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ABSTRACT

A search of the rare charm meson decaysD 0 ! h� h(0)+ e+ e� , where hh(0) = KK; ��; K� is

performed using a 942 fb� 1 data set collected by the Belle detector at the KEKB asymmetric

e+ e� collider. The preliminary results are approved by the Belle (II) collaborations. The

branching fraction of the decayD 0 ! K � � + e+ e� is measured to be (39.6� 4.5 (stat) � 2.9

(syst)) � 10� 7, in the �=! mass region 675< m ee < 875 MeV=c2. The branching fraction upper

limits are set in the range [2:3; 7:7] � 10� 7 for the decaysD 0 ! h� h(0)+ e+ e� with ee in di�erent

mass regions. No beyond standard model contribution is found above than the background

predictions. The measuredD 0 ! h� h(0)+ e+ e� branching fraction upper limits are the tightest to

date.
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CHAPTER 1. INTRODUCTION

1.1 The standard model - particles, forces, and interactions

Where do we come from? What is matter made of?are some of the oldest questions ever

asked by humans, and the answers have evolved through time. The Standard Model (SM), whose

framework started building back to around the mid-20th century, was introduced by Abraham

Pais and Sam Treiman in 1975 [1]. It is currently the most successful theory that explains

phenomena and provides experimental predictions.

In the SM, there are two main groups of elementary particles,fermions and bosons. Figure

1.1 [2] shows the fermions and bosons of the SM of elementary particles. Thefermions have spin

1
2 which are the fundamental blocks of (anti-)matter, and they interact through the exchange of

force carrier particles, called gauge (vector)bosons(spin 1). The only scalar boson (spin 0),

Higgs, enables quarks,W=Z bosons, and charged leptons to acquire mass.

1.1.1 Fermions

As shown in Figure 1.1 [2], the fermions are divided into two main categories: quarks and

leptons. There are three generations of fermions and their mass increases with generations. The

six 
avors of quarks are split into three up-type quarks (u; c; t) and three down-type quarks

(d; s; b). The up-type quarks have a positive electrical charge (the magnitude of the negative

electric charge carried by a single electron is� 1e) of + 2
3e, while the down-type quarks have a

negative electrical charge of� 1
3e. The six leptons are divided into three electrically charged

leptons and corresponding neutrinos. Each of the six quarks and six leptons has its antiparticle

with the same mass1 but with opposite charge. The fermions carry one or two or all of the three

1The neutrino is massless in the SM.
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charge(s) (color, electric, weak) and interact with the gauge bosons carrying the same type of

charge. Table 1.1 summarizes the available interactions for each type of fermions.

Figure 1.1: The elementary particles of the Standard Model. The three generations of fermions are
colored in purple and green, the gauge bosons are colored in red, and the Higgs boson is colored in
yellow [2].

1.1.1.1 Quarks

Table 1.1 shows that the quarks participate in all three interactions. Besides the electric

charge they carry, the quarks also carry weak isospin (Section 1.1.2.2) of +(� ) 1
2 , for the up
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(down)-type, respectively. Additionally, each quark carries a \color" charge (red, green, blue) so

that they can participate in the strong interaction. Similarly, the anti-quark carries anti-red,

anti-green, and anti-blue charges. The quarks are constrained by the color con�nement (Section

1.1.2.3), which prevents the quarks from being isolated, thus observed in color-neutral hadrons

which are formed by a quark-antiquark pair or three (anti)quarks 2. For example, a meson is a

type of hadron made up of a quark and an anti-quark, i.e.,J= (cc), which contains one color

anti-color pair (e.g., red anti-red) color charges to be color neutral. A baryon is another type of

hadron made up of three (anti)quarks. For example, a proton is a baryon that contains three

quarks uud, and the three quarks must have all three color charges as the sum of three di�erent

color charges forms a color-neutral state. The quarks can change their 
avor through the weak

interaction via the W + and W � bosons, described in Section 1.1.2.2.

1.1.1.2 Charged Leptons

The leptons can be observed as free particles. The lightest charged lepton, electrone, was

discovered by J. J. Thompson through de
ecting the cathode rays emitted by a hot �lament with

a magnet in 1897 [3]. The second and third generation of charged lepton is muon� and tau � ,

whose masses are about 210 and 3500 heavier than the electron, respectively. The charged leptons

carry a weak isospin of +1
2 while their anti-particles carry a weak isospin of � 1

2 . Like the quark


avors, the leptons have individual lepton 
avor numbers (electron, muon, and tau number). For

example, the electron and electron neutrino� e have an electron number of +1, and their

antiparticle, position e+ and electron anti-neutrino � e have an electron number of� 1. They are

2An exception for the \top" quark t, due to its heavier mass, the top quark decays before it forms a hadron

Table 1.1: Types of interactions that fermions (anti-fermions) can participate in.

Fermions (spin 1
2) Strong Electromagnetic Weak

up-type quark u, c, t
¤ ¤ ¤

down-type quark d, s, b
charged lepton e, � , �

p
¤

¤
neutrino � e, � � , � � p
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expected to be conserved in the SM in the absence of neutrino mass. The higher generations of

the charged lepton can decay to their lower generations. For example,� decays to an electron

with electron anti-neutrino and muon neutrino ( � � ! e� � e � � ). The � lepton is also able to

decay hadronically (e.g.,� � ! � � � � ) through the weak interaction because of its heavier mass.

In the SM, the coupling strength to the lepton is independent of the lepton 
avor.

1.1.1.3 Neutrinos

The neutrinos do not carry electric or color charges. As mentioned in the previous section, the

electron-neutrino (� e), muon-neutrino ( � � ), and tau-neutrino ( � � ) are the three 
avors

(generations) of neutrinos. They have the individual lepton 
avor numbers +1 for the neutrino

and � 1 for the anti-neutrino. On the other hand, the neutrinos are able to change their 
avors

via so-called neutrino oscillations, which proves that the neutrinos cannot be massless. The

neutrinos are massless in the SM, but the Super-Kamiokande neutrino observatory showed that

neutrinos have a non-zero mass in 1998 [4] through� and �� oscillations. The lepton 
avor

conservation is violated (LFV) in the neutrino oscillations. Searches have been made to �nd the

charged lepton LFV process; for example, the� ! e
 decays.

1.1.2 Forces and Bosons

The fermions interact through the exchange of force carrier particles. Quantum Field Theory

(QFT) is a theoretical framework for elementary particle physics. It is also used for other areas of

theoretical physics, such as condensed matter physics. QFT combines classical �eld theory,

special relativity, and quantum mechanics, where particles and forces are represented as

\excitations" of the �elds. The symmetry groups describing the SM is SU(3) � SU(2) � U(1).

The SU(3) symmetry group represents the Quantum Chromodynamics (QCD), which describes

the strong interactions whose force carrier are gluonsg (Section 1.1.2.3). TheSU(2) � U(1)

represents the electroweak interaction, which uni�es the quantum electrodynamics (QED) ofU(1)

symmetry and the weak interaction of SU(2) symmetry. The force carrier of the
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electromagnetism is the photon
 (Section 1.1.2.1). The vector bosonsW + ; W � ; Z (Section

1.1.2.2) mediate the weak interactions.

1.1.2.1 Photon

The photon is massless, so it cannot decay and interact with itself because of its neutral

charge. This property enables the electromagnetic interaction to be in�nite range, which potential

is proportional to 1
r . Photon interacts with quarks and charged leptons. The QED Lagrangian

describing the interaction between the electromagnetic �eld and fermion (charged) is

L QED = � (i
 � @� � m) � ej � A � �
1
4

F�� F �� (1.1)

where  is the fermion �eld, � =  
 0 is called \Dirac adjoint", 
 � (
 0; 
 1; 
 2; 
 3) are the 4� 4

gamma matrices or \Dirac matrices", j � = � 
 �  is the conservedU(1) current, A � is the

electromagnetic �eld, and F�� = @� A � � @� A � is the electromagnetic �eld tensor. The �rst term

in the Lagrangian represents the free Dirac �eld Lagrangian, the second term represents the

fermion-photon �eld interactions, and the last term is the kinetic term of the photon.

An example QED process is an electron and positron pair annihilate into a pair of charm and

anti-charm quarks e+ e� ! cc, shown in the Feynman diagrams in Figure 1.2 (left). In this thesis,

the left-hand side of a diagram represents the initial state, while the right-hand side represents the

�nal state. The photon in the middle (internal lines) is a virtual particle . A virtual particle does

not necessarily carry the same mass as the corresponding real particle (on-shell). The photon in

this diagram is an o�-shell photon whose mass is thee+ e� energy in the center-of-mass frame.

1.1.2.2 W and Z bosons

The electrically-charged bosonW + ; W � , and neutral bosonZ are the force carriers of the

weak interaction. The W and Z bosons are massive, di�erent from the photon and gluons (Section

1.1.2.3). Glashow, Weinberg, and Salam proposed these three bosons in the electroweak theory in

the late 1960s [5]. Under the electroweak uni�cationSU(2)L � U(1)Y
3, the weak interactions

3Y is the hypercharge, Y = 2( Q � I 3), where Q is the electric charge and I 3 is the weak isospin.



6

only choose the left-handed (L) quarks and leptons, where the spin is opposite to the direction of

the particle. The weak isospin is related to the handedness of the particle, where the left-handed

charged lepton (neutrino) has a weak isospin of� (+) 1
2 , and the left-handed up (down)-type

quarks have a weak isospin of +(� ) 1
2 . The right-handed antiparticles have the opposite weak

isospin of the corresponding left-handed particles, while all right-handed particles and left-handed

antiparticles have 0 weak isospin. The parity and charge conjugation are separately violated in the

weak interaction, while they are both conserved in the strong and electromagnetic interactions.

The charged lepton and quarks with neutral Z interactions act like the photon exchange in

QED. Neither the lepton 
avor nor the quark 
avor will be changed. Figure 1.2 (right) shows an

electron and positron pair annihilate into a virtual Z , decaying into a pair of charm and

anti-charm quarks.

The electric charged bosonW mediated weak interaction, however, is the only interaction

that changes the 
avor of quarks. The probability of the transition between the up and down

type quarks is described by the elements of the Cabibbo-Kobayashi-Maskawa (CKM) matrix [6,

7], which is described in Section 1.1.3.

1.1.2.3 Gluons

The gluons are the force carriers of the strong interaction, described by quantum

chromodynamics (QCD). The gluons carry color charges, so they can interact with themselves,

Figure 1.2: An example Feynman diagram ofe+ e� ! cc through a virtual photon (left) and through
a virtual Z (right).
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preventing the strong interaction from being in�nite range. Only quarks can participate in strong

interaction because only quarks carry color charges. The quarks change their color when

interacting with gluons. There are eight gluons, which are linear combinations of two

color-anticolor charge states.

Color con�nement prevents the quarks and gluons from existing as isolated particles. For

example, the strong interaction between a quark-antiquark pair (meson) is attractive. The strong

interaction in a meson will become stronger if the distance between the quark-antiquark pair

increases until a new quark-antiquark pair appears. On the other hand, the strong interaction

between two quarks or two anti-quarks is repulsive, as two (anti) color charges cannot form a

color-neutral state.

1.1.2.4 Higgs

The \last block" of the SM to be experimentally found was discovered by the ATLAS and

CMS collaborations at the LHC in 2012 [8, 9, 10]. It was predicted by Francois Englert [11] and

Peter Higgs [12] for solving the mass problem of gauge bosons. The SM particles (charged

leptons, quarks,W , and Z vector bosons) gain their mass after the spontaneous symmetry

breaking when interacting with the Higgs �eld. The process is called the Higgs mechanism,

described in detail in [13, 14].

1.1.3 The CKM matrix

1.1.3.1 The Cabibbo angle

The weak interaction between the leptons and theW strictly proceeds within the same lepton

generation; in other words, the lepton 
avor is conserved. The quark 
avor was also thought to be

conserved, i.e., conservation of \up/down-ness", which holds in the observed beta decay involving

d ! u transition. However, the lightest strange baryon (� ) decay to proton was observed, which

is a cross-generation quark transitions (second generation) tou (�rst generation). When u; d and

s were the only quarks known, Nicola Cabibbo 1963 proposed that the vertex of quarks weak
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interaction with W carries a factor [6], compared to the vertex ofW with lepton coupling. The

factor is cos� c for the d � u coupling and sin � c for the s � u coupling (cross generation). The� c

is called \Cabibbo angle", which is about 13 degrees determined by experiment [2], which is small

but non-zero.

1.1.3.2 The GIM mechanism

Cabibbo's theory successfully explained quite a few strangeness changing decays, but it also

predicted a larger branching fraction of K 0 ! � + � � decay compared to the experimental result.

In 1970, Glashow, Iliopoulos, and Maiani (GIM) proposed a fourth quark, charmc, a counterpart

of the up quark [5]. The charm quark c has the same charge as the up quark but has orthogonal

couplings to the strange and down quarks with factors of cos� c and -sin� c, respectively. The

actual lowest-order diagrams ofK 0 ! � + � � decay is a sum of two diagrams that interfere

destructively because of the negative sign in the coupling of the c and d quark as shown in Figure

1.3. Thus, the total amplitude is largely canceled, and the calculated decay rate, considering the

u=c mass di�erence, is consistent with the experimental value [15].

Figure 1.3: Diagrams ofK 0 ! � + � � at lowest order [16].

The Cabibbo-GIM scheme o�ers an interpretation of the conservation of quark 
avors; the

quark 
avor states participating in the interaction are the Cabibbo-rotated states, where the

matrix form is called the Cabibbo matrix.
0

B
@

d0

s0

1

C
A =

0

B
@

cos� c sin � c

� sin � c cos� c

1

C
A

0

B
@

d

s

1

C
A (1.2)
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where the � c is the \Cabibbo angle". The primed quarks on the left are the down-type quarks


avor eigenstates, a superposition of down-type quarks mass eigenstates on the right. Now theW

couples to the Cabibbo-rotated states
� u

d0

�
,

� c
s0

�
, in which the transitions between the up-type

and down-type quarks happen within the same generation.

1.1.3.3 The Cabibbo{Kobayashi{Maskawa matrix

The charge conjugation and parity are found separately violated in the weak interactions. The

transformation in which particles are exchanged with their antiparticles and their spatial

coordinates are reversed, calledCP, was believed to be conserved in the weak interaction. In

1964, theK L ! � + � � decay was observed with a small branching fraction at an order of

O(10� 6) [17]. In 1973, when only two generations of quarks were known (u; d; s), Kobayashi and

Maskawa proposed thatCP violation take place when there are at least three generations of

quarks [7]. The charged weak interaction Lagrangian expressed in terms of the mass eigenstates is

L qqW =
g

p
2

(W +
� �u
 � (1 � 
 5)V d+ W �

�
�d
 � (1 � 
 5)uV y) (1.3)

where g is the weak interaction coupling constant, W� is the 3-componentSU(2) gauge �eld, and

the summation over all u-type and d-type quark �elds is implicit. This is the famous Vector ( 
 � )

� Axial vector ( 
 � 
 5) (V-A) interaction, and the parity is maximally violated as they have the

same strength. The V in the equation is the 6-quark model 3� 3 Cabibbo, Kobayashi, and

Maskawa (CKM) complex unitary matrix, which is an extension to the 2 � 2 Cabibbo matrix.
0

B
B
B
B
@

d0

s0

b0

1

C
C
C
C
A

=

0

B
B
B
B
@

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

C
C
C
C
A

0

B
B
B
B
@

d

s

b

1

C
C
C
C
A

(1.4)

The unitarity of the CKM matrix gives

X

i

Vij V �
jk = � jk (1.5)

There can be six distinct conditions for which the right-hand side of the equation becomes zero

and can be represented as six triangles in the complex plane having equal area. One of the



10

parametrizations of the CKM matrix is essentially expressed in terms of three Euler angles and

one phase [18]. The complex phase has observable consequences of CP violation. The magnitudes

of the matrix element are [2]

jVij j =

�
�
�
�
�
�
�
�
�
�

0:97373� 0:00301 0:2243� 0:0008 0:00382� 0:00020

0:221� 0:004 0:975� 0:006 0:0408� 0:0014

0:0086� 0:0002 0:0415� 0:0009 1:014� 0:029

�
�
�
�
�
�
�
�
�
�

(1.6)

which represents the strength of mixing between an up-type quark and a down-type quark. The

relatively stronger magnitudes are referred to as \Cabibbo favored" or \CKM favored," which are

the diagonal terms of the CKM matrix, Vud, Vcs, and Vtb. While the o�-diagonal elements are

referred to as \Cabibbo suppressed" or \CKM suppressed." Lincoln Wolfenstein introduced

another parameterization of the CKM matrix with the four parameters � , A, � , and � , where �

and � correspond to the rates of CP violation [19]. The CKM matrix in Wolfenstein

parameterization is written as [2]:

VCKM =

0

B
B
B
B
@

1 � � 2

2 � A� 3(� � i� )

� � 1 � � 2

2 A� 2

A� 3(1 � � � i� ) � A� 2 1

1

C
C
C
C
A

+ O(� 4)

,where � � 0:22500,A � 0:826, � � 0:159 and� � 0:348 [2]. The quark mixing between the

same generation is the strongest� 1, between the �rst and second generations, is weaker� � ,

while the mixing between the �rst and third generation is the weakest < � 3.
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1.1.4 Open questions of the SM

Although great successes have been achieved by the Standard Model, for example, the

prediction of the Higgs, it still fails to explain some phenomena or conceptual questions. These

unsolved phenomena indicate the existence of new physics (NP) or extensions of the SM.

Astrophysicists have discovered that only� 5% of the energy-matter density of the universe is

ordinary matter, while the remaining 95% is divided into dark matter (DM) with 27% and dark

energy (DE) with 68%. However, the SM of particle physics has no theory of DM or DE.

The second example is the matter-antimatter asymmetry. The Big Bang should have created

equal amounts of matter and antimatter in the early universe. But nowadays, the antimatter is

rarely seen in the universe. TheCP violation in weak decays introduced by the CKM matrix in

SM is insu�cient to explain the observed asymmetry.

The observation of neutrino oscillations breaks the SM prediction of massless neutrino. The

fourth fundamental force - gravitational force, has not been included in the SM. Some of the SM

conceptual problems, like why there are three generations of leptons and quarks in SM, why is the

mass range of the elementary particles so dispersed, and why there is no direct direction between

leptons and quarks, are still unsolved.
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1.2 Rare charm meson decays

1.2.1 The D meson

1.2.1.1 The discovery of charm quark

In 1974, simultaneous experiments led by Burton Richter at Stanford Linear Accelerator

Center (SLAC) [20] and Sam Ting at Brookhaven National Laboratory (BNL) [21] observed a

series of meson resonances.

Sam Ting and collaborators at BNL built a spectrometer designed to search for heavy particle

J , which are expected to decay into ane+ e� pair like a virtual photon does. The reactions to

search for are

p + N ! J + X ! e+ e� + X (1.7)

, where N is a light nucleus and Be was used in the experiment, andX represents unreconstructed

�nal state particles [21]. The spectrometer needs to separate electrons/positrons from background

hadrons dominated by pions. A double-arm spectrometer was built, one for each charged particle,

designed to accurately measure the magnitude (j~pj) and direction ( � ) of the momentum of each

charged particle. The spectrometer's high rejection power against hadrons is achieved through

threshold Cerenkov counters and a calorimeter4. The invariant masses of thee+ e� pair are

m(e+ e� )2 = ( p1 + p2)2 = 2E1E2 + 2m2
e � 2j ~p1jj ~p2jcos(� 1 + � 2) (1.8)

, where p = ( E; ~p) is the four-momentum of the electron/positron, E 2
i = m2

e + j~pi j2, and � i is the

angle relative to the beam direction. A resonance peak would show in them(e+ e� ) distribution if

the particle J exists. Figure 1.4 (left) shows them(e+ e� ) distribution, and a narrow peak around

3100 MeV=c2 can be seen.

At the same times, the SPEAR e+ e� collider was operated at the SLAC with a maximum

center-of-mass energy
p

s of 8 GeV, with data collecting using the Mark I detector [20]. The cross

sections5 of the processe+ e� ! hardons, e+ e� ! ll (l = e; � ) at di�erent
p

s are measured.

4Similar elements are also used in the Belle detector, described in Section 2.3.0.5.
5The cross section describes the probability of an event to occur given a collision.
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Figure 1.4 (top right plot) shows a huge resonance with all the cross sections jumping by more

than two orders of magnitude. The SLAC collaboration is called the particle  .

The new particle could not be an excitation of qq pair with q = u; d, or s because of the

extreme narrowness of the resonances measured, and the measured width is limited by the

detector resolution. Thus, a new quark 
avor called charm (c) was discovered, and theJ= was

identi�ed as a cc bound state called charmonium. In the summer of 1974, Sam Ting's group at

BNL found the particle J and kept it secret to validate the �nding [22]. A few months later,

Burton Richter's group at SLAC found the same particle  . Both groups simultaneously

published their results in December 2nd 1974.

1.2.1.2 The D meson

The Mark I collaboration started the search for mesons containing charm quark at
p

s � 4

GeV in 1976, and a �rst resonanceD 0 ( �D 0) was observed in the neutral combinations,

K � � + (K + � � ), with a mass around 1865 MeV and width less than the detector resolution [23].

Figure 1.5 shows the invariant mass spectra for neutral combinations of charged particleK and � .

The peaks can be seen in the Figure 1.5 (e) and (h) are corresponding to the Cabibbo favored

D 0 ! K � � + and D 0 ! K � � + � � � + decays, which amplitudes proportional to the diagonal

elements of CKM matrix. The other D 0 decay modes in Figure 1.5 are suppressed, called single

Cabibbo suppressed decays, where the decay amplitude is proportional to the o�-diagonal

elements of the CKM matrix. Example Feynman diagrams of the Cabibbo favored decay

D 0 ! K � � + , single Cabibbo suppressed decayD 0 ! K � K + , and double Cabibbo suppressed

decayD 0 ! K + � � are shown in Figure 1.6.
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Figure 1.4: The J= particle. The new particle J with a narrow peak around 3100 MeV=c2 was
discovered by BNL (left) [21]. The cross sections of the new particle around 3100 MeV=c2

discovered by SLAC (right) [20]
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Figure 1.5: The observation of a new neutral stateD 0. The invariant mass spectra for neutral
combinations of charged particleK and � [23]. No particle identi�cation (time-of-
ight, detail in
Section 2.3.0.4) is applied to the top row.
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Figure 1.6: Feynman (tree-level) diagrams ofD 0 ! K � � + , K + K � , and K + � � decays. The
corresponding CKM matrix elements are shown at the vertex. The Cabibbo-suppressed couplings
are labeled in cyan. The branching fraction (B) of the Cabibbo favored decayD 0 ! K � K + is
� 3.9%, single Cabibbo suppressedB(D 0 ! K � K + ) is � 0.4%, and double Cabibbo suppressed
B(D 0 ! K + � � ) is � 0.01%.
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1.2.2 Rare charm meson decays D 0 ! h� h(0)+ l+ l �

1.2.2.1 FCNC transitions

As mentioned earlier, the K 0 ! � + � � decay is both loop and GIM suppressed6. The decay

K L ! � + � � is a type of 
avor-changing neutral current (FCNC) transition, which is a process

that changes the 
avor of fermion without altering the electric charge. Compared to the 
avor

changing charged current decay, which happens at the tree level mediated by theW � bosons, the

FCNC is forbidden at the tree level in the SM as the neutral gauge bosons (Z , 
 , and g) only

couple to the fermions with the same 
avor (
avor-diagonal). The FCNC process can be divided

by the amount of change of 
avor � F , i.e.,K 0 ! � + � � decay changes the strange 
avor

� S = 1.The FCNC is loop suppressed involving two virtual W exchanges, and it can be further

suppressed through GIM and CKM suppression.

An example of a FCNC decay,b ! s
 , was �rst observed by CLEO Collaboration through the

decay ofB 0 ! K � 0(892)
 and B � ! K �� (892)
 in 1993 [24]. Theb ! s
 decay shown in Figure

1.7 is an electroweak \penguin" decay [25].

Figure 1.7: The b ! s
 decay Feynman loop diagram and the penguin drawings [25].

The amplitude independent of the internal quark mass will vanish because
P

i V �
ibVis = 0.

However, the GIM suppression is less e�ective for theb ! s
 decay because the topt quark is the

6The top quark contribution is also CKM suppressed due to the small CKM elements Vtd Vts .
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heavies quark among other quarks andW mass. Thus theb ! s
 amplitude reduces to

M / VtbV �
ts m2

t =m2
W .

1.2.2.2 The c ! u `` decays

Electroweak penguin decays likeb ! sll; b ! dll and c ! ull proceeded via FCNC are

(heavily) loop suppressed in the SM, which is a rare process in the SM and thus considered as

probes for new physics (NP),i.e., a new heavy resonance particle can give signi�cant virtual

contributions that deviate from the SM. Compared to the decaysb ! s `+ ` � and b ! d `+ ` � , the

c ! u `` decays in the SM are further suppressed due to the GIM mechanism, CKM suppression,

and the small quark masses in the loop.

The di�culty of interpreting the 
avor changing amplitudes is that it involves separated mass

scales, ranging from QCD� � 350 MeV to mt � 165 GeV [26]. The E�ective Field Theory (EFT)

provides a systematic formalism for analyzing multi-scale problems. It is a QFT evaluated at a

given energy range, and it allows a model-independent treatment to calculate the 
avor-changing

amplitudes. The e�ective Lagrangian for the c ! u `` transition valid at a given scale of interest

� � mc is given by [27, 28]:

H e� = � dH d + � sH s + � bH peng (1.9)

where the CKM weights � i = V �
ci Vui and Vij are the CKM matrix elements. The �rst two e�ective

Hamiltonians containing the four-quark operators O1;2 with the corresponding Wilson coe�cients

C1;2 which represent e�ective strength of the interactions are given by [28]:

H q= d;s = �
4GFp

2
(C1O1 + C2O2) (1.10)

O1 = (�q�
L 
 � c�

L )(�u�
L 
 � c�

L ); O2 = (�q�
L 
 � c�

L )(�u�
L 
 � c�

L ) (1.11)

where GF is the Fermi constant, qL=R is the left (right) handed quark, and �=� is the color index.

The explicit form of H peng is [27]

H peng = �
4GFp

2
(

X

i =3 ;:::10

Ci Oi ) (1.12)
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with the QCD penguin operators O3;:::;6, electromagnetic operatorO7, chromomagnetic operator

O8, and NP sensistive electroweak penguin operatorsO9 (vector component), O10 (axial vector

component) de�ned as [27]:

O9 =
e2

(4� )2 (�u
 � PL c)( �l
 � l ); O10 =
e2

(4� )2 (�u
 � PL c)( �l
 � 
 5l ) (1.13)

, where PL=R is the left (right) handed projector (1 � 
 5)=2.

NP appears as the shift of the Wilson coe�cients

C(� ) i = C(� )SM
i + C(� )NP

i (1.14)

where � represents the energy scale, and NP represents the e�ect of new physics. With a

signi�cant amount of signal observed, one can further search for new physics by extracting the

Wilson Coe�cients from physics observables and comparing them with the SM predictions.

Many extensions of the SM predict the existence of new, heavy particles that couple to the

SM fermions and bosons. Amplitudes from these NP contributions can interfere with those from

the SM, altering physics observables from the SM predictions (e.g., total and di�erential decay

rates, decay-angular distributions, CP, and lepton-
avor universality (LFU)). The recent

b ! s `+ ` � analysis results performed byBABAR [29], Belle [30], and LHCb [31, 32, 33, 34, 35]

show consistency with SM predictions.
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1.2.2.3 The D 0 ! h� h(0)+ l+ l � decays

The decaysD 0 ! X 0`+ ` � , where X 0 is a light-quark system and ` = e or � , can have

contributions from both short-distance (SD) and long-distance (LD) amplitudes. The

short-distance contributions arise from the electroweak box or loop diagrams (Figure 1.8). Their

branching fractions are predicted to be at most 2� 10� 9 [36]. However, long-distance

contributions from photon pole or vector meson dominance (VMD) amplitudes (Figure 1.9), which

proceed through the decaysD 0 ! X 0(
 � =V0) ! X 0`+ ` � , where 
 � is a virtual photon and V 0 is

an intermediate pseudoscalar or vector meson, can be up to 2� 10� 6 [36]. SM predictions for SD

and LD contributions to the branching fractions of D 0 ! X 0`+ ` � decays are given in Table 1.2.

(a) (b)

Figure 1.8: SD contributions to FCNC D decays through the electroweak box (a) and loop (b)
diagrams.

Several new physics models such as leptoquarks, minimal supersymmetric standard model

(MSSM), little Higgs, Z 0 model, and models with warped extra dimensions predict signi�cantly

enhanced rates forc ! u `+ ` � decays, deviations from SM decay-angular distributions as well as

the presence of lepton 
avor conservation violating transitions andCP symmetry violation [37,

38, 39, 40]. For example, branching fractions ofD ! X` + ` � decays are found to beO(10� 10) in a

leptoquark model [41]. Thus, limits (details about the upper limit are in Section 4.1.3) on the
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(c) (d)

Figure 1.9: LD contributions to D 0 ! X 0l+ l � decays through photon pole (c) and VMD (d)
diagrams.

branching fractions of D 0 ! X 0`+ ` � decays allow us to probe for NP and to characterize the

long-distance contributions to the decay amplitudes.

The BABAR [42, 43, 44, 45], BES III [46], CLEO II [47], Fermilab E653 [48] and E791 [49],

and LHCb [50, 51, 52] Collaborations have searched for rare and forbiddenc ! X `` (0) decays in

several �nal states. Recently, several four-body decaysD 0 ! hh0̀ + ` � (where h; h0 = K � ; � � )

have been observed.BABAR has observed the decayD 0 ! K � � + e+ e� in the mass range 0.675<

me+ e� < 0.875 GeV/c2 at a rate compatible with VMD contributions [43] and the decay

D 0 ! K � � + � + � � previously observed by LHCb [50]. LHCb has also observed the decays

D 0 ! � � � + � + � � and D 0 ! K � K + � + � � [51]. BABAR has set branching fraction upper limits in

the range (1-44)� 10� 6 at 90% con�dence level (CL) for the decays of the formX +
c ! h� ` � ` (0)+ ,

where X +
c is a charged charm hadron (D + , D +

s , � +
c ) based on 0.384 ab� 1 of e+ e� annihilation

data collected near the� (4S) resonance [42]. LHCb has searched for the decay� +
c ! p� + � � and

set the upper limit B(� +
c ! p� + � � ) < 7:7 � 10� 8 at 90% C.L. [52]. CLEO II has set branching

fraction upper limits from 45� 10� 6 to 180� 10� 6 at 90% C.L. for the decaysD 0 ! X 0`+ ` (0)� ,

where X 0 is a � 0; �; K 0
S; � 0; !; � or �K � 0 meson and` = e; � with 3.85 fb� 1 of e+ e� annihilation

data collected near the� (4S) resonance [47]. BES III has set branching fraction upper limits in
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the range (4-12)� 10� 6 at 90% CL for the decaysD 0 ! X 0e+ e� , where X 0 is a � 0; �; K 0
S; or !

meson, and in the range (11-41) for the decaysD 0 ! h� h(0)+ e+ e� [46].

Table 1.2: Measured branching fractions or 90% C.L. upper limits (� 10� 6) of the rare decays
D 0 ! hh(0) `+ ` � along with estimates for branching fractions uncertainties or upper limits with
the full Belle dataset (1 ab� 1) and a 5 ab� 1 Belle II dataset. The corresponding Standard Model
predictions for the SD and LD contributions to the branching fractions are also given [36, 37, 53].

D 0 ! B measured Belle expected Belle II expected SM SD B SM LD B
� (B) or B UL � (B) or B

� + K � � + � � 4:17� 0:12� 0:40 [50] � 0:35 � 0:16 � 10
� + K � e+ e� 4:0 � 0:5 � 0:2 [43] � 0:35 � 0:16 � 10
� + � � � + � � 0:96� 0:12 [51] � 0:35 � 0:16 � 1
� + � � e+ e� < 7 [46] � 0:35 � 0:16 � 1

K + K � � + � � 0:15� 0:03 [51] < 0.7 < 0.32 � 0:1
K + K � e+ e� < 11 [46] < 0.7 < 0.32 � 0:1

� 0`+ ` � < 4 [46] < 3.7 < 1.7 1 � 10� 6 0.21
� ` + ` � < 3 [46] < 7.7 < 3.5 2:5 � 10� 4 0.05
� 0̀ + ` � | 9:7 � 10� 6 0.02
�K 0`+ ` � < 24 [46] < 7.7 < 3.5 0 0.43

The analysis searches the full Belle data set for the decaysD 0 ! h� h(0)+ e+ e� , where

h(0) = K; � . The research objective is divided into two parts. The �rst part is probing the NP at

mee regions where theee resonance contributions are relatively small, i.e., as shown in Figure

1.10, and probing the potential NP contribution to the FCNC process c ! u e+ e� through D 0 !

� � � + e+ e� , K � K + e+ e� decays in particular. The second part is searching for theD 0 !

h� h(0)+ e+ e� decay with eeat potential resonances, especially to con�rm the branching fraction of

the Cabibbo favored long-distance decayD 0 ! K � � + e+ e� with mee at m�=! region with recent

BABAR measurements [43].
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Figure 1.10: D 0 ! � � � + � + � � di�erential branching fraction ratio dB(D 0 ! K � � + � + � � )=dq2,
where q2 is di-muon invariant mass squared. The solid blue band corresponds to the prediction
of SM nonresonant contributions with uncertainties. The long-dashed purple curve predicts NP
nonresonant contribution. The red and green curves represent SM resonant contributions, whose
distribution includes uncertainties related to di�erent relative strong phase between � and � [54].
The resonant contributions are relatively smaller at q2 regions away from�; �=!; � regions (m2),
which give room for probing potential NP contribution in nonresonant regions.



24

CHAPTER 2. THE BELLE EXPERIMENT

2.1 e+ e� collisions

The objective is to �nd the events from the rare decaysD 0 ! h� h(0)+ l+ l � . The production of

a particular type of event (N ) is then given by the product of the instantaneous luminosity (L )

and the cross section (� )
dN
dt

= L � � (2.1)

The instantaneous luminosity has a unit of cm� 2s� 1, which refers to the 
ux of particles crossing

the interaction area in a given time interval. The cross section is a measurement of the

probability of a speci�c scattering process under some given set of initial and �nal conditions,

which describes the probability of an event to occur given a collision. For example, the cross

section of a scattering process between two point-like particles described asq1 + q2 ! q3 + q4 is

given by Fermi's golden rule [15]

� =
1

64� 2s
jpf j
jpi j

Z
jMj 2d
 (2.2)

, where the energy of the system (
p

s), the momenta (p) of the initial and �nal state particles,

and the solid angle (d
 ) are all evaluated in the center-of-mass frame. TheM is the amplitude

calculated by the Feynman diagrams, e.g., the lowest ordere+ e� ! qq amplitude gives [15]

M =
Qg2

(pe+ + pe� )2 [�� (e+ )
 � u(e� )][�u(q)
 � v(�q)] (2.3)

where Q is the electric charge in unit of e, g is the QED coupling constant, and p is the four

momentum (E; ~p) of the particles. Figure 2.1 shows the the cross section ofe+ e� annihilation

into hadrons as a function of thee+ e� center-of-mass energy.
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Figure 2.1: Cross sectione+ e� ! hadrons vs center-of-mass energy [55] The peaks correspond to
the process ofe+ e� ! bb(� (nS)), which forms the � (nS) resonances. Thee+ e� annihilation to
other quark anti-quark pairs e+ e� ! uu; dd; ss; cc are shown below and between the resonance
peaks. .
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2.2 The KEKB accelerator

The KEKB accelerator [56] is a two-ring asymmetric-energye+ e� collider aiming to produce

B B mesons, also called the \B factory." The \KEKB" consists of two 3 kilometers long storage

rings, one storing 8 GeV electrons and the other storing a 3.5 GeV positrons ring, and an

injection linear accelerator that accelerates the electrons and positrons. Figure 2.2 gives a

schematic of KEKB. The two rings cross at one point called the interaction point (IP). Since the

center-of-mass energy is slightly above the mass threshold of� (4S) (10.58 GeV), the B mesons

are almost at rest in the center of mass frame, where their decay particles are isotropically

distributed. While the "continuum" process, i.e., the cc pairs (e+ e� ! cc) are boosted because

they are produced with center-of-mass energy much greater than their rest mass, where their

decay particles are strongly directional.

The luminosity of an e+ e� collider is given by

L =
Nbne+ ne� f

Aef f
(2.4)

, where n is the number of electrons/positrons in each bunch1, Nb is the number of bunches,f is

the circulation frequency, and Aef f is the e�ective cross-sectional area of the beams at the IP [57].

In KEKB, the electron and positron beams collide at a small crossing angle (� 11 mrad), which

allows for a shorter bunch spacing and thus higher luminosity [57]. The data collecting period is

over ten years from June 1999 to June 2010.

1A bunch is a packed group of particles traveling together within a particle accelerator
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Figure 2.2: Schematic view of the KEKB accelerator [56]
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2.3 The Belle detector

An overview of the Belle detector and a schematic longitudinal cross section of the Belle

detector is shown in Figure 2.3. The detector is composed of a barrel part, a forward part, which

is in the direction of the incoming e� beam, and a backward part, which is in the direction of the

incoming e+ beam. The coordinate system used in the Belle detector is: thex-axis and y-axis are

horizontal and vertical points away from the center of the KEKB ring, and the z-axis is in the

opposite direction of the e+ beam. The x � y plane is orthogonal to the beam direction and

referred to as the transverse plane. Cylindrical coordinates (r; � ) are used in thex � y plane with

the azimuthal angle � around the beam direction. The Belle sub-detectors from inside to outside

are silicon vertex detector (SVD), central drift chamber (CDC), aerogel Cerenkov counters

(ACC), time-of-
ight counters (TOF), CsI(Tl) crystal calorimeters (ECL), K 0
L and muon detector

(KLM). The SVD, CDC, TOF, ACC, and ECL are located inside a superconducting solenoid of a

1.7 m radius that maintains a 1.5 T magnetic �eld.

2.3.0.1 Silicon vertex detector

The silicon vertex detector is the innermost part of the Belle detector. The SVD is used to

reconstruct vertices, measure the momentum of low-energy charged particles, and provide angles

and positions to the second tracking detector - CDC.

The SVD1 was used in the �rst three years and consisted of three layers of double-sided silicon

strip detectors (DSSD). Figure 2.4 shows the geometry of SVD1. It contains 102 DSSDs in total.

Its coverage is 23� < � < 140� while the full acceptance of the Belle detector is 17� < � < 150� .

The SVD2 replaced SVD1 in the summer of 2003 with the coverage increased to the

acceptance of the CDC 17� < � < 150� . Figure 2.5 shows the geometry of SVD2. It consists of

four layers of DSSD and contains 138 DSSDs in total.
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