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ABSTRACT

A search of the rare charm meson decays D? — h*h(/He*e*, where hh) = KK, mrr, K is
performed using a 942 fb~! data set collected by the Belle detector at the KEKB asymmetric
ete™ collider. The preliminary results are approved by the Belle (IT) collaborations. The
branching fraction of the decay D* — K~nteTe™ is measured to be (39.6 + 4.5 (stat) + 2.9
(syst)) x 1077, in the p/w mass region 675 < me. < 875MeV/c?. The branching fraction upper
limits are set in the range [2.3,7.7] x 107 for the decays D° — h~h()*ete~ with ee in different
mass regions. No beyond standard model contribution is found above than the background
predictions. The measured D° — h~h()Tete~ branching fraction upper limits are the tightest to

date.



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. The fermions have spin
% 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 flavors of quarks are split into three up-type quarks (u, ¢, 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 —1le) of —i—%e, while the down-type quarks have a
negative electrical charge of —%e. 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 mass ' but with opposite charge. The fermions carry one or two or all of the three

!The neutrino is massless in the SM.



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.

Standard Model of Elementary Particles

three generations of matter

interactions |/ force carriers

(fermions) (bosons)
| Il 1]l
mass ~ =2.2 MeV/c? =1.28 GeVic? =173.1 GeV/c? 0 =125.11 GeV/c?
charge | % % 0 0
- @ @ ([ ® || @ |
up charm top gluon higgs
| | € A
=4.7 MeV/c? =96 MeV/c? =4.18 GeV/c? 0
- 0
@ |- - @
down strange bottom photon
| |
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-1 e -1 =l "[ ‘ Z
Y Yo )
S B 1% o
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L A , -
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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 +(—)%, for the up



(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 confinement (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/¢ (c¢¢), 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 different
color charges forms a color-neutral state. The quarks can change their flavor 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, electron e, was
discovered by J. J. Thompson through deflecting the cathode rays emitted by a hot filament with
a magnet in 1897 [3]. The second and third generation of charged lepton is muon p and tau 7,
whose masses are about 210 and 3500 heavier than the electron, respectively. The charged leptons
carry a weak isospin of —i—% while their anti-particles carry a weak isospin of —%. Like the quark
flavors, the leptons have individual lepton flavor numbers (electron, muon, and tau number). For
example, the electron and electron neutrino v, have an electron number of +1, and their

antiparticle, position et and electron anti-neutrino 7, have an electron number of —1. They are

2 An exception for the “top” quark ¢, 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 %) Strong | Electromagnetic | Weak
up-type quark u, ¢, t v v v
down-type quark d, s, b
charged lepton e, , T x v v
neutrino Ve, Vyy Vr X




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, u decays to an electron
with electron anti-neutrino and muon neutrino (x~ — e~ 7. v,,). The 7 lepton is also able to
decay hadronically (e.g., 7~ — v, 7~ ) through the weak interaction because of its heavier mass.

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

1.1.1.3 Neutrinos

The neutrinos do not carry electric or color charges. As mentioned in the previous section, the
electron-neutrino (v,), muon-neutrino (v,), and tau-neutrino (v,) are the three flavors
(generations) of neutrinos. They have the individual lepton flavor numbers +1 for the neutrino
and —1 for the anti-neutrino. On the other hand, the neutrinos are able to change their flavors
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 v and v oscillations. The lepton flavor
conservation is violated (LFV) in the neutrino oscillations. Searches have been made to find the

charged lepton LFV process; for example, the u — ey 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 field theory,
special relativity, and quantum mechanics, where particles and forces are represented as
“excitations” of the fields. The symmetry groups describing the SM is SU(3) x SU(2) x U(1).
The SU(3) symmetry group represents the Quantum Chromodynamics (QCD), which describes
the strong interactions whose force carrier are gluons g (Section 1.1.2.3). The SU(2) x U(1)
represents the electroweak interaction, which unifies the quantum electrodynamics (QED) of U(1)

symmetry and the weak interaction of SU(2) symmetry. The force carrier of the



electromagnetism is the photon 7 (Section 1.1.2.1). The vector bosons W+, 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 infinite range, which potential
is proportional to % Photon interacts with quarks and charged leptons. The QED Lagrangian

describing the interaction between the electromagnetic field and fermion (charged) is

. . 1 )
EQED = ¢(17“3u - m)w - e]MAu - zF;wFu (1'1)

where 1) is the fermion field, ¢ = 11 is called “Dirac adjoint”, v* (79, v, 72, 4®) are the 4x4
gamma matrices or “Dirac matrices”, j* = 1py*) is the conserved U(1) current, A, is the
electromagnetic field, and F,, = 0,4, — 0, A, is the electromagnetic field tensor. The first term
in the Lagrangian represents the free Dirac field Lagrangian, the second term represents the
fermion-photon field 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 eTe™ — ¢¢, 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
final 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 off-shell photon whose mass is the ete™ energy in the center-of-mass frame.

1.1.2.2 W and Z bosons

The electrically-charged boson W, W™, and neutral boson Z are the force carriers of the
weak interaction. The W and Z bosons are massive, different 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 unification SU(2);, x U(1)y 3, the weak interactions

3Y is the hypercharge, Y = 2(Q — I3), where Q is the electric charge and I3 is the weak isospin.



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 —(+)3, and the left-handed up (down)-type
quarks have a weak isospin of —i—(—)%. 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 flavor nor the quark flavor 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 boson W mediated weak interaction, however, is the only interaction
that changes the flavor 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,

al

Figure 1.2: An example Feynman diagram of ete™ — ¢¢ through a virtual photon (left) and through
a virtual Z (right).



preventing the strong interaction from being infinite 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 confinement 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 field. 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 the W strictly proceeds within the same lepton
generation; in other words, the lepton flavor is conserved. The quark flavor 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 (A) decay to proton was observed, which
is a cross-generation quark transition s (second generation) to u (first generation). When u, d and

s were the only quarks known, Nicola Cabibbo 1963 proposed that the vertex of quarks weak



interaction with W carries a factor [6], compared to the vertex of W with lepton coupling. The
factor is cos 0. for the d — u coupling and sin 6. for the s — u coupling (cross generation). The 6,
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® — u*u~ decay compared to the experimental result.
In 1970, Glashow, Iliopoulos, and Maiani (GIM) proposed a fourth quark, charm ¢, 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 cosf. and -sinf., respectively. The
actual lowest-order diagrams of K© — ™ decay is a sum of two diagrams that interfere
destructively because of the negative sign in the coupling of the ¢ 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 difference, is consistent with the experimental value [15].

sinfOc W~ cosOc W

SC I DT B P

cosOc -sinf W

Figure 1.3: Diagrams of K° — pTu~ at lowest order [16].

The Cabibbo-GIM scheme offers an interpretation of the conservation of quark flavors; the
quark flavor states participating in the interaction are the Cabibbo-rotated states, where the

matrix form is called the Cabibbo matrix.

d cosf. sinf, d

s —sinf,. cosf, s



where the 6. is the “Cabibbo angle”. The primed quarks on the left are the down-type quarks
flavor eigenstates, a superposition of down-type quarks mass eigenstates on the right. Now the W
couples to the Cabibbo-rotated states ( 7 ), ( N ), 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, called C'P, was believed to be conserved in the weak interaction. In
1964, the K; — w7~ decay was observed with a small branching fraction at an order of
O(1079) [17]. In 1973, when only two generations of quarks were known (u, d, s), Kobayashi and
Maskawa proposed that CP 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

Logw = \%(W/fﬂy“(l — )V + W dy* (1 — y5)uv'h) (1.3)

where g is the weak interaction coupling constant, W), is the 3-component SU(2) gauge field, and
the summation over all u-type and d-type quark fields is implicit. This is the famous Vector (y*)
— Axial vector (v#4°) (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 x 3 Cabibbo, Kobayashi, and

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

d/ Vud Vus Vub d
S| =|Vea Ves Vo | |5 (1.4)
v Vie Vis Vi b

The unitarity of the CKM matrix gives

ZVngﬁc = 0j (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
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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]

0.97373 £ 0.00301 0.2243 + 0.0008 0.00382 + 0.00020
Vil =1 0.221 +0.004 0.975 4+ 0.006  0.0408 + 0.0014 (1.6)

0.0086 4+ 0.0002  0.0415 £ 0.0009 1.014 £ 0.029

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, Vg4, Vis, and Vi,. While the off-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\, A, p, and 7, where p
and 7 correspond to the rates of CP violation [19]. The CKM matrix in Wolfenstein

parameterization is written as [2]:

1- ’\2—2 A AX3(p —inm)
Vekm = Y S AN? +0(\Y)
AN(1 —p—in) —AN? 1

,where A ~ 0.22500, A ~ 0.826, p ~ 0.159 and 7 ~ 0.348 [2]. The quark mixing between the
same generation is the strongest ~ 1, between the first and second generations, is weaker ~ A,

while the mixing between the first and third generation is the weakest < A3.
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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. The CP violation in weak decays introduced by the CKM matrix in
SM is insufficient 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 an eTe™ pair like a virtual photon does. The reactions to
search for are

p+N—-J+X —vete +X (1.7)

, where N is a light nucleus and Be was used in the experiment, and X represents unreconstructed
final 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 (|p]) 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 calorimeter . The invariant masses of the eTe™ pair are
m(ete™)? = (p1 + p2)? = 2E1Fy + 2m? — 2|pi||p3|cos(81 + 62) (1.8)

, where p = (E, p) is the four-momentum of the electron/positron, E? = m?2 + |p;|?, and 0; is the
angle relative to the beam direction. A resonance peak would show in the m(e™e™) distribution if
the particle J exists. Figure 1.4 (left) shows the m(eTe™) distribution, and a narrow peak around
3100 MeV/c? can be seen.

At the same times, the SPEAR eTe™ collider was operated at the SLAC with a maximum
center-of-mass energy /s of 8 GeV, with data collecting using the Mark I detector [20]. The cross

sections® of the process ee~™ — hardons, eTe™ — lI(I = e, u) at different /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 ¢g pair with ¢ = 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 flavor called charm (c) was discovered, and the J/i was
identified as a ¢¢ 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 finding [22]. A few months later,
Burton Richter’s group at SLAC found the same particle ¥. Both groups simultaneously

published their results in December 2" 1974.

1.2.1.2 The D meson

The Mark I collaboration started the search for mesons containing charm quark at /s ~ 4
GeV in 1976, and a first resonance DY (D) was observed in the neutral combinations,
K7t (K*7r™), 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 particle K and 7.
The peaks can be seen in the Figure 1.5 (e) and (h) are corresponding to the Cabibbo favored
D » K—7t and D — K~ntr~ 7t decays, which amplitudes proportional to the diagonal
elements of CKM matrix. The other DY decay modes in Figure 1.5 are suppressed, called single
Cabibbo suppressed decays, where the decay amplitude is proportional to the off-diagonal
elements of the CKM matrix. Example Feynman diagrams of the Cabibbo favored decay
DY — K—7t, single Cabibbo suppressed decay D° — K~ K™, and double Cabibbo suppressed

decay D° — K7~ are shown in Figure 1.6.
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1.2.2 Rare charm meson decays D° — h~h()T[*]~
1.2.2.1 FCNC transitions

As mentioned earlier, the K% — p+ = decay is both loop and GIM suppressed®. The decay
Ky — ptu™ is a type of flavor-changing neutral current (FCNC) transition, which is a process
that changes the flavor of fermion without altering the electric charge. Compared to the flavor
changing charged current decay, which happens at the tree level mediated by the W* bosons, the
FCNC is forbidden at the tree level in the SM as the neutral gauge bosons (Z, v, and g) only
couple to the fermions with the same flavor (flavor-diagonal). The FCNC process can be divided
by the amount of change of flavor AF, i.e.,K® — up~ decay changes the strange flavor
AS = 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 first observed by CLEO Collaboration through the
decay of BY — K*%(892)y and B~ — K*(892)y in 1993 [24]. The b — sy decay shown in Figure

1.7 is an electroweak “penguin” decay [25].

g q 1 i
Figure 1.7: The b — sy decay Feynman loop diagram and the penguin drawings [25].

The amplitude independent of the internal quark mass will vanish because ), V;iVis = 0.

However, the GIM suppression is less effective for the b — sy decay because the top ¢ quark is the

5The top quark contribution is also CKM suppressed due to the small CKM elements V;qVis.
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heavies quark among other quarks and W mass. Thus the b — sy amplitude reduces to

* 2 2
M o Vi Vi mg /myiy,.

1.2.2.2 The ¢ — ufl decays

Electroweak penguin decays like b — sll,b — dll and ¢ — 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 significant virtual
contributions that deviate from the SM. Compared to the decays b — s£T¢~ and b — d¢T{~, the
¢ — ull decays in the SM are further suppressed due to the GIM mechanism, CKM suppression,
and the small quark masses in the loop.

The difficulty of interpreting the flavor changing amplitudes is that it involves separated mass
scales, ranging from QCD A ~ 350 MeV to m; ~ 165 GeV [26]. The Effective 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 flavor-changing
amplitudes. The effective Lagrangian for the ¢ — w £¢ transition valid at a given scale of interest
A~ mg is given by [27, 28]:

Heot = MgHE+ A\H + N\yHPS (1.9)

where the CKM weights \; = V:V,; and V;; are the CKM matrix elements. The first two effective
Hamiltonians containing the four-quark operators O; 2 with the corresponding Wilson coefficients

C1,2 which represent effective strength of the interactions are given by [28]:

_ 4G
HImEs = —ZZ(C,04 + C0 1.10
\/5( 101 + C20s) (1.10)
O:—Oéua—,g B O:—auﬂ —B (6] 111
1 (QL'Y CL)(UL’VHCL)a 2 (QLV CL)(UL'YMCL) ( . )

where G is the Fermi constant, q; /g is the left (right) handed quark, and «//f is the color index.

The explicit form of HP8 is [27]

4
HPene — —ﬁ( > o) (1.12)
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with the QCD penguin operators O3 ¢, electromagnetic operator O7, chromomagnetic operator
Og, and NP sensistive electroweak penguin operators Og (vector component), Oy (axial vector
component) defined as [27]:

2 2

(@ Pre) (lul), Oro = <4€7r)2<ﬂ7"PLC>(l_’m5l> (1.13)

(4m)?

Oy =

, where Pp/p is the left (right) handed projector (1 F v5)/2.

NP appears as the shift of the Wilson coefficients
C(p)i = C()™M + () (1.14)

where p represents the energy scale, and NP represents the effect of new physics. With a
significant amount of signal observed, one can further search for new physics by extracting the
Wilson Coefficients 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 differential decay
rates, decay-angular distributions, CP, and lepton-flavor universality (LFU)). The recent
b — s{T{~ analysis results performed by BABAR [29], Belle [30], and LHCb [31, 32, 33, 34, 35]

show consistency with SM predictions.



20

1.2.2.3 The D° — h~h()++]~ decays

The decays D° — X%*¢~, where X0 is a light-quark system and ¢ = e or y, 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 x 1079 [36]. However, long-distance
contributions from photon pole or vector meson dominance (VMD) amplitudes (Figure 1.9), which
proceed through the decays D° — X0(v*/VY) — X%/~ where v* is a virtual photon and V? is
an intermediate pseudoscalar or vector meson, can be up to 2 x 1076 [36]. SM predictions for SD

and LD contributions to the branching fractions of DY — X%¢*¢~ decays are given in Table 1.2.

l++ +l‘ .

/ b R W
C L ’ u C Y 7 u

q < q q < q
(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’ model, and models with warped extra dimensions predict significantly
enhanced rates for ¢ — u {74~ decays, deviations from SM decay-angular distributions as well as
the presence of lepton flavor conservation violating transitions and CP symmetry violation [37,
38, 39, 40]. For example, branching fractions of D — X/ ¢~ decays are found to be O(10719) 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° — X°%*[~ decays through photon pole (c) and VMD (d)
diagrams.

branching fractions of D — X%/ ¢~ 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 forbidden ¢ — X £¢() decays in
several final states. Recently, several four-body decays DY — hh/¢*¢~ (where h,h/ = K+, 77F)
have been observed. BABAR has observed the decay D° — K ~ntete™ in the mass range 0.675 <
Mete— < 0.875 GeV/c? at a rate compatible with VMD contributions [43] and the decay
D% — K—nFutp~ previously observed by LHCb [50]. LHCb has also observed the decays
D® — 7=ntutu~ and D° — K~ KT u~ [51]. BABAR has set branching fraction upper limits in
the range (1-44)x107% at 90% confidence level (CL) for the decays of the form X — h*¢F¢()+,
where X[ is a charged charm hadron (DT, D, A}) based on 0.384 ab™! of e*e~ annihilation
data collected near the 7°(4S) resonance [42]. LHCD has searched for the decay A} — pu® ™ and
set the upper limit B(AF — putp~™) < 7.7 x 1078 at 90% C.L. [52]. CLEO II has set branching
fraction upper limits from 45x1076 to 180x107% at 90% C.L. for the decays D° — X000~
where X0 is a 7% 7, Kg, p%, w, ¢ or K*9 meson and ¢ = e, ;1 with 3.85 fb~! of e*e™ annihilation

data collected near the 7°(4S) resonance [47]. BES III has set branching fraction upper limits in
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the range (4-12)x10% at 90% CL for the decays DY — X%e*e™, where X is a 7%, n, K2, or w
meson, and in the range (11-41) for the decays D° — h~h()*ete™ [46].

Table 1.2: Measured branching fractions or 90% C.L. upper limits (x107°) of the rare decays
D% — hh()¢t ¢~ along with estimates for branching fractions uncertainties or upper limits with
the full Belle dataset (1 ab™!) and a 5 ab™! Belle II dataset. The corresponding Standard Model
predictions for the SD and LD contributions to the branching fractions are also given [36, 37, 53].

DY — B measured Belle expected | Belle IT expected | SM SD B | SM LD B
o(B) or B UL o(B) or B

P K~ ptp~ | 4174 0.12 4 0.40 [50] +0.35 +0.16 ~ 10
7tK ete” 4.0+ 0.5+£0.2 [43] +0.35 +0.16 ~ 10
rtr 0.96 & 0.12 [51] +0.35 +0.16 ~1
ntn-ete” <7 [46] +0.35 +0.16 ~1
KTK ptu~ 0.154+0.03 [51] < 0.7 < 0.32 ~0.1
KtK ete™ < 11 [46] < 0.7 < 0.32 ~ 0.1
AN < 4 [46] < 3.7 <17 1x1076 0.21
nlre- < 3 [46] < 7.7 <35 2.5 x 1074 0.05

n' e — 9.7 x 1076 0.02
KOte- < 24 [46] <77 <35 0 0.43

The analysis searches the full Belle data set for the decays D° — h~h()*ete™, where
) =K ,m. The research objective is divided into two parts. The first part is probing the NP at
Mee Tegions where the ee resonance contributions are relatively small, i.e., as shown in Figure
1.10, and probing the potential NP contribution to the FCNC process ¢ — uete™ through D —
n ntete”, K~ Ktete™ decays in particular. The second part is searching for the D? —
h~h()Tete™ decay with ee at potential resonances, especially to confirm the branching fraction of

the Cabibbo favored long-distance decay D° — K~ mteTe™ with me. at m,,,, region with recent

p/w
BABAR measurements [43].
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Figure 1.10: DY — 7~ 7t pu*pu~ differential branching fraction ratio dB(D° — K~ 7t u*™u™)/d¢?,
where ¢? 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 different relative strong phase between p and ¢ [54].
The resonant contributions are relatively smaller at ¢ regions away from 7, p/w, ¢ regions (m?),
which give room for probing potential NP contribution in nonresonant regions.
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CHAPTER 2. THE BELLE EXPERIMENT

2.1 ete  collisions

The objective is to find the events from the rare decays D — h~h()*{*]~. The production of
a particular type of event (N) is then given by the product of the instantaneous luminosity (£)
and the cross section (o)
dN
— =L 2.1
dt 7 (2.1)

251 which refers to the flux of particles crossing

The instantaneous luminosity has a unit of cm™
the interaction area in a given time interval. The cross section is a measurement of the
probability of a specific scattering process under some given set of initial and final 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 as ¢; + g2 — g3 + q4 is

given by Fermi’s golden rule [15]

1 ‘pf’ / 2
= — (9] 2.2
o 61775 [pi] |IM|“d (2.2)

, where the energy of the system (y/s), the momenta (p) of the initial and final state particles,

and the solid angle (df2) are all evaluated in the center-of-mass frame. The M is the amplitude

calculated by the Feynman diagrams, e.g., the lowest order eTe™ — ¢g amplitude gives [15]

2
M= (el fa(a o) (23)

where (@ 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 of eTe™ annihilation

into hadrons as a function of the eTe™ center-of-mass energy.
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Figure 2.1: Cross section ete™ — hadrons vs center-of-mass energy [55] The peaks correspond to
the process of ete™ — bb(Y(nS)), which forms the 7'(nS) resonances. The eTe™ annihilation to
other quark anti-quark pairs ete™ — uu, dd, s5, c¢ 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-energy eTe™ collider aiming to produce
BB 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 7°(45) (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 c¢ pairs (ete™ — 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 eTe™ collider is given by

. aneJrne* f

L (2.4)

Aeyy
, where n is the number of electrons/positrons in each bunch !, IV is the number of bunches, f is
the circulation frequency, and A.s¢ is the effective 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.

' A 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: the z-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 the x — 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-flight counters (TOF), CsI(Tl) crystal calorimeters (ECL), K? 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 field.

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 first 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° < 6 < 140° while the full acceptance of the Belle detector is 17° < 6 < 150°.

The SVD2 replaced SVD1 in the summer of 2003 with the coverage increased to the
acceptance of the CDC 17° < 6§ < 150°. Figure 2.5 shows the geometry of SVD2. It consists of

four layers of DSSD and contains 138 DSSDs in total.



29

Time Of Flight Aerogel Cherenkov

Csl Electromagnetic Counter  counter
Calorimeter 3.5GeV positron

beame—"

Super Conductive
Solenoid coil

8GeV electron

beam
/ _
K, muon
detector Central Drift
Chamber
Silicon Vertex Detector
ECL KLM SCALE
CDC ;\:/f ,/ / -1 0 1 2 3m
SVD A / / TOF
ACC
N EFC
e- g et
80 Ge =i == - 3.5 GeV

l:O ﬁﬂl

Figure 2.3: The overview of the Belle detector [57].
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Figure 2.5: The SVD2 sub-detector configuration. [59]
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2.3.0.2 Central drift chamber

The Central Drift Chamber precisely measures the particle momenta and helps with particle
identification (PID) by measuring the energy loss (dE/dx). The CDC reconstructs tracks by
precisely measuring their hit coordinates left by the charged particles in the detector volume,
enabling their momentum reconstruction. The charged particles lose energy while traveling within
the CDC volume and the dE/dx measurement is used in the particle identification (PID).

Figure 2.6 shows the geometry of CDC. The CDC is asymmetric in the z direction, and it
covers an angular range of 17° < # < 150°. The inner radius is 103 mm, and the outer radius is
874 mm. The chamber has 50 layers of anode wires, 32 axial (parallel to the z axis), 18 stereo
(slant to the z axis to differentiate hits at different z positions) wire layers, and three cathode
strip layers. The CDC has 8400 drift cells filled with low-Z gas to minimize multiple scattering for
better momentum resolution. The gas is ionized whenever a charged particle passes through, and
the sense wire can pick up a signal. The Bethe-Bloch formula [60] describes the charged particle
energy loss, which mainly depends on the velocity 5. For a given momentum, the energy loss is
different for different masses. The charged particles are identified through their masses, inferred
from their momentum and energy loss measured in the CDC. Figure 2.7 shows a scatter plot of
the measured dE/dz and momentum for different particles.

The transverse momentum p; resolution of the tracking system consisting of the SVD and
CDC sub-detectors is

op, /Pt = 0.0019p; & 0.0030/8 (2.5)

, where the p; is measured in GeV/c and & means sum in quadrature [57].

2.3.0.3 Aerogel Cerenkov counters

An array of silica-aerogel threshold Cerenkov counters is part of the Belle particle

identification system, along with the dE/dz in the CDC and the time-of-the flight detector. The
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Figure 2.6: The CDC sub-detector overview [59].

Cerenkov radiation is emitted when a particle’s speed is greater than the light in a matter

1
n>—=,/14+(

; %)2 (2.6)

where n is the refractive index of the matter. Thus, for a given index n, there is a momentum
region where 7 can have Cerenkov radiations, but heavier particles like K do not. The set of
index n is chosen to separate the m and K for the momentum regions of interest. Two (one)
photo-multiplier tubes are attached to each module in the barrel (endcap) part to detect the
Cerenkov light or photons.

Figure 2.8 shows the configuration of the Belle aerogel Cherenkov counter. The polar angle
coverage is 33.3° < 0 < 127.9° in the barrel, and 13.6° < 8 < 33.4° in the forward endcap and
allowing for efficient K-7 separation in the momentum range between 1.5 GeV/c and 3.5 GeV/c.
The ACC has 960 counter modules in total. The barrel device consists of 60 identical sectors in
the ¢ direction, and 16 modules are arranged in each sector. The end cap device consists of 12
identical sectors in the ¢ direction, and each sector contains 19 modules, which are configured to

have a 5-layer structure in the radial direction.
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Figure 2.7: dE/dz measured in the CDC and momentum for different particles [58].

2.3.0.4 Time-of-flight system

The TOF measures the time of fight for charged tracks reconstructed by the CDC. The mass

of a particle can be calculated from

where L is the flight length.

The TOF is only installed in the barrel section of the detector outside the barrel section of
ACC, as shown in Figure 2.8. The time-of-flight system can separate K and 7 for tracks with
momenta below 1.2 GeV/c. The TOF is designed to have a time resolution of 100 ps for p tracks.
The TOF acceptance is 33° < 6 < 121° in the lab frame, and the minimum p; to reach a TOF

counter is 0.28 GeV/ec.
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Figure 2.8: The ACC and TOF sub-detectors overview [58].

2.3.0.5 Electromagnetic calorimeter

The main objective of the ECL is to detect and measure photons with high efficiency and
good resolutions in energy and position. The energy of an electron or photon is deposited in
electromagnetic showers when it hits a crystal. The ratio E/p, the shower energy to the track
momentum, is used for electron/hadron separation.

The overall configuration of the Belle electromagnetic calorimeter system is shown in Figure
2.9. The entire system contains 8736 CsI(Tl) crystals and weighs about 43 tons. The ECL
consists of three sections: the forward endcap section has a polar angle coverage of
12.4° < 0 < 31.4°, the barrel section coverage is 32.2° < 6 < 128.7°, and the backward endcap
coverage is 130.7° < § < 155.1°. The ECL energy resolution varies from 4% at 100 MeV to about

1.6% at 8 GeV, and the angular resolution is about 13 mrad (3 mrad) at low (high) energies.

2.3.0.6 K9 and p detector

The KLM detection system is used to identify K and p with high efficiency for momenta
greater than 600 MeV/c. Figure 2.10 shows the cross-section of a superlayer for the barrel region.

The KLM consists of alternating glass electrode resistive-plate counters (RPCs) layers and 4.7 cm
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Figure 2.9: The ECL sub-detector overview [58].

thick iron plates. The KLLM barrel polar angle coverage is 45° < 6 < 125°, and the forward and
backward end caps extend this range to between 20° and 155°. There are 15 detector layers and
14 iron layers in each octagonal barrel region and 14 detector layers and 14 iron layers in each
endcap.

Hadrons interact with the iron plates and produce a shower of ionizing particles detected by
the RPC layers. The cluster of hits is deposited in the KLM. A K9 leaves a cluster in the KLM
without an associated track in the CDC, which is distinguished from other charged hadrons.
Muons in the KLM have a greater penetration depth than K? as they do not have strong
interaction. The range and transverse direction of a non-showering charged particle discriminates

between muons and K/.
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CHAPTER 3. EVENT PRESELECTIONS

3.1 Analysis strategy overview

The D production rate is not precisely known in the ete™ collisions. Therefore, the signal
branching fractions and limits are calculated relative to a normalization mode. We use the decay
DY — K—ntn~nt for normalization. The mode is well known, has a large branching fraction of
8.22 + 0.14%, and has the same number of tracks as the signal decays. The signal branching
fractions are measured with respect to the decay DY — K~ 7t7n~ 7T through the equation

/ N, _ .o _ _ _ Lo _
B(D® — h~h(Otete) = “hohOteter SRomtnont ZKomtnnt g0y g=ptpe—rpty  (3.1)
NK_ﬂ‘+7T_7T+ €h—htete— Eh*h(/>+e+e*

where N are the yields obtained from 1D fitting (details in Section 4.2), € are the reconstruction
efficiencies (details in Section 3.4.2) and £ are the luminosities. To suppress combinatorial
background from fake D°, the signal DO is selected from the D** decay D** — D%rf. Since the
value of Am = (mp+ —mpo) is close to the m_+, the 7} has a low momentum and is referred to
as the soft or slow 7. The Monte Carlo (MC) simulation is used in this analysis to study the
signal and background distributions and determine the selection criteria. To avoid potential bias,
which may unconsciously influence the research outcomes, the signal mode variable distributions
are kept hidden until the selection has been finalized.

An overview of the data samples and the event selection are given in this chapter. The
distributions of variables for signal and background and data and MC simulations of the decay
channels in Sections 3.3.3 - 3.3.4. In the following chapters, the optimized selection criteria and
the corresponding cut efficiencies are given in Chapter 3.4. The analysis results are given in
Chapter 4, which includes the signal and normalization mode MC and data mpo distributions,
the systematic uncertainties estimation, and the measured branching fractions and branching

fraction upper limits. The conclusions are given in Chapter 5.
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3.2 Data and MC samples

3.2.1 Data samples

The events collected by Belle are classified into several categories. The data are skimmed to
produce subsets of selected events, designed for a specific area of analysis. The skimming is done
by requiring the event passing a set of loose selection criteria, i.e., the number of tracks, the
fraction of missing energy to the total energy, the tracks momenta and vertex positions. Using the
skim helps analyzers efficiently analyze a specific amount of data based on the interest. For
example, the QED processes eTe™ — eTe™ and eTe™ — pt ™ are used for detector calibration.
Belle developed the hadronic skim HadronB(J) [57], which is used for analyses of B and charm
mesons. The analysis is performed on a total of 942 fb™! of (45) and 7'(55) on and near
resonance data, corresponding to about 583 millions of D** (D*~). We use events selected by the
HadronB(J) skim and analyze them using the basf2 [61] framework developed by Belle II.

Table 3.1 shows the integrated luminosity and number of events that pass the HadronB(J) skim
criteria of the datasets with their corresponding center-of-mass energies.

Table 3.1: Integrated Luminosity (fb~!) and number of events for HadronB(J) skim reprocessed
data. The silicon vertex detector SVD1 was used for the first three years of data taking and then
replaced by SVD2 (see details in Section 2.3.0.1).

. No. of events
Experiment | E ~ m(7(45)) E ~m(Y(59)) Total £ after HadronB (J) skim
7-27
140.747/15.621 0/0/0 156.099 628,939k
(SVD1) / /0/ ’
31-73 562.615/73.833 | 121.061/1.73/27.574 | 786.889 3,186,011k
(SVD2) . . . . . . ,186,
(TtZil) 702.623/89.454 | 121.061/1.73/27.574 | 942.462 3,814,950k
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3.2.2 MC samples

Large samples of the processes ete™ — ¢q (¢ = u, dd, s3, c¢, bb) are centrally produced by
Belle, called Belle generic MC-simulated events, are used for the studies of backgrounds. The
events undergo fragmentation and hadronization to reproduce the known production rates and
branching fractions obtained from PDG. Six streams ! of Belle generic MC-simulated events are
used to study the background for the rare D signal modes. Only stream No.0 is used to study
the efficiency and background of the D — K77~ 7+ normalization mode. The numbers of
simulated events for each event type in each stream are listed in Table 3.2. In order to study the
DY —» K—ntete™, D — - ntete™, and DY — K~ K*tete™ in different me. mass regions, we
use EvtGen [62] to generate the corresponding MC-simulated events of signal decays (Table 3.3).

The number of generated samples processing through the skim is given in Table 3.4.

Table 3.2: Belle generic MC-simulated events.

Event type Energy L per stream | No. events per stream
(b ]

charged (B*B™) / m(7(4S)) 692.5 377,426k

mixed (B°B)

charm (cc) m(7(45),7(55)) 911.1 1,184,484k

uds (v, dd, s3) m(7(45),7(55)) 911.1 1,904,275k

BsBs (BE‘S)EE‘S)) m(7(55)) 122.4 7,133k

non-BsBs m(7(55)) 122.4 29,819k

(BYB™, 1(48)y)

!One stream corresponds approximately to the integrated luminosity of the full Belle dataset.
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Table 3.3: Belle signal MC-simulated channels with ete™ final states. The PHSP represents the
phase-space decay EFvtGen mode where the MC-simulated events are generated with no intermediate
resonance under kinematic constraints. The SVS represents the scalar to pseudoscalar and scalar
decay mode. The VSS represents the vector to two pseudoscalar decay mode. The VLL represents
the vector to two leptons decay mode. The SVV_HELAMP represents the scalar to two vector decays
with generic helicity amplitude model.

Mee Tegions [MeV/c? | | Excluding potential ee resonances n o0 1)
Modes 520 < Mmee < 560 675 < Mee < 875 990 < Mmee < 1034
DY — ¢nsvs DY — ¢p¥ SVV_HELAMP
K Ktete™ DY - K~ K*ete™ PHSP ¢ — K-K*tvss ¢ — K-Ktvss -
n — e”et PHSP p° — e et VLL
D% — 7ty PHSP D% — p0p0 PHSP D% — 7~ xt$ PHSP
a atete” DY — r—ntete™ PHSP o0 — mat vss
1 — e~ e PHSP ¥ — e"et VLL ¢ — e et VLL
D® - K—ntyPHSP | D — K*0p0 svv_HELAMP | D° — K~ nt¢ PHSP
K-ntete D° - K—ntete™ PHSP K - K-ntvss
n — e~ e PHSP ¥ — e"et VLL ¢ — e et VLL

Table 3.4: Belle signal MC-simulated events generated in me. regions with corresponding FvtGen
modes affect the decay angular distributions and selection efficiencies.

Modes DY — | my, regions | Total No. events | No. events passed HadronB(J) skim | efficiency (%)
K~KTeTe™ | phase-space 398,616 378,711 95.01 & 0.03
n 398,696 377,901 94.78 + 0.04

p/w 398,511 377,296 94.68 + 0.04

7~ nteTe™ | phase-space 399,531 387,976 97.11 £+ 0.03

n 399,507 387,637 97.03 £ 0.03

p/w 399,367 388,389 97.25 + 0.03

10) 398,553 388,022 97.11 £+ 0.03

K~nteTe™ | phase-space 399,198 384,391 96.29 + 0.03
n 399,243 384,858 96.40 + 0.03

p/w 399,319 385,422 96.52 + 0.03

10) 399,187 383,740 96.13 £+ 0.03
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3.3 Preselections

3.3.1 Particle selections

In Belle, the sub-detector information from TOF, ACC, and CDC contributes to hadron
identifications, i.e., the identifications of charged m and K. The electron identification is based on
the sub-detector information from the CDC, ACC, and ECL. The particle identification (PID) in
Belle is based on likelihood ratios. For hadron PID, the likelihoods for a candidate particle o are
constructed from the information of CDC dE/dz LEPC, time of flight from the TOF L19F and
the number of photons from ACC LACC. The likelihood ratios are [57]:

LgDcLZZOFLéCC

Lla: p) = LgPCLIOF LACC | [GDCLTOF [ACT (3:2)

The likelihood LZCT based on information from ECL like E/p, shower shape, and matching of
the positions of the track and the energy cluster is used for electron identification besides the
likelihoods from LEPC and LACC. The information from KLM is used for the p identification.
The AR, representing the difference between the measured and expected range of the track from
CDC, and the statistic x2, constructed from the transverse deviations of all hits associated with

the track normalized by the number of hits, is used to form the LELM,

3.3.2 Preselections

We apply several loose selections to reduce the number of selected background events and the
computation time. At least five charged tracks are required in the event, which greatly suppresses
the background from QED processes. Each track must have momentum p > 0.1 GeV/c. The track
transverse and longitudinal projection of the distance of the closest approach to the origin must
be less than 0.25 cm and 4.5 cm to reduce beam-induced background and background from K9
mesons. Tracks used to reconstruct D° — K~ K+tete™, nntete, and K~ ntete™ candidates
are required to pass loose PID criteria. No kaon ID (KID) Rx = Lk /(Lk + Lz) requirement is
imposed on pion or kaon candidates in the preselection. Electron candidates must have electron

ID (eID) Re = Le/(Le + Lpon—e) > 0.5, where Lyon—c = Lr + Lk + L. The electrons lose kinetic
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energy by radiating photons if they are deflected in the electric field of an atomic nucleus, which
is a process called bremsstrahlung. The electron bremsstrahlung recovery is applied in this
analysis, and photons having an angle within 5 degrees of an electron candidate and a minimum

energy (ming,y) of 20 MeV are added to the four-momentum of electron candidate.

7)
The D° signal candidates are reconstructed from the selected kaon, pion, and electron
candidates. The mass of the DY candidate is calculated using the four momenta of the tracks. As

an example, the D° candidate mass obtained from reconstruction of D® — K~ 7ntete™ decays are

given by:

mpo = m(K77T+e+ef) = \/(p(EKfvﬁK*) +p(E7r+7ﬁ7r+) +p(Ee+7ﬁe+) +p(Ee*7ﬁe*))2 (33)

where the track momentum p is reconstructed from SVD and CDC. The reconstructed mpo will
peak at the nominal D° mass (~1.865 GeV/c?) if all the tracks from D° — h~h()Tete™ decay
are correctly identified. For preselections, the D° candidates with mpo in the range 1.75
< mpo < 1.98 GeV/c? are combined with each 7t to form a D** (m(D*t) ~2.010 GeV/c?)
candidate 2. Candidates must have a D** — D° mass difference Am (~0.1454 GeV/c?) consistent
with the decay D** — D7, A Am < 0.16 GeV/c? cut is required for all three D° decay modes.
Background from random track combinations at low D** momentum is reduced with a cut on the
D*T momentum in the center-of-mass frame at p*(D**) > 2.0 GeV/c, where p* represents the
momentum in the eTe™ center-of-mass frame. Lastly, a vertex fit is applied to each reconstructed
DY candidate. The x? of the goodness of the vertex fit will be larger if the combined tracks are
not originally from the same decay vertex. An interaction point constrained vertex fit to the
decay chain D** — DOzF, D® — h~h()*ete™ is applied, and candidates that fail the fit are
discarded (Belle use negative P(x%..) to represent the failed fit).

The electron bremsstrahlung recovery may mistakenly add the photons from 7%/n — ete™vy
decays. For example, if the electrons and photon from DY — K~ 7 7%ete™v) decays are picked,
the reconstructed DY candidates will peak at 1.865 GeV/c? faking signal D candidates.

Additionally, the mass of DY candidates will peak at low mpo region if the 7%/ — ete™7 decays

2The D° charge conjugated decay channels are also reconstructed in this analysis.
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are partially reconstructed. To suppress the background from the 7°/n — e*e~v decays, an

Mee > 200 MeV/c? cut is required for the signal modes 3. This cut suppresses the low 1.
background from these decays as the 7 is not reconstructed, as shown in Figure A.1 (in appendix)
of the DY — K~ntete™ mode mpo distributions distributions before and after the me. > 200
MeV/c? is applied. Because the Cabibbo favored decay B(D? — K~ntn) ~ 1.88% [2], an mee >
560 MeV/c? is applied to the non-resonant K7 ete™ region to reduce the n — ete vy
background. The m.. > 560 MeV/c? cut is also applied to the K ~7+eTe™ mode after the
preselection shown in Figure 3.1 (c).

The following two sections show the variable distributions obtained from generic MC and
signal MC. The truth-matched * generic charm MC and generated signal MC mpo, Am, and
p*(D*T) variables are plotted as a cross-check for consistent shapes of the distributions (Section
3.3.3). To study the signal and background distributions and identify potential peaking
background in the mpo region, the truth-matched signal MC and the generic MC variables after

the preselection are plotted (Section 3.3.4).

3.3.3 Truth-matched MC distributions after preselections

Distributions of several variables after the preselection are shown (Figures 3.1 - 3.3) for the
signal candidates in truth-matched phase-space signal MC (~400k events for each hh()tete
mode) and truth-matched generic charm MC (6 streams). The distributions of mpo, Am,
p*(D*T) obtained from the signal MC (red curve) are overlaid with the corresponding
distributions generic charm MC (black curve). As expected, the shapes of the distributions agree
between the generic charm MC and signal MC. However, there are fewer candidates in the generic

charm MC, especially for the K~ K*TeTe™ modes.

3See details at Section 3.3.4.2 .
4The truth-matched candidates refers to the correctly reconstructed candidates (signal). The MC truth informa-
tion is used to identify the correctly reconstructed candidates.
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Figure 3.1: mpo distributions of truth-matched phase-space signal MC with truth-matched generic
charm MC overlaid after preselections. Due to electron bremsstrahlung, the mpo signal distri-
butions are asymmetric with a low-mass tail. The distributions are scaled to the unit area.
The number of generic MC events in the plots for single Cabibbo suppressed decays is D° —
K- K*teTe™ (20 events) and D° — 7~ mFete™ (230 events), resulting in large uncertainties. The
K~ rtete distribution from generic MC is shifted compared to the signal MC which is due to the
D® — K= (— eTe ) background. The me. > 560 MeV/c? is applied to suppress it and the
fitted signal probability density function (PDF) parameters (signal PDF functions are described in
Section 4.2) are consistent.
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Figure 3.2: Am distributions of truth-matched phase-space signal MC with truth-matched generic
charm MC overlaid after preselection. The distributions are scaled to the unit area. The number
of generic MC events in the plots for single Cabibbo suppressed decays is DY —+ K~ K*tete™ (20
events) and DY — 7~ 7teTe™ (230 events), resulting in large uncertainties. The fitted signal MC
and generic charm MC Am distributions are within the statistical uncertainty.
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The distributions of the PID variables for signal D° — K~ 7ntete™ (Figure 3.4) are given
below using the corresponding phase-space signal MC. The PID responses of D* — 7 77 7 [e€]
are given in appendix A.1.1 for checking the PID distributions for the corresponding correct

particles should populate close to one, whereas the others are not.
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We first show the non-resonant signal modes m,,; ) and me, distributions using
truth-matched D® — K~ 7ntete™ phase-space signal MC as an example. Figures 3.5 give the
M+ and mee distributions with mee in m,/,, and mass regions with 7(520,560), p/w(675,875),
#(990,1034)[ MeV/c?] excluded.
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Figure 3.5: Distributions of my-,+ and mg. for truth-matched D° — K~ 7ntete™ phase-space
decay signal MC. The distributions are scaled to the unit area.
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The signal modes at the hh() and ee potential resonances are shown for checking the D —
h~h)*ete resonance decay signal MC. We use the D° — K*0 [K~7t] p0 [ete™] signal MC as
an example for showing the reconstructed D' — K ~mTete™ resonance decay candidates
(truth-matched) mg -+ and me, distributions (Figure 3.6). In the appendix A.1.1 we give the
Mee distributions of ee at i and ¢ resonance regions using the D° — 7+ 7= n/¢ [ee] signal MC as

an example.

)
o
2
N

e
°
@

N\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘

o
o
5

?-'hH\‘H\‘\H‘\H‘\H‘\H‘H\‘

o
o
I

Events / (0.01 GeV/c?
°
2

Events / (0.01 GeV/c®)

0.08

11 12
m(e'e) [Gevic]

— 8

1 T M P
0.7 0.8 0.9 1 11 12
m(K'Tr) [GeVic]

(a) my—n+ (b) Mmee

Figure 3.6: MC distributions of mg—,+ (left) and mee (right) for truth-matched D — K*°
[K—nt] p° [ete™] events. The resonance peaks at the K*O (m(K*?) ~ 0.895 GeV/c? [2]) and
P (m(p°) ~ 0.775 GeV/c? [2]) can be seen at my—+ ~ 0.89 GeV/c? and mee ~ 0.78 GeV/c?,
respectively. The natural widths (T') of the K** and p® are I'(K*?) ~ 47 MeV [2] and ['(p°) ~ 147
MeV [2], so their mass peaks are much wider than the D° (I' ~ O(1073) eV [2]) mass peak, which
is limited by the detector resolution.
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3.3.4 Generic MC distributions after preselections

The generic MC is used for studying the background and comparing it with the generated
signal MC as a cross-check. Section 3.3.4.1 gives the generic MC background mpo, Am, and
p*(D*1) distributions with signal MC overlay. Section 3.3.4.2 gives the distributions of

m(hh), m(ee), and PID outputs for signal modes from truth-matched generic MC.

3.3.4.1 Generic MC background distributions with signal MC overlay

The distributions of several variables for the signal (signal MC) and background (generic MC)
are compared after preselection. We specifically check for potentially peaking background shapes
near the signal regions in the distributions of mpo and Am. The mpo, Am, and p*(D*T) variable

distributions are below in Figures 3.7 - 3.9.
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400k signal MC, all scaled to data luminosity (same for the Am and p*(D**) distributions below).
The signal (red) curves are scaled to 2000 times of data £ for better visualization (also for the
distributions below). The background from Bz‘s) EE‘S) and B® B® X event samples are produced
at eTe” center-of-mass energy of 10.89 GeV is negligible. The dominant background comes from
the BB and “continuum” (e*e™ — c¢, uw, dd and s3) events. No peaking background is identified.
The mpo signal distributions for the h~h()tete™ modes are asymmetric with a low-mass tail due
to electron bremsstrahlung.
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Figure 3.8: Am distributions of generic MC background with truth-matched phase-space signal
MC overlay after preselection. The distributions are obtained from six streams of generic MC and
~ 400k signal MC, all scaled to data luminosity. The signal (red) curves are scaled to 2000 times
of data L for better visualization. The Am(mp«+ —mpo) curves converge at 0.1396 GeV/c? which
is the mass of 7%, because the each of the D° candidates are added with a 7+ candidate (7t mass
is added to the track four-momentum) to reconstruct a D** candidate. The background from BE‘S)

EZ‘S) and B® B® X event samples is negligible. The dominant background comes from the BB and
“continuum” events. No peaking background is identified. The dashed lines indicate the final cut

position (final selections discussed in Section 3.4).
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Figure 3.9: p*(D*") distributions of generic MC background with truth-matched phase-space signal
MC overlay after preselection. The distributions are obtained from six streams of generic MC and
~ 400k signal MC, all scaled to data luminosity. The signal (red) curves are scaled to 2000 times
of data £ for better visualization. The p*(D**) has a relatively larger value when D*T is directly
fragmented from a ¢ quark, compared to coming from the b where firstly fragments to B then decays
to D*. The maximum value of p*(D**) when D** fragmented from a ¢ quark is around 4.9 GeV/c
with eTe™ center-of-mass energy at 10.6 GeV. The background D** peaks around 2 GeV/c. The

*

background from B(s) BE‘S) and B®) B® X event samples is negligible. The dominant background

comes from the BB and “continuum” events. The dashed lines indicate the cut position.
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3.3.4.2 Generic MC truth-matched D° — K—ntete distributions

Here, we check the potential hh() and ee resonances using the truth-matched generic MC for
cross-checking the expected resonances for K**(K—n+), p¥(zt 7+, eTe™), n(ete ) and
¢(K~K™*,ete™). The peaks in the truth-matched generic MC mee and m,, o distributions are
from the corresponding resonance decays generated from the Belle decay table. The distributions
for the remaining modes are given in the appendix A.1.2 (K~ KTeTe™: A.1.2.2, 7 wTete™:
A.1.2.3).

Besides the mass peak at K*0 ~ 0.89 GeV/c? in the Figure 3.10 a, there is another peak at
~1.6 GeV/c? from the decay D° — pT [ 7t 70(ete )] K~ and
D% — K*~ [+ K- 7%(ete )] ©*. The distributions of so called helicity angle of vector decays to
and a scalar and a vector (i.e. D® — K*~[— K~ 7% 7t) follows cos? @, where 0 is the angle
between the p(K) measured in the K*~ rest frame and p{(K*~) measured in the D° rest frame.
The my -+ peaks occur when K and 7 have a small or large angle, as the preferred directions
are either close to the mother particle or the opposite. The peak at low invariant mass region
(Mee ~ 0) is shown in Figure 3.10 b. (also contribute to the small bump ~ 0.2 GeV/c? in Figure
3.10 ¢) comes from the (partially) reconstructed 7% — eTe~v decays. The peaks at n ~ 0.5 GeV/c?
and p/w ~ 0.78 GeV/c? can be seen in Figure 3.10 c. The reconstructed n width is larger than
the detector resolution (also > I'(n)) due to the n — eTe~ v where the v is not reconstructed.

As mentioned in the preselection, the me. > 200 MeV/c? selection suppresses the photon pole
mode and 7° decays background. Additionally, for suppressing the 7 — eTe™v decays, we do not
apply bremsstrahlung recovery for me. in m,, region as described in the following Section 3.4. The
PID responses are shown in appendix A.6 for checking the PID distributions for the

corresponding correct particles should populate close to one, whereas the others are not.
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appendix 11.2.1 - 11.2.2.
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3.4 Optimized selections

New physics contributions are easier to detect in m., regions away from the resonances, where
the predicted SM decay rate is small. In order to obtain the smallest possible upper limits on
potential NP contributions, we optimize the selection criteria in the mee regions (combined to one
mee mass region for each signal mode) excluding 1, p/w, and ¢ mass regions, and we call them
non-resonant me. regions here. On the other hand, the cuts are optimized at 7, p/w, and ¢ mass
regions ° for each signal mode to search the potential ee resonance decays. The cuts are optimized
based on the figure of merit (FOM) \/5:3-73’ where B is the background yield estimated from the

generic MC samples, and S is the expected number of signal candidates in data estimated using

signal MC. The final selections are based on the best significance obtained from the fit (described
below in Section 4.2). The signal MC normalization factors are calculated based on the B from
PDG, LHCb K~ K utu~, and 7~ p~ results, under the assumption of lepton flavor
university for the corresponding electron final states. For cross-checking, the BABAR measured
B(K~wtete™ with mee € m,),) is (4.0 £0.6) x 107 which is in agreement with the calculated
B(4.6 +0.2) x 1079 obtained from PDG [2] B(D? — K~ 77 p% x p¥ — ete™ x f +
D® — K—mFw x w — eTe™), where potential K~ 7+ resonances are included and f is the fraction
of the searched M., mass window (675 < me. < 875 MeV/c?) to the p mass window. The D° —
K-ntete” with mee € m,, FOM curves are given in appendix A.1.3 with the indication of
optimized selections.

The additional selections beside the kinematic cuts applied to signal modes are described
below (Section 3.4.1). The signal modes optimized selections for me, in the 7, p/w, ¢ and

6 are given in Tables 3.5 - A.3. The normalization mode D? —

non-resonant mee mass regions
K~ntm~ 7t selections are given in Table 3.5 (last column) and are set using the signal
K~ 7nTeTe™ mode optimized selections to minimize the systematics. The KID selection is the

same for the signal modes K~ nTete™, K~ K'eTe™ and the normalization mode K w7~ 7™, so

5The me. mass window around the p/w resonance is chosen as the same mass region as BABAR. For me. in the
my, and mg regions, the m.. mass window is set to cover ~ 85% of the corresponding resonances regions.
5The optimized selections for me. in p/w, ¢ and non-resonant me. regions are given in appendix A.1.4.
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that the KD systematic uncertainty is expected to be fully (partially) canceled, assuming the K
tracks have the same (p, cos @) distribution (See Section 4.5 for systematic uncertainties
estimation). Appendix A.1.5 gives the background compositions after the final selections. The

dominant background comes from the semi-leptonic B and D decays (B/D — X ev,).

3.4.1 Additional selections applied to signal modes

To further increase the sensitivity, additional selections are applied to address the background
coming from a specific type of event. These backgrounds include photon conversions in the
detector material (7 + nucleus — e*e™ + nucleus), hadronic four-boday D° decays (D° —
K-rntn at, KTK-n n~ and 7Tatn~ 7)), and decays of DY — hh()p/n%(— ete ).

In some semileptonic D — X decays the D daughters are combined with an e* from a photon
conversion. The ee pair from photon conversion has an opening angle in the lab frame 6., ~ 0 and
Mee ~ 0. We apply a photon conversion veto by picking the e* from the signal (D°) candidate
and another track with an opposite charge from the rest of the event to form a ee pair and
discard the corresponding D° candidate based on the e, mee, and the two electron tracks vertex
fit result. The distributions of these variables are given below in Figure 3.11.

The performance of photon conversion veto based on the selections optimized for mee in m,/,
regions is studied. For the K~ m"ete™ mode, the photon conversion veto removes about 20 of 31
expected photon conversions’ fall into the mpo and Am fit region® at a negligible cost of signal
events. The veto also rejects ~13.2% of the remaining background (background not from photon
conversion, i.e., combinatorial) compared to only applying other kinematic cuts. When applied to
the 77 Fete™ mode, the veto removes about 16 of 28 expected photon conversions and ~7.1% of
the remaining background. The signal mode efficiencies loss about 0.1% after the photon
conversion veto.

Another background comes from hadronic DY decays where two or more of the D daughters

are misidentified. The pions from the hadronic D° decays can be misidentified as electrons so that

"The values are from counting with the help of truth-matching. This also applies to other vetoes mentioned below.
8 Also apply to other veto mentioned below. 1.80 < mpo < 1.93 GeV/c?, Am < 0.15 GeV/c?.
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the reconstructed mpo will peak in the low D? mass region. The D** — D7} with

DY - K—ntn—nt, DY - ntrtn— 7, and D - Kt K~ n~ 7~ decays are also reconstructed
besides the signal h~h()tete™ modes reconstruction in each of the events. If a D*t candidate in
these modes with mpo and Am have distances within the optimized threshold values to the
corresponding nominal values is found, this signal candidate is discarded.

The performance of hadronic DY decays veto is studied based on the selections optimized for
Mee in M, ), regions. For the K~ mete™ mode, applying the hadronic D decay veto after the
photon conversion veto reduces the expected background contributed by hadronic D° decay from
about 6 to 4 and also rejects ~ 4.6% of the remaining background (background other than
hadronic D° decays) while maintaining the signal efficiency with a slight loss ~ 0.1%. The veto
reduces ~ 1.6 expected background events (~ 2 in total) and ~ 15% of the remaining background
with a signal loss ~ 0.3% for the 7~7nTeTe™ mode. For the K~ K TeTe™ mode, the veto reduces
in total ~ 0.3 of the remaining background events (~ 3 in total) after applying photon conversion
veto with a signal loss ~ 0.5%.

The photons coming from the D — hh()70/n(7/n — eTe~ ) decays can be misidentified as
bremsstrahlung photons so that D° — h~h()*ete=+ events are fully reconstructed (peaking in
signal m po region) faking signal D° — h~h()*ete~. On the other hand, picking the electrons
from 7%/n — ete~7y decay can also cause the mpo distribution peaking in the low mpo region
when the 7 is not added. To reduce the 7 — ete~v background from the D° — hh) 70 decays, a
minimum of 200 MeV/c? is set for all the signal modes studied in different ee mass regions. To
suppress the background from the D? — hh(/)n (— eTe™ ) decays, the electron bremsstrahlung
recovery for me. in m,, region (520 < mee < 560 MeV/c?) is not applied. A background PDF is
used to fit (shown in Figure 4.1) the mpo peak in low mpo region originated from partially
reconstructed n — e~ e~y decays. This background PDF is only used fitting the mpo distribution
for the Caibbbo favored D° — K~ rTeTe™ with me, in m,, region, where no peaking background
in the low mpo region found for the single Cabibbo suppressed K~ KTeTe™ and 7~ nteTe™

channels.
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The number of reconstructed candidates in events with at least one signal candidate is
approximately 1.01 for K~ nTeTe™ and K~ Ktete™, and 1.02 for 7~ nTeTe™ with me, in Mp/w
region. For events with more than one signal candidate, the candidate with Am closest to the

nominal value is selected. The best candidate secection (BCS) efficiency

No. truth-matched events after BCS : : 0
(No. truth-matched events after final selection without BCS) 18 (81 + 7)%’ studied from MC Samples of D” —

K (K=7n1)p° (e*e™) decays.
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Figure 3.11: The distributions of the two electron candidates invariant mass mee, the angle between
them 6., and their vertex fit x? probability P(X%). It can be seen from truth-matched generic
MC-simulated events (red curve) that 0. and me. peaks near zero photon conversion. The blue
curve represents the background where one of the e tracks comes from the truth-matched D° —
K~rmtete™ signal MC-simulated events and the other from the tracks in the event that not used
to reconstruct the K~ 7TeTe™. There is no apparent difference between the photon conversion
and background in their vertex fit probability distributions. The candidates with failed fit are not
chosen for photon conversion veto. For the 0., vs mee plot, the distribution peaks near zero for
the photon conversion, and me. increases with 6., increases, as expected. The color bar in the
correlation plots (Background me,. vs 6, Photon conversion me, vs 6. ) is in percentage.
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Table 3.5: Optimized selection criteria of signal modes for m.. in 7 mass region (520 < M <
560 MeV/c?, 6(mpo) = mpo — mERC, 6(Am) = Am — AmPPC) and the selection criteria of
normalization mode (last column). The normalization mode selections are set using the signal
modes optimized selections to minimize the systematics.

Modes D° — K-rntetes K Ktetew nmrwntete” | K ntn nt
Impact parameter selection:
do [cm] < 0.25
2o [cm] < 4.5
K selection:
KID > 0.1 - > 0.1
elD < 0.2 -
7 selection:
KID - <04 -
elD < 0.2 < 0.1 -
e selection:
pe [GeV/c ] > 0.3 > 0.35 > 0.3 -
elD > 0.9 > 0.8 > 0.9 -
p*(D*1) [GeV/e | > 24 > 2.5 > 24
P(x3).+) > 0 (Converged fit)
5(Am) [MeV/c? | < 0.5
Photon conversion veto:
P(x2-) >0 -
Oce [rads] < 0.08 or < 0.04 or -
Mee [ GeV/c? ] < 0.1 < 0.04 -
Hadronic D° decay veto:
P(xPes) >0 -
§(Am) [MeV/c? | < 0.8 -
S(mpo) [MeV/c? | <10 -

Best candidate selection: closest to the nominal value of Am
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3.4.2 Reconstruction efficiencies

The signal (D° — h~h()*ete™) and normalization (D — K~ ntnx~nt) channel
reconstruction efficiencies are calculated from MC-simulated events. The signal yield is obtained
from a 1D fit to mpo described by a Gaussian-like function with different left and right resolutions
and tails (signal PDF function described in Section 4.2). The efficiencies obtained by counting the
number of signal events are also studied for cross-checking. The mass of DY candidates can peak
in the signal mpo region if the four tracks from the same h~h()tete™ decays are used with
wrongly assigned particle type, i.e. the swap of a pion and an electron track. Mis-reconstructed
soft pion tracks added to D candidates will pass the loose Am selection and will peak in the
signal m o region if the D candidate is correctly reconstructed. So multiple signal D° candidates
will pass the preselection (no PID cut) in an event. As a result, the signal efficiencies obtained
from fitting are larger than the truth-matched at the preselection stage. The signal efficiencies
obtained from truth-matching and fitting are consistent after applying final selections.

The normalization mode D — K~nTr~ 7t efficiency after final selections with BCS of Am is
(17.22 4 0.04)%, based on analyzing ~ 4.3M D*T tagged D — K~ntn~ 7t events. The D° —
K- ntn~ 7t events are identified using the findMCdecay module from the basf2 [61] framework.
For cross-checking, the efficiencies obtained by counting the number of truth-matched events give
(17.10 £ 0.03) %.

Signal modes reconstruction efficiencies obtained using the resonance decay signal
MC-simulated events (me. in my, m,,,, my regions) and phase-space signal MC-simulated events

(for non-resonant m., regions) are given in Table 3.6.



63

Table 3.6: Signal modes efficiencies at different m,. regions. The me. efficiencies in 7, p/w, and
¢ mass regions are obtained using the corresponding resonance signal MC-simulated events. (The

. . - No. yields after final selection . . . I R
efficiencies are € = {5 T T e region) [%]. The signal efficiencies of K~ Kte™e™ channels

in different m.. regions are less than the corresponding K~ 7TeTe™ mode because KID > 0.1 is
applied to both of the K candidates resulting in relatively larger signal efficiencies loss, besides the
larger branching fraction of the Cabibbo favored mode K~ 7tete™. More background populated in
the low mee region because of low momentum tracks, the m.. mass region cut is less effective when
applying at low m.. regions so that other tighter selections are needed (low signal efficiencies) to
reach the same FOM compared to the high m.,. region.)

Modes DY — K Ktetew narntetes K ntete

n:
520 < Mee < 560 3.37 £0.04 5.31 £0.05 5.09 £ 0.05

P, w:

675 < Mee < 875 6.00 £ 0.06 5.69 £ 0.05 8.01 £ 0.06

¢:
990 < Mmee < 1034 - 9.41 &+ 0.06 9.19 £ 0.06

Non-resonant:
Mee excluding n, p/w, ¢ mass regions.

> 560 MeV/czgiZ a’}’)/phed o ;_ﬁe%_‘ 319 £ 0.04 3.69 £ 0.04 4.89 £ 0.09
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CHAPTER 4. RESULTS

In this chapter, the statistical methods used for obtaining the results are introduced first in
Section 4.1. The fit to mpo obtained from MC-simulated events and data are shown in Sections
4.2 and 4.4 for the signal channels, and Section 4.3 for the normalization mode. The systematic
uncertainties are discussed in Section 4.5. The measured branching fractions and upper limits of

the signal modes are given at last in Section 4.6.

4.1 Statistical interpretation

4.1.1 Unbinned maximum likelihood fit

Extended unbinned maximum likelihood fits to mpo distributions are used to extract the
signal yields in this analysis. The purpose of the maximum likelihood method is to find the
number of signal and background events in a given data sample that maximizes the likelihood
functions defined as [63]:

e N N
L= W H(Nsigpsig + kagpbkg) (41)
T =1
, where N = Ny + Npig is the number of total events, Ng;g(Npig) is the number of signal

(background) events, Ps;q(Pprg) is the signal (background) PDF, and they are defined in Section

4.2. The data fitting and yield extraction are performed through the RooFit framework [64].

4.1.2 Likelihood ratio based statistical test

In some experimental particle physics analysis one searches for the processes that have been
predicted but have not seen. A general procedure used to such search is based on the frequentist
approach. The frequentist approach begins by setting up a null hypothesis. For example, the null

hypothesis is the background only model when searching for a signal. A test statistic t; is defined
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based on the profile likelihood ratio A(x). The test statistic is defined as [65]:

~ —QIHM, when 1 >0
£, = —2In\(p) = Lag) (4.2)
—2IHM, when 1 <0
L(0,0)

, where i is the parameter of interest, 6 are one ore more nuisance parameters, L(u,0(u)) is the
conditional maximized likelihood for a given value of parameter of interest (POI) p with the
corresponding nuisance parameter é(u), and (1 and 0 are the values to maximize the likelihood
L(j, é) The test statistic is reconstructed such that the higher the tL value, the larger the
incompatibility between data and the hypothesis. When searching for a signal, the pu is set to
zero, where the null hypothesis is the background only model. To quantify the level of agreement
of the observed data with a given hypothesis, p-values are defined as [65]:

Pu = / h fltulp) dt, (4.3)

ty,obs
where £, o5 is the test statistic value observed from data, and f(t,|u) is the PDF of the test
static for corresponding POI y. The smaller the p-value is, the larger the inconsistency between
the data and the hypothesis. For convenience, the p-value is usually converted into a significance
Z defined as:
Z=9o"'1-p) (4.4)

where @ is the cumulative distribution of the standard Gaussian distribution. In high energy
physics, the significance of Z > 5¢, corresponding to a p-value of p < 2.8 x 1077, is required to

claim a discovery. Strong evidence for a discovery requires significance to be greater than 3o.

4.1.3 (CL; method

A branching fraction upper limit is set when there is no large deviation from the background
only model, i.e., Z < 30. We use the C'Lgs method [65] to obtain the branching fraction upper

limits. The C'Ls p-values are given by:

Py = pu/(1 = po), (4.5)
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where the p,, is the p-value of the signal plus background (s + b) hypothesis under the parameter
of interest p and the pyg is the p-value of the background only (@ = 0) hypothesis. The branching
fraction upper limits at 90% confidence level (C.L.) are obtained. The upper limit at 90% C.L. is
the largest 1 where the s + b hypothesis is not excluded. Toy MC experiments are generated to
obtain the PDF of the test statistic described in 4.3. The RooStats framework is used to generate
~20k Toy MC experiments for each POI Ngignal (B) and obtain the p-values. The upper limit at

90% CL is obtained by finding the y when p, = 0.1.

4.2 Fit to MC mpo distributions

Extended unbinned maximum likelihood fits are used to fit the mpo and Am distributions for
each mode in the various me. regions. The 1D fit to mpo is used to extract the signal yield, and
the fit to the Am (not optimized) is for reference to the mpo fit. The 400k signal MC-simulated
events and six streams of generic MC-simulated events (for background) are scaled to the data
luminosity and event weight is assigned to each D° candidates passing the final selections. The
mpo signal PDF is a Gaussian-like function with different left and right resolutions (o) and
non-Gaussian tails (o (z — mg)?)

exp(—(z — mo)?/(20% + ar(x —mg)?)), when z < my
flx) = (4.6)
exp(—(x —mo)?/(20% + ar(z —mp)?)), when x > my

The signal PDF parameters are obtained from the fits to the signal MC distributions (in
appendix A.1.1.1) and then fixed for the signal yield extraction. The background is modeled using
a linear function where its shape can float. The signal PDF of Am distributions are two
Gaussians with shared mean. The signal Am PDF parameters are obtained from fitting to the
signal MC D° — K7t ete™. The signal modes mpo and Am distributions are grouped by 1.
regions, and they are shown overlaid with the fit functions in Figures 4.1 - 4.7. The final event
selections are determined based on the significance calculated using Z = v/—2AL, where AL is

the change of the maximized likelihoods between signal yields allowed to float and fixed to zero.
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The C'Lg p-value plots for each me. region are shown in Figures 4.2 - 4.8. The estimated B
and limits obtained from MC-simulated events calculated using equation 3.1 with statistical and
systematic uncertainties included (details in Section 4.5) are given in Tables 4.1 and 4.2.

Table 4.1: Estimated signal channel branching fractions from MC-simulated events (The first un-
certainty is statistical and the second is systematic. The systematic uncertainties are not included
for the channels having much lower signal yield as the statistical error dominates) [1077].

Modes DY — K-Ktetem n nftetes K ntete™
n:

520 < Mmee < 560 —-01£01 —-06+09 04+13

0, w:

675 < Mee < 875 1.34+£0.9 3.8 +24 41.6 £ 4.5
¢:

990 < Mee < 1034 - 4.1+ 14 1.0 £ 0.7

Mee €xclude
n, p/w, ¢ mass regions | —0.5 £2.6 0.7 + 3.1 0.5+ 3.6

Table 4.2: Estimated signal channel branching fraction upper limits from MC [1077].

Modes DY — K-Ktetem n ntete K ntete™
n:
520 < mee < 560 <21 < 3.1 < 5.3
P, w:
675 < Mee < 875 < 2.2 < 7.0
¢:
990 < mee < 1034 - < 4.5 <24
Mee €xclude
n, p/w, ¢ mass regions < 5.0 < 7.6 < 6.8

4.2.1 520 < me < 560 MeV/c?
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Figure 4.1: MC-simulated events of D° — h~h()tet
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tributions (520 < me. < 560 MeV/c?). The normalized residuals (pull) plots are shown underneath
each plot, giving the fit quality. As can be seen, some of the bins have much larger uncertainty due
to only a few signal MC-simulated events (event weight << 1) falling into the corresponding region,
resulting in a bin error of much less than 1. Such bins are removed when calculating the fitted 2.
The mpo fit with tight Am cut is used for the signal extraction. The Am fit is for reference to the
mpo fit and no significant amount of signal is expected among all three channels. The n — eTe™

decay background can be seen in the D? — K~ ntet

e~ mpo (black curve) and Am distributions

with a loose 1.85 < mpo < 1.88 MeV/c? cut. The background mpo PDF parameters are fitted
using generated D° — K7ty [ eTe™v] MC while the v is not reconstructed.
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Figure 4.2: MC-simulated events of D® — h~h()*ete= CL, distribution (520 < me. < 560
MeV/c?). The observed CL, limits are obtained using the (signal + generic) MC-simulated events
for the purpose of estimating the B upper limits for MC-simulated events. The Ng;gnq upper limit
is Nsignar < 2.4 at 90 % C.L. for D° — K~KTete™ (520 < mee < 560 MeV/c?) channel. The
expected C'Lg limits are obtained from the background-only model, where the background yield is
the median of the background sampling using Toy MC experiments. The unsmoothness is due to
limited Toy MC generated to reduce the computation time, and a smooth curve can be obtained
by generating more Toy MC experiments. The values are within the 20 band of CLs-expected,
which suggests the background fluctuation. As expected, the signal yield upper limit becomes more
conservative when the C'L; p-value decreases.
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Figure 4.3: MC-simulated events of D% — h=h)tete mpo and Am distributions (675 < mee <
875 MeV/c?). The mpo fit with tight Am cut is used for the signal extraction. The Am fit is for
reference to the mpo fit and a significance of 120 is expected based on MC-simulated events for
the D° — K~ 7ntete™ channel (675 < me. < 875 MeV/c?).
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4.2.3 990 < m. < 1034 MeV/c?
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Figure 4.5: DY — h~h)Tete™ mpo and Am distributions (990 < me. < 1034 MeV/c?). No
K~ K*ete™ mode in this me. mass region because it is kinematically limited at 877 MeV/c? for
the K~ KTete™ channel. Over 3¢ significance is expected based on MC-simulated events for the
D — 7= rtete™ channel (995 < me. < 1035 MeV/c?).
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4.2.4 me, non-resonant region

For each signal mode we search one m.. non-resonant region which is the me. regions
excluding 7, p/w, and ¢ mass regions. The signal modes with ee resonant decays can leak into the
signal non-resonant region due to the large natural width of the corresponding ee resonance, for
example, the p resonance, which leaks to non-resonant me. region, because of its larger width
than 7,w and ¢. The expected potential resonant decay yields are estimated through Npox B(D°
— hhOX ) x f, where Npo is total number of D calculated by dividing the fitted normalization
mode (K~nt7~nt) yields by the normalization yield efficiency and PDG B(D° — K- ntn—7™T)
[2], and f is the number of corresponding resonant decay signal MC passed the final selection
divided by the total number of resonant signal MC generated. The total B (including potential
hh() resonances) of decays DY — rh(OX [ee] where X is 1), p,w,and¢ are obtained from the PDG
[2].

The signal ee resonant decays leak to other resonances as treated as systematic uncertainty.
The dominant resonant decays background is from the DY — hh() p¥ decays'. As shown in the
mpo distribution below, besides the signal PDF used to extract the signal yields , there is another
PDF with parameters same as the signal PDF and fixed yields is used for fitting the p resonance
decay leaks to the non-resonant region. The D — K~ KTeTe™ mode resonant decays
background is not separately fitted as its expected yield is much less than one event, and its

expected value is accounted for a systematic uncertainty (Section 4.5).

!Other resonant decays background expected yield is negligible compared to other systematic uncertainties dis-
cussed in Section 4.5
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4.3 Fit to normalization mode data and MC mpo distributions

We obtain the normalization channel yield by applying the same extended unbinned
likelihood fit to the mpo distribution of the selected D° — K~ 7t7~ 71 events. The
normalization mode Am fit is given as a reference. The signal mpo distribution is fitted using a
Gaussian like function (same as the signal modes’) plus a Gaussian function where the mpo mean
is shared, and the fit PDF for the data signal mpo distribution is selected by the goodness of fit
(small x2/ndf). The signal Am distribution is fitted using a double Gaussian with a shared Am
mean. The background is modeled using a linear function for the mpo distribution and a
threshold function for the Am. Figure 4.9 shows the fitted PDF parameters and yields from
generic MC and data for the mpo and Am distributions. The fit resolutions are the calculated
weighted Root Mean Square Error using fitted resolutions from double Gaussian signal PDF. The
data mpo resolution is ~ 5.9 MeV/c? and ~ 5.7 MeV/c? for MC-simulated events. The data Am

resolution is ~ 0.37 MeV/c? and ~ 0.35 MeV/c? for MC-simulated events. Table 4.3 gives a

No. MC - No. data)

summary of MC/data fitted yield and relative difference ( N date

Table 4.3: D° — K~ntn~nt decay MC-simulated events and data fitted yields comparison. The
top two rows are fitted signal yields where the bottom two rows are the fitted background yields.
Given that the mpo background is much suppressed after the best candidate selection, a fluctuation
in signal yields will result in a large relative MC-simulated events and data background difference.
The MC-simulated background events are not trivial to simulate, and the background events are
not used for B or B UL calculations. The MC-simulated events and data normalization mode
yield difference is ~ 4.6% and the MC-simulated events and data are in good agreement without
considering the systematic uncertainties. This difference has minimal impact on the B or B UL
compared to the systematic uncertainties contributed by signal modes.

MC yield (k) | data yield (k) | relative difference (%)

mpo | 9,543.1 £5.9 | 5,298.3 £ 8.0 4.6
Am | 6,372.9 £ 2.9 | 6,136.1 + 2.9 3.9
mpo | 843.9 £ 5.4 705.6 £ 7.7 19.6

Am | 2453.5 £ 2.1 | 2,247.9 + 2.1 9.2
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Figure 4.9: D° — K—ntn~nt 1D fit to generic MC/data. The number of signal and background
candidates are different for the mpo and Am distributions because of different cuts applied. A cut
on the Am of 0.5 MeV/c? to the nominal value is applied to mpo distributions, and a cut on the
mpo of 15 MeV/c? to the nominal value is applied to Am distributions.
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4.4 Fit to signal mode data mpo distributions

Here we present the results for the D? — h~h()*ete signal channels using 942 fb~! of Belle
data. The same selections are applied to the data. The signal yield extraction is performed with
an 1D unbinned maximum likelihood fit of mpo, after all final selections, vetos, and BCS based
on Am are applied. As for the MC-simulated events, we show the data mpo fit results of all the
11 signal channels (m.. regions) grouped by the corresponding signal modes K~ Ktete™,

7 ntete” and K~ mTete™. The data Am distributions overlaid with MC are also shown. For
the signal channels without significant yields observed, a 90% C.L. branching fraction upper limit
is set using the C'Ls; method. The systematic uncertainties are described in detail in Section 4.5.

The measured branching fractions and their limits are given in Table 4.10.

4.4.1 520 < M < 560 MeV/c?
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Figure 4.10: DY — h~h()*ete™ mpo and Am distributions with pull distributions. As can be seen,
some of the bins have much larger uncertainty, which is due to only few signal MC-simulated events
(event weight << 1) falling into the corresponding region resulting in a bin entry much less than
one event. As mentioned earlier, the mpo fit with tight Am cut is used for the signal extraction
and the Am fit is only for reference. The 1 — ete™ decay background can be seen in the D° —
K-7mtete™ mpo (black curve) and Am distributions with a loose 1.85 < mpo < 1.88 MeV/c? cut.
The background mpo PDF parameters are fitted using ~ 400k generated D° — K~ 7t [— ete ]
MC while the ~ is not reconstructed. Fitted yield and measured branching fraction is not reported
to K~ K'ete™ with mee at m,, region since only one event observed.
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CLy limits are obtained using data. The B upper limit is BYZ < 2.3 x10~7 at 90 % C.L. for D°
— K- Ktete™ (520 < mee < 560 MeV/c?) channel. The expected CLg limits are obtained from
the background-only model, where the background yield is the median of the background sampling
using Toy MC experiments.
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Figure 4.14: Data D — h=h()Tete™ mpo and Am distributions (990 < me. < 1034 MéV/c?).
The large pull in the Am comparison is due to the signal MC-simulated events having very low
entries (event weight << 1) resulting in some bin entries much less than one event.
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Figure 4.16: Data D° — h~h()tete™ mpo and Am distributions (mee non-resonant region). The
Mee > 560 MeV/c? cut is applied to the K ~7+eTe™ mode for removing the 7 — e*e~+ background.
The calculated p resonance dominated Cabibbo favored resonance decay D° — K ~nTete™ back-
ground (black curve in mpo distribution) is separately indicated with fixed shape (same as the
signal) and yields. The red curve shows the rest signal yields. For these NP-sensitive regions, no
NP branching fraction contribution is found above the background predictions.
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4.5 Systematic uncertainty

Systematic uncertainties need to be considered if they affect the signal yield or the branching
fraction upper limits. They can be characterized by additive (affect significance) and

multiplicative systematic (not affect significance) uncertainties.

4.5.1 Additive systematic uncertainty

The signal and background PDFs variations change the fit model, which affects the fit
significances and contribute to the additive systematic uncertainty. The PDF related uncertainties
are obtained by changing the PDF shapes and parameters for both signal and background. Table
4.5 gives the PDF functions we vary for the signal and normalization (K77~ 7") modes. The
signal yields with different PDF shapes (parameters) are obtained using the same fitting method
described in Section 6.2 with the substitution of corresponding PDF functions (parameters). The
PDF related systematics are reevaluated using data after unblinding. The data fitted signal yield
differences (ANy;4) are given in the tables below. Each PDF related uncertainty is assumed to be
uncorrelated and summed in quadrature to calculate overall additive systematics.

Another source of additive systematic comes from the potential signal resonances (p
dominated) decay to the non-resonan me. regions. Their uncertainties contribute mainly through
the error related to the PDG Bs and the control mode (K~ nt7~n"). A 5% PID systematic
uncertainty is assigned based on the study of mee regions PID systematic uncertainty to the

signal resonances decay uncertainties.

4.5.2 Multiplicative systematic uncertainty

The multiplicative uncertainties scale the fit results and will not affect the significance of the
branching fraction measurement. The discrepancy between data and MC simulation needs to be
considered when calculating the signal efficiency for data. The track finding efficiency deviation is
expected to cancel since the signal modes branching fraction are measured relative to the D° —

K~nTr~ 7", and both have the same number of tracks. The correction of signal efficiency for data
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PI

D
is then expected to be dominated by the PID, which is €444 = €pmo X Zﬁé‘?g. The PID efficiencies
MC

corrections are studied by Belle PID joint group. The PID efficiencies corrections are calculated
by R = & 3, mR;, and the uncertainty is AR = & (/3 (m AR + 37, ) AR¥"), where

R = eldam/elMC, ARy is the error of R, n; is the number of tracks in bin I(p, cosf) and N = > n;.
The PID corrections are the weighted average of separately calculated corrections for SVD1 (exp
7-29) and SVD2 (exp31-71) data taking periods. After error propagation, the branching fraction
systematics (in percentage) from PID is AR/R. The branching fraction systematics from the
same PID are added linearly, and the KID corrections partially cancel the K~ KtTeTe™ and
K~nteTe™ modes. The normalization mode D° — K~ 7" 77" B from PDG [2] is (8.22 £0.14)%
and its ~ 1.7% systematic uncertainty is added in quadrature with the PID systematics.

Another concern is the data and MC-simulated events PID fake rates discrepancies. To check
the potential effects on the signal yield due to K, 7 fake e, we reconstructed h~h()teTe™ modes
only using corresponding DY hadronic decay events. After applying the final selections, no peak
structure is found in the mpo signal region. The PID fake rates systematic uncertainty is
negligible to other systematic uncertainties.

The signal efficiencies discrepancies (Table 4.4) from the phase-space decay and potential ee
resonance decay signal MC are included in the systematics. The signal efficiencies obtained using
the corresponding resonance decay signal MC for branching fraction measurement and limits, the

relative signal efficiencies differences are added in quadrature with the PID systematics.
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Table 4.4: Signal modes reconstruction efficiencies in potential ee resonance regions using phase-

. _ No. yield after final selection
space Slgnal MC [%] (6 ~ No. events generated in mee region

). The relative difference is calculated using

e(resonant signal MC) — e(phase-space signal MC) [%]

e(resonant signal MC)

Modes DY — K-Ktete 7nrntete K ntete

n:
Resonance 3.53 +0.04 5.31 £0.05 5.29 + 0.04
Phase-space 3.16 + 0.13 4.96 £ 0.17 4.53 + 0.15
Relative difference | 10.4 £ 3.9 6.6 + 3.3 14.5 £ 3.0

P, w:

Resonance 6.00 £ 0.06 5.69 £ 0.05 8.01 & 0.06
Phase-space 6.16 = 0.09 5.81 £0.04 8.27 £ 0.05
Relative difference | —2.7 +1.7 —-214+12 -34+1.7

¢:
Resonance - 9.41 + 0.06 9.19 4+ 0.06
Phase-space - 8.45 £0.14 8.95 £ 0.22
Relative difference - 10.2 £ 1.6 2.7 £ 2.5
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A summary of the systematic uncertainties for K~ neTe™ with me. in m,,,, region and

p/w
normalization mode (K~ w7~ 7") is given below in Table 4.6. The PID systematics are added in
quadrature for the eID and the KID with possible cancellation depending on corresponding signal
modes. The additive systematic uncertainties are added in quadrature. The significances with
systematics are obtained by convoluting the fit model with one Gaussian constraint function
(=0, o = total signal additive uncertainty). The branching fraction upper limits with the
systematic are obtained by convoluting the fit model with three Gaussian constraint functions.
There are two Gaussian constraint functions for signal systematics, one for the signal additive
systematic uncertainty (4 = 0, o = total signal additive uncertainty) and the other for the
multiplicative systematic uncertainty (u = 1, o = total multiplicative ?). The signal yield with
systematic becomes N/, g = Nsig X €+ ANy where € and ANy, are nuisance parameters. The
normalization mode systematic uncertainties are also incorporated into limits using the same
method as the signal systematic uncertainties through the third Gaussian constraint function
(n =0, o = total normalization additive uncertainty), which barely gives an increase to the
limits, as expected. The signal yield is written as a product of signal B (parameter of interest),
signal efficiency, normalization yield, normalization efficiency, and normalization B to obtain the
B limits with systematic uncertainties. The signal yield with systematic yield becomes

N s,ig =

1 % 1
€data norm B(DOHKfﬂ"FT(*Tr*')

B(parameter of interest) X (Nporm + ANnorm) X €data sig ¥ X €+ ANy,
where the AN, orm, €, and AN, are nuisance parameters. The fit model (unbinned,
extended) N, éigPDFsig + NpgPDFyyg is then convoluted by three Gaussian constraint functions

described above. The C'Ls; method is used to obtain the B limits with systematic uncertainties.

Tables 4.7 - 4.9 summarizes systematic uncertainties for other signal modes.

2The KID systematic from normalization mode K~ 7tz 7+

channel

are included or canceled depending on the signal
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Table 4.5: PDF functions used for signal and normalization modes for systematics estimations

Modes h=hOFete—

K rntn—nt
Signal PDF Double CrystalBall [66] with shared mean

Signal mode PDF
Double Gaussians with shared mean

Background PDF

Second-order Chebychev polynomial

Table 4.6: Summary of K~ 7%ete™ (mee € m,),), K~ ntn~nt systematic uncertainties. The total

systematics for the signal mode includes the systematics for the normalization mode with KID
cancellations.

K-rntete” | K-ntn—nt
Additive (ANy,)
PDF variations:
Double CrystalBall -0.4 -
Double Gaussians - -175,293
Signal mode PDF - 87,577
Second-order cheb. 0.6 -
Floating signal PDF parameters 2.3 -
Total Additive ANy, 2.4 196k
Multiplicative (%)
PID eff. Corrections:
K ID 0.80 1.07
e ID 4.45 -
MC efficiencies:
PHSP vs Resonant MC —3.4 -
Total Multiplicative (%) 5.7 1.1




93

Table 4.7: Summary of K~ mTete™ systematic uncertainties in different m.. regions. The total
systematics for the signal mode includes the systematics for the normalization mode with KID
cancellations (same for other signal modes below, if applicable).

Additive (ANuy,) N ‘ 10} ‘ non-resonant me. region
PDF Variation:
Double CrystalBall 0.1 | -0.1 -0.1
Second-order cheb. -0.2 | 04 0.7
n — eTe” vy background 0.7 - -
Resonance decays pollution | 0.1 - 0.7
Total Additive AN, 0.8 | 04 1.1

Multiplicative (%)
PID eff. Corrections:
K ID 0.77 | 0.80 0.80
e ID 4.56 | 4.22 3.99
MC efficiencies:
PHSP vs Resonant MC 14.5 | 2.7 -
Total Multiplicative (%) | 15.3 | 5.1 4.0

Table 4.8: Summary of K~ K tete™ systematic uncertainties in different m.. regions. A 0.5 additive
systematic is set for K~ K*eTe™ @ g region as only one event is observed in data.

Additive (ANy,) n ‘ P ‘ non-resonant Mmee region
PDF Variation:
Double CrystalBall - 0.06 -0.1
Second-order cheb. - -0.09 0.2
Resonance decays pollution - - 0.2
Total Additive AN;q 0.5 | 0.11 0.3

Multiplicative (%)
PID eff. Corrections:
K ID 1.55 | 1.63 1.67
e ID 4.80 | 4.67 4.96
MC efficiencies:
PHSP vs Resonant MC 104 | —2.7 -
Total Multiplicative (%) | 11.6 | 5.6 5.1




Table 4.9: Summary of 7~ 7 teTe™
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systematic uncertainties in different m.,. regions.

Additive (ANy,) n ‘ p ‘ o} ‘ non-resonant Mmee region
PDF Variation:
Double CrystalBall -0.1 | -0.2 | -0.1 -0.6
Second-order cheb. -0.2 | -1.3 | -0.2 0.8
Resonance decays pollution - - - 0.1
Total Additive AN, 0.3 1.4 0.3 1.0
Multiplicative (%)
PID eff. Corrections:
m ID 1.72 | 1.74 | 1.82 1.87
e ID 4.43 | 4.39 | 4.26 3.98
MC efficiencies:
PHSP vs Resonant MC 6.6 | —2.1 | 10.2 -
Total Multiplicative (%) 83 | 5.3 | 11.3 4.6
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4.6 Signal modes measured branching fractions and upper limits

The data and MC are in good agreement for the majority of the channels except for the
7 nTeTe for ee in ¢ mass region where the data fitted signal yield is ~ 1.8¢ less than the MC
expected from corresponding B, and K~ KTeTe™ @ non-resonant mass region where data
background is ~ 3¢ less than MC predicted. Table 4.10 below summarises all signal channels’
measured branching fractions and branching fraction upper limits. The preliminary results have

been approved by the Belle (I + II) collaboration and shown at the Moriond 2024 conference.

Table 4.10: D° — h~h()Tete™ decay data fitted signal yield, significance, branching fraction
(+ stat + syst), branching fraction upper limits @ 90% C.L. [1077]. The data fit results are
presented in Section 6.3.2. The corresponding MC estimation is shown as a reference. The BABAR
and BESIII branching fraction (upper limits) are also listed, if available.

Mee region  [MeV/c? | Signal yield Significance B B UL @90% C.L. BABAR and BES III B
MC yield  MC Significance MC B MC UL (UL @ 90% C.L.) [43, 46]
K- Ktete™
n 520-560 - < 0.10 - <23
- < 0.1c - <21
po/w > 675 26 + 1.8 2.00 1.24+09 +£0.1 < 3.0 < 410 [46]
3.0 £ 20 2.10 1.3+£0.9 < 3.2
non-resonant > 200 3 3.5 +33 1.50 31+3.0+04 <77
-0.61 £ 3.0 0.20 -0.5 £ 2.6 < 5.0
nrtete”
n 520-560 0.6 £23 0.30 04+14+0.2 < 3.2
-1.2 £ 1.7 0.60 -0.6 £ 0.9 <22
0w 675-875 3.7 £41 0.90 20+£224+08 < 6.1
8.0 £ 5.1 1.70 3.8 +24 <70
P 995-1035 3.6 + 3.2 110 11411402 <31 <70 [46]
14.5 £ 4.8 4.00 41+ 14 < 4.5
non-resonant > 200 —0.2+4.1 < 0.1c —02+£34+09 <72
1.0 £ 4.2 0.20 0.7+ 3.1 < 7.6
K-ntete™
n 520-560 4.0 £ 2.7 1.60 22+15+£05 < 5.6
1.0 £ 2.8 0.30 04 +1.3 < 5.0
0w 675-875 110 £ 13 11.80 39.6 + 4.5+ 2.9 - 40.0 + 5.0 + 2.2 [43]
120 £ 13 12.00 41.6 £ 4.5 -
é 990-1034 4.6 + 2.4 2.50 14408+ 03 <29 < 110 [46]
3.3 +22 1.90 1.0 £ 0.7 <24
non-resonant > 560 2.2+ 4.2 0.40 1.3+£24+£06 < 6.5

0.9 + 6.6 0.10 15431 <6.8 < 31 [43]
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CHAPTER 5. CONCLUSIONS

A result of the search of the rare charm meson decay D° — h~h()tete™ is reported. No
BSM contributions are found above the background predictions for the D — h=h()Tete~
channels. The branching fraction upper limits in different me. regions of the decay D° —
h~h)*ete™ are set to be the in range of [2.3,7.7] x 1077, which are the world’s best branching
fraction upper limits to date. The branching fraction of the decay DY — K~ ntete™ is measured
to be (39.6 + 4.5 (stat) & 2.9 (syst)) x 1077, in the invariant mass region
675 < mee < 875MeV/c? (m,y),,) using 942 fb~! data collected by Belle. The measured B is
consistent with BABAR measurement. To reduce the systematics, the signal B is measured relative
to the normalization mode D° — K~ 7nt7~ 7. The D° hadronic decay vetos and Bremsstrahlung
recovery are applied to increase the sensitivity.

The Belle II experiment with improved detector performance is expected to deliver 50 ab™! of
data, so it is expected to get 50 times of signal yields and about seven times better sensitivity,
which brings the branching fraction limits to the order of O(10~®) plus beneficial of improved
detector performance. With Belle IT data, we expect to observe the decays D° — 7~ mTete™ (mee

€ m,, and mg), and D° — K- KTeTe™ (me € m, /), based on the corresponding LHCb pupu

p/w
channel Bs with the assumption of LEU. The angular analysis and CP violation searches can be
performed for D° — K~ 7ntete™ and 7~ ntete™ modes with 50 times of signal. On the other

hand, the sensitivity to the D° — h=h()tete branching fraction measurements may be further

extracted with the help of a charm tagging algorithm and the implementation of machine learning

methods for particle identifications and signal event selections.



[15]
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APPENDIX. ADDITIONAL MATERIAL
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Figure A.1: D° — K~-nTete™ generic charm MC-simulated event mpo distributions after the
preselection. The blue curves are the generic charm background. The red curves are the truth-
matched signal (ignoring photons) and are scaled for better visualization.

In the left plot, the bumps at the low mpo region is due to the DY — K—7n7%/n [°/n — eTe 4]
where the hard photon is not reconstructed. This also contributes to the red curve in the left plot
at the low mpo region.

In the right plot, the charm background mpo distribution becomes flat after requiring m,. > 200
MeV/c?. The 200 MeV/c? cut is also applied to the K~ K+ete™ and 7~ 7 ete™ modes. For the
Cabibbo favored decay D° — K ~7tn, we require me. > 560 MeV/c? for the me. region excluding
ee resonances. The e bremsstrahlung recovery is not applied for me. at m,, (520, 560) MeV/ ¢? region
to avoid recovering the hard photon from 1 — eTe™v. The red curve in the right plot is the truth-
matched signal mpo with 7 and 7° decay pollution vetoed, which shows the expected signal ee
mode mpo shape.
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A.1 Signal MC distributions

A.1.1 DY — 7 ntete™ resonance signal MC distributions after preselection

The D — nt77n/¢ [n/éd — ee] resonance signal MC-simulated events is shown as examples
for showing signal modes MC-simulated event distributions me. (Figs A.2 - A.3) and PID

responses (Figs A.4).

rmraaram R R B B B [
Os1 0.52 0.53 0.54 0.55 0.56 0.57 0.58 0.5¢
m(e’e) [GeVic?]

Figure A.2: D° — 7F7~n [n — ee] truth-matched signal MC. The resonance peaks at 7 mass
(~ 548 MeV/c?) can be seen in the me. distribution. The low mass tail is because of electron
bremsstrahlung.
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Figure A.3: D° — 7nt717¢ [¢ — ee] truth-matched signal MC. The resonance peaks at ¢ mass
(~ 1.02GeV/c?) can be seen in the m,. distribution. The low mass tail is because of electron
bremsstrahlung.



105

5
LU SR BRRRLLL BRRLLL AL BRRY

5

S

e

-
T

10 10
10 10"
10°° sa o oo Lea o Laa o Lo g Laaa g boaa s Laa o a Laaaa gy 10° sa ot oot Lo o boa o Loy o boaa o Laaa s Lo g Ly
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
atcPIDBelle(K:) elDBelle
(a) KID (b) eID

Figure A.4: D° — 7tn=n [p — ee] truth-matched signal MC PID responses. Each row gives the
PID response for the four tracks from D° (from top to bottom: 7+, 77, e*, 7). Each column
gives the PID output for that track (left: KID, right: eID)
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A.1.1.1 Signal MC mpo fit PDF parameters

The corresponding resonance signal MC (p — ee) is

of all signal modes (Figure A.5).
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Figure A.5: D° — h=h()tete™ signal MC mpo fit. The mpo distribution left tail is because of
the electron bremsstrahlung.

A.1.2 Generic MC distributions of K~ 7tete™, K"K ete™, 1 nTete” and

normalization mode K ntn—nt

A.1.2.1 DY —» Krgtete~
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Figure A.6: DY — K-nteTe™ (y) generic charm MC PID response. Each row gives the PID
response for the four tracks from D° (from top to bottom:K~, 7T, e, e7). Each column gives the
PID output for that track (left: KID, right: eID). The PID responses for the corresponding correct
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particle are populated close to one, whereas the others are not.
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A.1.2.2 DY 5 K- Ktete™

Besides the mass peak at ¢ ~ 1.02 GeV/c? in the Figure A.7 a, other peaks at ~ 1.2 and 1.6
GeV/c? are from the decay D° — K** K~ with K** — 7% KT and 7° — et e~ . The mee
peak near zero as shown in Figure A.7 b is contributed by photon pole mode decay D° — K~ K+
v with v — ete™. Another peak at ~ 0.12 GeV/c? is from m° — eT e~ ~, where the v is not
reconstructed. As mentioned in the preselection, we require me. > 200 MeV/c? which suppresses

the photon pole mode and 7° decays pollution. The PID responses are shown at last in Figure

A8.
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Figure A.7: DY - K~ K*tete™ truth-matched generic charm MC distribution
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Figure A.8: D’ — K~ K7Tete™ truth-matched generic charm MC PID response. Each row gives
the PID response for the four tracks from D° (from top to bottom: K~, 7%, e, ¢7). Each column
gives the PID output for that track (left: KID, right: eID)
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A.1.2.3 DY - g ratete

Besides the mass peak at p ~ 0.78 GeV/c? in the Figure A.9 (a), another peak at ~ 0.6 and
1.6 GeV/c? are from the decay D° — p* 7=, with p* — 7% 7+ and 7% — e e~ 7. The me.
peaks at ~ 0 and 0.12 GeV/c? as shown in Figure A.9 (b) are contributed by photon pole mode
decay D° — 7~ 7t v with v — eTe™, and D° — 7~ 7t 70 with 7° — et e~ 7, where v is not
reconstructed. The peak at ¢ ~ 1.02 GeV/c? can be also seen in Figure A.9 (b). The PID

responses are shown at last in Figure A.10.
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Figure A.9: DY — 7~ntete™ truth-matched generic charm MC distribution

A1.24 DY 5 K natp—gxt

The PID responses for the truth-matched D° — K~ mT7~ 7" decay are given in Figure A.11.

A.1.3 DY - K—rntete” FOM distributions

Figure A.12 shows the FOM distributions for D® — K~ 7tete™ with me. € m,,, decay using

p/w

six streams of Belle Generic MC-simulated events and ~ 400k DY — K~ 7ntete™ p resonance

signal MC-simulated events.
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Figure A.10: D° — 7~ rmTete™ truth-matched generic charm MC PID response. Each row gives
the PID response for the four tracks from D° (from top to bottom: K~, 7%, e, ¢~). Each column
gives the PID output for that track (left: KID, right: eID)
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Figure A.11: D° — K—nTr~ 7t truth-matched generic MC PID response. Each row gives the PID
response for the four tracks from D° (from top to bottom: K~, 7+, 7=, 7). Each column gives
the PID output for that track (left: KID, right: eID).
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A.1.4 Signal modes optimized selections for m.. in m(p/w), m(¢) and non-resonant

Mee Tegions.

Table A.1: Optimized selection criteria for me. in p/w mass region (K~ 7tete™, - nTeTe™: 675 <
Mee < 875 MeV/c?, K- KTete™: me. > 675 MeV/c?).

Modes D° — K ntete K- KTtete™ mrateter
Impact parameter selection:
dp [cm] < 0.25
2o [cm] < 4.5
K selection:
KID > 0.1 -
elD < 0.6 < 0.2 -
7 selection:
KID - <04
elD < 0.6 < 0.2 < 0.05
e selection:
pe [GeV/c ] > 0.25 > 0.3
elD > 0.8 > 0.9
p*(D*1) [GeV/e | > 2.4 > 2.5
P(X3t) >0
§(Am) [MeV/c? | < 0.5
Photon conversion veto:
P(x2.) >0
Oce [rads] < 0.07 or < 0.06 or < 0.08 or
Mee [GeV/c? ] <0.1 < 0.06 < 0.04
Hadronic D° decay veto:
P(X2D*+) >0
§(Am) [MeV/c? | <04 <05 < 0.8
§(mpo) [MeV/c? ] <3 <5 <10

Best candidate selection:

closest to the nominal value of Am
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Table A.2: Optimized selection criteria for mee in ¢ mass region (K~ 7Tete™: 990 < me. < 1034
MeV/c?, m=ntete™: 995 < mee < 1035 MeV/c?).

Modes DY — K-ntete~ T nTete”
Impact parameter selection:
do [cm] < 0.25
2o [cm] < 4.5
K selection:
KID > 0.1 -
elD < 0.6 -
7 selection:
KID - < 0.7
elD < 0.6
e selection:
pe [GeV/c ] > 0.3
elD > 0.8
p*(D*1) [GeV/e | > 2.5
P(x7t) >0
5(Am) [MeV/c? | <05 <0.4
Photon conversion veto:
P(x2.) >0
Oce [rads] < 0.lor < 0.04 or
Mee [ GeV/c? ] < 0.06 < 0.04
Hadronic D° decay veto:
P(X%*+) >0
§(Am) [MeV/c? | <04 <05
S(mpo) [MeV/c? | <3 <5
Best candidate selection: closest to nominal value of Am
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Table A.3: Optimized selection criteria for m.. non-resonant regions (K 7ntete”

MeV/c?, K~ K+tete™: me. € (200, 520), (560, 675) MeV/c?).

Modes D° — K rntetes K Ktetew n rwntete
Impact parameter selection:
do [cm] < 0.25
2o [cm] < 4.5
K selection:
KID > 0.1 -
elD < 0.2 -
7 selection:
KID - < 0.4
elD < 0.2 < 0.05
e selection:
pe [GeV/ce ] > 0.35 > 0.25 > 0.35
elD > 0.8 > 0.9
p*(D*T) [GeV/c | > 2.7 > 2.5 > 2.8
P(xPHes) >0
§(Am) [MeV/c? | <04
Photon conversion veto:
P(x2.) >0
Oce [rads] < 0.04 or < 0.04 or < 0.04 or
Mee [GeV/c? ] < 0.08 < 0.06 < 0.04
Hadronic D° decay veto:
P(x%5.t) >0
§(Am) [MeV/c? ] < 0.8 <04 < 0.8
§(mpo) [MeV/c? | <5 < 10

Best candidate selection:

closest to nominal value of Am

© Mee € (560,
675), (890, 990), (> 1034) MeV/c?, 7~ mteTe: mee € (200, 520), (560, 675), (875, 995), (> 1035)
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A.1.5 Background compositions after final selection

The background after final selections is studied using basf2 topoana module. For simplify, the
corresponding non-resonant selections are applied to the K~ nTete™ and 7~ 7nTeTe™ modes. The
K~ KTete™ background composition is not studied due to low statistics after the final selection.

The dominant background are semi-leptonic B or D/D; decays.

Table A.4: Background compositions after final selections [%].

Modes DY — n rtete” | K ntete™
events / total background
cc background 41 61
bb background 46 36
events / qq background
At least a e from semi-leptonic D or D; [cc] 67 70
At least a e from semi-leptonic B or D [bb] 68 69
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