

10°

10

Entries / 0.015GeV/c 2

T IIII|T|'|

-
O
O_
N
N
N
(=]
o

0.8 1 1.

2

| IIII|_|_|,|

17
Mass (GeV/c?)

Entries / 0.015GeV/c 2

3 (u-tag)

=
N
& I|III|III|III|III|III|III|III|III|III|III|III|

0.2

=
IN

2

<
D
]
%]
©
)
<
3]

10

Entries / 0.015GeV/c 2

Wk

[l 1

0.2 0.4 0.6

=
(=}

2

Mass (GeV/c ?)

85

Figure D.5: Invariant mass of the 27° in the decay 7= — 7~ K9 27%, (top pair) and of the
37% in the decay 7= — 7~ K2 37, (bottom pair) for u-tagged events. All selection criteria

except for the likelihood ratios have been applied.
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Appendix E

Asymmetry correction due to Kg

interaction in the detector material

It was noted by Ko et al [37] that neutral kaons have a non-zero probability of interacting
with the material in the beam pipe and the silicon vertex detectors. Further, the difference
in the K~ and K nucleon cross sections would suggest that the K° and K° mesons will
interact differently by isospin symmetry. The different interaction probability for K° and
K° mesons will in turn affect the decay rate asymmetry measurement. A correction for this
effect should therefore be applied.

The decay rate asymmetry is defined to be

Lt - a"K' (>0 v,)—T (- -7 K°(>0n%)0,) I, -T_

A — — —
(rt > 7tK (> 01 y,)+ D (7 -7 K°(>0n%) v,) Ty +1-

(E.1)

where we define 'y = T'(77 —» 7t K% (> 07%) v,) and T'_ =T(7~ — 7~ K° (> 07%) v,). If we
define the probability of a K° or a K° meson interacting in the material of the detector to

be Pko and Pgo, respectively, then the measured asymmetry can be written as

I (1—Pgo)—T_(1—Pg) T,—T_ T, Pgo—T_Pgo

A — ~
M T (1= Pro)+T_(1—Pgo) TIy+T_ T, +1_

(E.2)

where we use the fact that the the values of Pgo and Pgo are small (less than 0.01) so that
we can ignore their impact in the denominator of the asymmetry given above.

The ratios I'y./(T'y + T'_) & 1/2, so this allows one to rewrite the measured asymmetry
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as
F+—F_ PEO_PKO

I UL

y — A+ Ap (E.3)

where the asymmetry correction, or the dilution, is denoted as Ap = (Pgo— Pgo)/2 following
the convention in the Ko paper. As a result we need to subtract the correction from the
measured asymmetry to get the asymmetry we can compare with the SM prediction.

To estimate the probability of a K° or K° meson interacting in the detector, we use a
list of the materials in the detector and the relevant cross sections. Table E.1 outlines the
materials used in the beampipe and the vertex detector of BABAR.

The K° (K°) nucleon cross section is assumed to correspond to the K~ (K*) nucleon

cross section by isospin invariance. One can take the analogy in the pion sector, where:
o(ntp) =0 (7 n)
while recognizing that:

K+ K°
and
K K~

form two doublets in the isospin space. Consequently, one can obtain the following relations:

o (K+p) = 0 (Kon)
o (K*n) = 0 ([?Op)
o (K+n) = 0 (Kop)
o (Kp) = o(R)

The cross sections are taken from the PDG [1] and shown in Fig. E.1. We reduce the
cross section data to 20 bins in the neutral kaon momentum between 0 and 8 GeV (the
momentum of the neutral kaons in this work is plotted in Fig. E.2). The systematic errors
on the cross sections are estimated to be 0, 5%, 5% and 20% for the (K~ p), (K~ n), (K™
p) and (Kt n) cross sections [1], respectively.

The probability of a neutral kaon interacting with the material per unit thickness is given



Component | Radius (¢cm) Material Thickness (cm) Z A Density (g/cm®) dN,/dS(x10%*) dN,/dS(x10%*)
Beampipe 2.5056 Au 0.0004 79 197 19.3 0.186 0.278
2.506 Be 0.083 4 9 1.848 4.11 5.13
2.589 Water 0.148 10 18 1.000 4.95 3.96
2.737 Be 0.053 4 9 1.848 4.11 5.13
SVT 3.3
4.0
5.9 Si 0.03 14 28 2.33 2.10 2.10
12.2
14.2

Table E.1: Configurations of BABAR beampipe and vertex detector .

g6
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by
dN. dN,
— 0\~ 'p 0 n
prgo = o(K'p) 7S +0o(K°n) 7S (E4)
—. .dN, —. dN,
o 0 p 0 n
Dizo o(K p)—dS + o(K"n) 73 (E.5)

dNp dN,,
where a5 and s

element. They can be calculated as follows:

are the number of protons and neutrons per unit area in the detector

dN, pZN,

dN, B A—Z\ dN,
as ( Z )ﬁ (E7)

where p is the density, Z is the atomic number, N4 is Avogadro’s number, and M is the
molar mass.

As pointed out by Ko et al [37], one must also take into account the time evolution of the
neutral kaon which includes both the lifetime and mixing (The mixing is a relatively minor

effect and could be ignored [Am = 0] in the calculation of the dilution). For example,

(RO K@) = ‘]% {16:5+16:L—§e;(TISJFTIL)tCOS(tAm)} (E.8)
(KR = {16_% + Ze‘% + %e_%(%+%)t Cos(tAm)} (E.9)

with
(KR = [(KOIK (1)) [ (E.10)
‘% (KR @)Y = [(ROR®))[ (E.11)

where 7 and 7, are the lifetimes of the K and KY, Am = mj — mg. We use 1 — |¢/p| =
3.3 x 1073 [1]. However, since the K9 leaves the detector without decaying, one can take
77, — oo in the above expression. Furthermore, the K¢ lifetime is already contained in the

event information. One should then neglect the K9 lifetime in determining the mixing. The
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expressions then reduce to':

2

(RO ~ '% [%(1—cos(Amt})] (E.12)
(KR ~ %(1+cos(Amt)) (E.13)

The probability for an interaction is given by

t,

P = /OOpKo]<K0]I?O(t)>}2vdt+/OopgoKf?o\I?o(tM?vdt (E.14)

Peo = /OOpKo‘<K0|K0(t)>}2vdt+/oopgoKI?O\KO(t)MZvdt (E.15)

where pgo and pgo are functions of ¢ as the particle traverses different components of the
detector. Velocity v of the neutral kaon can be calculated from its momentum. The prob-
ability of interaction is zero if the neutral kaon decays before reaching the first layer of the
beampipe. The integration is carried out over the time of flight of the neutral kaon before it
decays.

We determine the asymmetry correction (Ap) on an event-by-event basis. We calculate
the probability of an event interacting with the detector material before the K decays using
the momentum, cosine of the polar angle in the laboratory frame, and the decay length of the
K? meson. The KY decay length in the transverse plane of the detector is shown in Fig. E.3,
and the cos(f) of the K? in the laboratory frame is shown in Fig. E.4. The probabilities
are averaged for each 7 lepton charge to obtain a final estimation of Ap. Ap is found to be
(0.135 £+ 0.013)% and (0.137 + 0.015)% for the e- and p-tag, respectively, where the errors
are statistical only. In Fig. E.5 we present Ap as a function of the laboratory momentum of
the K? meson for the e-tag and p-tag samples.

To estimate the systematic uncertainty in Ap, we vary individually the cross sections by
their corresponding systematic errors. The deviations resulted from the variation in each
cross section are added together in quadrature. As a result, the systematic uncertainty
for the e-tag sample is 0.026% whereas for the u-tag sample it is 0.017%. To verify how
rigorously isospin invariance holds in our signal decay, we refer to the cross sections for

ete™ — mfr~ and 7= — 7~ 7%,. The difference in the two cross sections is a consequence

!'Natural units are adopted throughout this chapter, where ¢ = A = 1.



Changes to the sample

Ap

e-tag
Nominal result
Increasing the momentum of K9 by 10%
Decreasing the decay radius of K2 by 1cm
Decreasing the decay radius of K2 by 2cm

Changing K° into K° and vice versa

(0.135+0.013)%
(0.1260.013)%
(0.1160.012)%
(0.10140.011)%
(0.1360.013)%

p-tag
Nominal result

(0.137+£0.015)%

Table E.2: Effects of changes to the KY kinematics on Ap. Errors are statistical only.

98

of broken symmetry in isospin. The discrepancy is observed to be less than 5%, which is

well within the errors in the cross sections we have assigned above.

A series of cross-checks of the dilution factor has also been performed to ensure that the

results for Ap are reasonable:

1. Ap for e-tag and pu-tag are the same, which is expected because the results should only

depend on the neutral kaon on the signal side.

2. Furthermore, a reduction of the decay radius is observed to result in a reduction in the

asymmetry (Ap). This is expected, as the decrease of the decay radius will mean that

the neutral kaon is less likely to pass through all layers of material in the detector.

Less layers trasversed by the particle means less interactions and hence a smaller Ap

because it is the nuclear interaction corss section that generates Ap.

3. The momentum is also increased by 10% in order to study the dependence of Ap on

the momentum of the kaon. As expected, Ap decreases as momentum increases.

4. Flipping the flavour of the neutral kaon in the decay (i.e. changing a K in a decay into

a K° and vice versa) is not expected to result in any changes in Ap, as the momentum

and angular distributions of the K2 for 7% and 7~ decays are expected to be the same.

Table E.2 presents the values of Ap with respect to each of the cross-checks.
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Figure E.1: The K~ and K nucleon total cross sections reproduced from [1]. The lines are
the representation of the cross section in bins of 0.4 MeV/c?.
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Figure E.2: K2 momentum distributions for e-tag (top) and u-tag (bottom).
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for e-tag (top) and p-tag (bottom).
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Figure E.5: The asymmetry correction factor Ap as a function of the laboratory momentum
of the K? meson in the e-tag (top) and u-tag (bottom) samples. The black points represent
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