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The study described in the present thesis uses the data collected with the Belle de-
tector at the KEKB eTe~ asymmetric collider having ¢t and e~ circulating with the
energy of 3.5 GeV and 8.0 GeV, respectively. The whole experimental setup is situated
at KEK (High Energy Accelerator Research Organization) in Tsukuba, Japan, The data
used in this study are collected at the Y(4S) resonance, which immediately decays into
pairs of B and B mesons that further decay to different final states, making it a per-
fect venue to perform various analyses related to B physics. One such decay process,
BY - KK, is the subject-of this thesis.

The B-meson decay B® — KT K~n0 is suppressed in the standard model (SM) aad
thus offers a useful probe for new physics beyond the SM. The dominant contribution
comes from color- and Cabibbo-suppressed & — u tree transition, followed by the in-
ternal W exchange diagram. The three-body decay B° — K*KX~n¥ has not yet been
observed. Intermediate resonant modes that decay preferentially to this final state have

also not been seen. No experimental information is available for other potential reso-
nance modes such as K*(892)*K7F, K?(1430)EKT and £,(980)n”.

Since the aforementioned decay is suppressed in the SM, we need to be very care-
ful in devising a selection algorithm to select candidate events-and a fitting method for
extracting the signal yield. ‘Our strategy is to select BY — KK ~n® candidates with
no prior assumption about their distributions over the Dalitz plane. Therefore we try
our best to use selection criteria that should not strongly depend on the Dalitz plot po-

sition. B meson candidates are identified using two kinematic variables: beam-energy

constrained mass, My, = \/ Ebz“mm - |Z; jﬁ,-|2, and energy difference, AE = ¥, E; — Epcam,
where Epea 1S the beam enérgy, and p; and E; are the momentum and energy of the i-
th daughter of the reconstructed B in the center-of-mass (CM) frame, respectively. The
dominant background is from the ete™ — gg(g=1u,d,s,c) continuum process. To sup-
press this background, observables based on the event topology are utilized, The event
shape in the CM frame is sphetical for BB events and jet-like for continuum events. We
employ a neural network to combine all these information to optimize the signal sensi-
tivity. B decays that proceed via the CKM favored b — ¢ transition can have a final state
that is either the same as our signal or misreconstructed owing to K—r misidentification.
To suppress this background we apply a veto on the reconstructed invariant mass of the
charm meson. The surviving events constitute the “generic BB” tackground. Back-
grounds from rare B decays , which can appear due to particle misidentification, gre (1)
“rare peaking background” that includes the B® — K'f’n‘no nonresonant decay as well
as possible intermediate resonant modes that result in the K*n—=° final state such as
B® — K*(892)%x0 and B® — K*(892)*n~, (2) “rare combinatorial background”: the

events that remain after removing the rare peaking component. The final signal yield is



il

extracted by means of an unbinned maximum likelihood fit to AE and neural network
output distributions for five categories of events: signal, continuum ¢, generic BB, rare
peaking BB and rare combinatorial BE.

We observe the suppressed decay B® — K+ K~n° using a 771 fb~! data sample that
corresponds to 772 x 10% BB pairs for the first time with a significance of 3.5 standard
deviations and measure its branching fraction to be B(B® — K*K~1%) = [2.17£0.60+
0.24] x 10~ where the uncertainties are statistical and systematic, respectively. We also
study the K+*K~ and K+n? invariant mass distributions of candidate events in order to
see if there are contributions from signal decays with intermediate resonant states. We
conclude that no definitive staiement can be made about possible intermediate XK~
resonances with the available data although some excess of events are visible around
1.4 GeV/c? in the K*+n¥ invariant mass spectra. A detailed interpretation will require
an amplitude analysis with higher statistics that would be available at a next-generation

flavor factory.
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1 Introduction

1.1 The Standard Model

The Standard Model (SM) describes the world of elementary particles. The funda-
mental matter particles are spin-1/2 fermions while the interactions between them are
mediated by spin-1 bosons. The elementary fermions are leptons and quarks. There
are three types (generations) of lepton; each contains a charged particle e=, 4=, or 17,
with electric charge —ep = —1.6 x 10~!? C, and a corresponding neutral partner v,
Vg, Or V¢ neutrino. Quarks fall into three generations and come in six different flavors:
the up-type quarks, u, ¢ and ¢ have the electric charge +2eg/3, whereas the charge of
down-type quarks, d, s and b is —eg/3. In addition to the electric charge, quarks also
carry the color charge. In the SM, the interactions between matter particles result from
matter particles exchanging force-mediating particles. In total, there are 12 particles of
the latter type in the SM: eight gluons (g), photon () and three weak bosons, W=+ and
Z°. The gluon is responsible for the most powerful force, the strong force, which binds
together quarks inside protons and neutrons, and holds together protons and neutrons
inside an atomic nucleus. The gluons themselves carry color charge, and therefore (like
the quarks) do not exist as isolated particles. The photon is the electromagnetic force
carrier. Lastly, the W* and Z0 bosons are attributed to the weak force, playing a role
in the radioactive decay. The weak force is very important in observing neutrino reac-
tions, because the neutrinos are impervious to the electromagnetic force (due to their
lack of charge) and unaffected by the strong force (which governs nuclear interactions),
leaving only the weak force to characterize them. Particles that make up the ordinary
matter, acquire their mass through interaction with Higgs boson (more specifically with
the Higgs field). It is the only SM particle not yet experimentally observed. Recently,
CMS and ATLAS experiments at CERN in their search for the SM Higgs boson, re-
ported clear evidence for the production of a neutral boson (which can possibly be the
SM Higgs) with a measured mass of 126 +0.4 GeV/ c? and spin different from 1 [1, 2].

The weak interaction, mediated by W* and Z0 bosons, is the only interaction in the
SM that can change the flavor of the quarks. A down-type quark can emit or absorb a W
boson and convert into an up-type quark, and vice versa. In this transformation, a quark
is allowed only to change its charge by a unit amount ep (the charge of the electron).
Because quarks can change flavor by the weak interaction, only the lightest quarks and
leptons (namely, up and down quarks in the form of protons and neutrons, and electrons)
are included in the stable matter of the world around us — all heavier ones decay to one
or another of the lighter ones. The flavor-changing transitions occur because the quark

mass eigenstates are not the same as the weak-interaction eigenstates. In 1963, Nicola



2 1 INTRODUCTION

Cabibbo introduced an angle to preserve the universality of the weak interaction [3].
The so called Cabibbo angle (0,) is related to the relative probability of the down and
strange quarks decaying into up quarks (|V,4{% and [V,;|2, respectively). In the language
of particle physics, the object that couples to the up quark via charged-current weak
interaction is a superposition of down-type quarks, here denoted by d. Mathematically,

this is:
d = Vyss+Viud,
or, using the Cabbibo angle:
d = sinB,s+cosB,d.

The Cabbibo angle can be calculated by using the relation:

[Vl | 0.2257
Vgl 0.97419

tan 9, — 0, =13.04°

When the charm quark was discovered in 1974 [4, 5], it was noticed that the down and
strange quark could decay into either the up or charm quark, leading to two sets of

equations: -

d = Vs +Vad:
S’ = V;:ss‘i‘ Vcdda

This can also be written in the matrix notation as:

d\_(Va Vs \[4d
s Vea Ves J\ s )7

or using the Cabibbo angle

d _ cosO, sinB, d
s —sin@, cosB, s /]

where the various [V; j|2 represent the probability that the quark of flavor i decays into a
quark of flavor j. This 2 x 2 rotation matrix is called the Cabibbo matrix.

For two generations of quarks, there are no CP violating phases. To explain CP vio-
lation within the Cabibbo scheme a complex number in the rotation matrix is needed but
such a term could always be eliminated by the suitable redefinition of the quark phases.
In 1‘964 CP violation was first observed in the neutral kaon system [6]. Kobayashi and
Maskawa extended Cabibbo’s idea of flavor mixing to accommodate the phenomena of
CP violation within the SM, by proposing a possibility of the third generation {7]. The
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quark flavor mixing mechanism introduced by Kobayashi and Maskawa was certainly
a bold step, considering the fact that not even the charm quark, the heavier member of
the second quark family, was hinted from the experimental observations, so far. Af-
ter the discovery of charm quark in 1974, bottom quark was discovered at Fermilab in
1976 [8] therefore immediately triggering the search for the missing third-generation
quark, the top quark. Finally the top quark was discovered at Fermilab by CDF and DO
experiments [9, 10].

If we look at all the ways in which one quark can turn into another quark with a
charge change of eg, that’s just all quarks with charge +2eg/3(u, c, or t) paired with
quarks with charge —eg/3(d, s, or b). That’s nine possible pairings. Kobayashi and
Maskawa introduced a 3 X 3 unitary matrix (CKM matrix) that contains the information

on the strength of flavor-changing transitions.

!

d Vud Vus Vub d
S = Ve Ves Vo
b Vie Vis Vi b

In above equation, on the left side is the weak interaction partners of up-type quarks,
and on the right is the CKM matrix along with a vector of mass eigenstates of down-
type quarks. The mass spectra of the up- and down-quarks sectors and the CKM matrix
are shown to have clear and distinctive hierarchical structures, as shown in Fig. 1. The
magnitude of the CKM matrix elements decreases from the diagonal to the off-diagonal
clements.

— O(1)

— o107
------ 0(107%)
............ 0(107%)

10° 10! 107 1% 10} 10

Mass in MeV

Figure 1: The spectrum of quark masses and possible charged-current transitions in
which the quark charge changes by one unit. The thickness of the lines indicates the

strength of the corresponding transitions.

The triumph of the SM is that it predicts a distinct set of relationships between the
nine elements of the CKM matrix and that the matrix elements have certain properties

that result in CP violation. In particular, the CP violation is related to the fact that the
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matrix elements include imaginary numbers. If the CKM parameterisation is correct
then all mixing and weak decays must give consistent results and the phase we extract
from CP violation in the X system will predict the amount of CP violation in the B
system. The CKM parameterisation allows us to makes many measurements and to
consequently test whether the CKM formalism works. In 2008 half of the Nobel Prize
in Physics was jointly awarded to Makoto Kobayashi and Toshihide Maskawa “for the
discovery of the origin of the broken symmetry which predicts the existence of at least
three families of quarks in nature”. Kobayashi and Maskawa’s explanation of the origin
of CP symmetry violation predicted that large CP asymmetries could be observed in the
decays of particles containing b-quarks. Verification of their hypothesis was one of the
primary goals of the B-factory experiments, Belle at KEKB and BaBar at PEP-II. They
-did the job exceedingly well!

Currently, the best determination of the magnitudes of the CKM matrix elements [11]
is:

\Z 0.97427+£0.00015 0.22534:£0.00065 0.003517000013
Vel [Vesl [Ves| | =] 0.225201£0.00065 0.97344:+0.00016  0.0412%%0L1.
Vial Vil [Vaal 0.00867X3000%  0.0404150%:  0.999146155000%

In Wolfenstein parametrization [12], the CKM matrix is expanded in powers of a small
parameter A. The Wolfenstein parametrization of the CKM matrix, to order A3 is

1-A%/2 A AM(p-—in)
- 1-22%/2 AN
AN1-p—in) —AN 1

To summarize the main features of the Wolfenstein parametrization,

e The only complex parameter, i1 present in the parametrization, resides in the

most off-diagonal entries, representing V,,;, and V4
¢ |A]is equal to |V =0.22
» A~ 0.8], p~0.14 and n ~ 0.35 are real numbers.

e The more off-diagonal one goes, the A dependence increases, and hence the
strengths decrease. Flavors among different generations show mixing with differ-
ent strengths. The relatively stronger ones are referred to as “Cabibbo-favored”,

while the weaker are termed “Cabibbo-suppressed” that appear in rare B decays
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1.2 The rare decay B — K*K—n°

The B-meson decay B® = K+K~nP is suppressed in the SM and thus offers a use-
ful probe for new physics beyond the SM. Figure 2 shows typical Feynman diagrams
that contribute to this decay. The dominant one is the color- and Cabibbo-suppressed
b — u tree transition, followed by the internal W exchange diagram leading to B® >
K*KF with K** - K*1° The latter diagram dominantly contributes to the de-
cay B — K+K~, for which only upper limits on the branching fraction have been
set [13, 14, 15, 16]. This is in contrast to the related decays (having two kaons in the
final state) that are already observed such as B® — K°K°, B+ — K°K+ [16, 17] and
Bt - K*K~wt [18, 19], where the b ~ d gluonic penguin amplitude can contribute
as well [20].

b b Vip u
i K*/K*
B0 B w <<§
-]
) K/K”
d d Vi, u

Figure 2: color- and Cabibbo-suppressed b — u tree (left) and internal W-exchange
(right) diagrams contributing to the K*K~#° final state,

The three-body decay B® — K+K~n0 has not yet been observed with the only upper
limit being available at 90 % confidence level, B(B® — K*K~n®) < 19 x 1075, from
the CLEQ Collaboration [21]. Intermediate resonant modes that preferentially decay to
this final state have also not been seen. A search for a related channel by Belle has set an
upper limit B(B® — é5°) < 1.5 x 1077 [22). Practically, no experimental information
is available for other potential resonance modes, e.g., K* (892)*K:F, K3(1430)%K¥ and
fo(980)m0.

The study of the B® — K+K~n° decay is further motivated due to the importance
of the aforementioned resonant modes. The decay B® — ¢n®, in particular, is sen-
sitive to possible beyond-the-SM contributions. A measurement of branching frac-
tion of O(10~7) would be evidence for new physics, for example, the supersymme-
try [23]. Study of the process B® — ¢r” is also important to understand the the-
ory uncertainties associated with the measurement of CP violation asymmetries in the
B? — 0KY decays. At the subleading order, B — ¢x decay amplitudes are related to that
of B® — ¢KP [24], and can therefore provide stringent bounds on possible contribu-
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tions to the time-dependent CP asymmetry in B® — KV [25]. Various other predictions

available in the literature are summarized in Table 1.

Table 1: Predictions for various branching fractions relevant for the K+ K~ final state.
We attempt here to give the state-of-art predictions that rely on experimental inputs.
Mode Technique Prediction Ref.
B — K*+(892)KT QCD factorization 1.9x10~%  [26]
QCD factorization 2.8x107%  [27]
perturbative QCD (744_'%2) x 1078 [28]
BY — ¢(1020)x® QCD factorization 1.0x107%  [26]
QCD factorization 2.0x 102 [27]
flavor SU(3)  (1.0—2.0) x 10™° [29]
B — £5(980)r? None known

Another motivation for the study of B® - K*K~n° comes from the observation of
B* — K¥K~r* by the BaBar Collaboration [18]. In particular, an unexpected struc-
ture , we call fx(1500), is seen near 1.5GeV/ c? in the K*K~ invariant-mass spectrum
[see Fig. 3 (left)], which accounts for about half of the total events. Similar structures
have been observed in the Dalitz-plot analyses of B¥ — K+K~K* [Fig. 3(right)] and
BY — KKK [Fig. 4(left)] decays [30, 31]. Recent LHCb study of B* — KtK—nt
decays [19] has also revealed an unidentified structure [Fig. 4(right)] in the same mass
range; however, it is only present in Bt events. If these structures are due to a KTK~
resonant state, it should show up in B® — KtK—nP, while if it is a reflection from
the b — d penguin, it would not contribute to K*tKk-70. In Fig. 5 we show a pos-
sible Feynman diagram for the production of the fx(1500) in the B decay, subse-
quently leading to the KtK-n® final state. Since the u and 4 quarks are spectators
in the b — u tree diagram [Fig. 2(left)] for Bt — K*K—nt and B = K+¥K 7P, re-
spectively, one can estimate the branching fraction for the latter using the BaBar mea-
surement of B(B* — KTK~nt) [32]. Let’s assume for the time being that fx (1500},
the single largest source of the measured branching fraction for B¥ — K*K~=+, solely
contributes to B — K*K~n0. In that case, assuming isospin symmetry (d and u in-
terchange in Fig. 5) we find expected number of signal events [Ney,(B® — KK~ n0)]

as
Nexp(B® = K¥K~10) = (1/2) x BBt = KTK™TH) X €r0c X Ngg = 400, (1)

where the reconstruction efficiency (€...) and Ny are 20% and 772 x 10°, respectively.
Thus assuming isospin symmetry and that the b — u transition is the main contributor
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to B® = K*K~n°, we expect its branching fraction at the level of 3 x 107, which is
well within Belle’s reach.
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Figure 3: Efficiency-corrected distribution of the K*X~ invariant mass in the decay
Bt — KTK~w' (left) and signal-weighted K+ K~ distribution for B — K*K~K* can-
didates (right) from BaBar.
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Figure 4: The KK~ invariant mass distribution in B® — K+K~K? observed by Belle
(left) and m?(K+K ™) distribution in B* — K+ K~ n* observed by LHCb (right), where
the empty triangles represent B~ and the filled triangles represent B+ events.
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Figure 5: Possible fx(1500) production in the B decay, which subsequently leads to the
K+K~70 final state.
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2.1 Introduction

The main goals of the B-factory are to test Kobayashi-Maskawa mechanism for CP vio-
lation in the B meson system, to precisely determine the Cabibbo-Kobayashi-Maskawa
(CKM) [33, 7] matrix elements, and to search for rare B decays as an indirect probe
for physics beyond the Standard Model (SM). To achieve all of these, the Belle ex-
periment was commissioned at KEK (High Energy Accelerator Research Organization)
B-factory in Japan. The KEK B-factory has two components: the accelerator called
KEKB [34, 35] and the detector called Belle detector [36, 37, 38].

The first generation of B-factories, DORIS II at DESY in Germany with the AR-
GUS experiment [39], and CESR in Cornell, USA with the CLEO detector [40], were
symmetric colliders, where the electron and positron beams had the same energy, cor-
responding to half of the Y'(4S) mass. On the other hand, the second generation of
B-factories, KEKB at KEK in Tsukuba, Japan with the Belle experiment, and PEP-1I at

-SLAC in Stanford, USA with the BaBar experiment [41] are asymmetric colliders.

The KEKB is an asymmetric energy e* e~ collider with electron having energy 8.0
GeV and positron having energy 3.5 GeV. The large asymmetry of energy makes the
flight length of the B mesons produced long enough that one can measure. The center-
of-mass {CM) energy /s is:

V5= /4E~E,- = 10.58 GeV, 2)

which is equal to the mass of the Y(4S) resonance. The Y'(4S) resonance is a vector
meson comprising of a b quark and its antiparticle 5. The Y(4S) decays via the strong
force almost instantly to a BB meson pair. The colliding beam energy asymmetry causes
the Y'(4S) to have a non-zero velocity in the laboratory frame. So, the BB meson pair is

created with a Lorentz boost factor of:

E-—E
g = —8—75—-*1 = 0.425, (3)

along the electron beam direction (z axis). Since the B mesons from the Y'(4S5) decay
have a very little kinetic energy in the CM frame, they have approximately the same
boost g in the laboratory frame. This boost is needed for the study of time-dependent
CP asymmetries. B mesons fly about 0.2 mm before decaying and the decay-length

difference between the two B mesons along the z axis (Az) can be measured with the
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silicon vertex detector. The B mesons decay-time difference (At) can then be estimated

as.

nee 2 @)
Tse

The design luminosity, of KEKB machine is 1 x 10*em~=2s~! which corresponds
to production of 108 B mesons i)er year. The physics of B mesons is also investigated
at hadron colliders, such as the Tevatron, a pp collider with /s = 1.96 TeV, located at
Fermilab near Chicago, USA with the DZero [42] and CDF experiments [43]. The
ATLAS [44] and CMS experiments [45], and especially the b-dedicated LHCb experi-
ment [46] also perform the study of B mesons at the Large Hadron Collider (LHC), a pp

collider currently operating at /5 = 8 TeV, located at CERN near Geneva, Switzerland.

2.2 The Y(4S)

The Y(nS) resonances are bound systems-of b and b quarks having quantum numbers
JPC = 17~ and can be produced directly in e*e~ collisions. The cross section for e*e™
annihilations in the region of the T resonances is shown Fig. 6. The decay widths of
the three lowest bb states, Y(15), Y(25) and Y(3S), are relatively small, in the range
of a few ten KeV/c2, The narrow widths of these resonances are an antefact of the
Okubo-Zweig-lizuka (OZI) suppression of hadronic decays.
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Figure 6: Cross section of e*e™ annihilations measured by CUSB [47, 48] revealing

the family of T resonances.

The mass of the Y(45) meson is just above the threshold of BB production, where
B refers generically to a bound state of either bit or bd quarks. It decays above 96%

of the time into such BB pairs. The cross section of the Y'(4S) production at its peak
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position is about 1/37¢ of that of total hadronic production ete™ — ¢g(q = u,d,s,¢),
which is often referred to as “continuum”. Therefore, although KEKB is operating at
the Y(45) resonance in order to produce BB pairs, it also produces three times more g7
events that constitute a major source of background for the study of B-physics. Due to
the low invariant mass of the g4 pair, the jets from these light quafks are produced with
a significant boost factor almost back-to-back. In contrast, the B and B mesons from the
Y(4S) decay are nearly at rest, and thus the decay products have a spherical topology.
We will use this difference later to suppress continuum events with the so-called event
shape variables. In order to study the contribution of g7 events, KEKB is sometimes
operated at 60 MeV below the Y(4S5) resonance. The data taken at the Y(4S) resonance
and 60 MeV below are referred to as “on-resonance” and “off-resonance”, respectively.

Around 10% of data recorded by the Belle detector is the off-resonance data.

2.3 KEKB Accelerator

The KEKB colliding-beam accelerator provides electron-positron collisions at the heart
of the Belle detector. Electrons with energy 8.0 GeV and positrons with energy 3.5
GeV are stored in High Energy Ring (HER) and Low Energy Ring (LER), respectively.
Since two beams have different energies, separate beam pipes are used, and rings are
positioned 11 m underground. The circumference of each ring is 3016 m, having four
straight sections. Figure 7 shows an overview of the KEKB collider. The electron and
positron beams are created and accelerated to their final energy in the linear accelerator
(Linac) and are then injected into the KEKB storage ring.

The beam pipes of KEKB accelerator cross at two points. One is the just crossing
point and the other is the interaction point (IP), where the detector of the KEK B-factory
(Belle) is located. At the IP, electrons and positrons collide with a finite crossing angle -
of £11 mrad. In order to compensate for the energy loss of the beams due to radiation
as they circulate in the KEKB rings, two kinds of RF cavities: normal cavities called
ARES and superconducting cavities (SCC) are installed [49].

The most important parameter that demonsirates ability of an accelerator is called
the luminosity L, since it is directly connected to the event rate R with the relation

R = oL, where ¢ is the Cross section. The luminosity is expressed as:

_ NaN,.-f
~ 4ncic}

Ry, &)

where et and e~ denote positron and electron bunches, respectively, N is the num-

ber of particles per bunch, f is the collision frequency, Ry, is the geometric reduction
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Figure 7: KEKB ¢~¢" collider configuration.

factor, and o} and & are the horizontal and vertical beam size at IP, respectively. Beam-

beam tune shift parameters are given by:

re N+ B} y
= 2R 6
Coet 2nY+0},, Gr+G) S, ©)

where E_,y(x} is the vertical (horizontal) beam-beam tune shift parameter, r, is the
classical electron radius, [ is the vertical B function at IF, R the reduction factor for the
beam-beam parameter, and ¥ is the Lorentz boost parameter. Combining equations( 5)

and ( 6), the luminosity can be written as:

Yot oy ) R Ry
L=—1+=)|——— 1|5} 7
2er, ( o} ( B; Rg 0

where ¢ is the elementary electric charge and I is the beam current. The units of L, I,
and f3; are given in cm~2s~!, Ampere, and cm respectively. The equation 7 is derived by
assuming that o}, G}, B} and &, are same for both the beams because unequal parameters
cause incomplete overlap of both the beams during collision. This assumption requires
ILE¢ =1_E_, so the LER current should be higher than the HER current, &, should be
made larger, and B} should be made smaller in order to achieve the higher luminosity.
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Until 2007 the electron and positron bunches in the KEKB accelerator beams crossed
at an angle of 22 mrad. The crossing angle, a unique feature of the KEKB design, pro-
vided an effective separation of the beams after collision, avoiding a high background in
the detector. Its success was evident in the world-beating luminosities that the collider
achieved previously. To boost the luminosity further, however, a scheme was required
that would allow an effective head-on collision between the beams while still retaining
the crossing angle. To accomplish this goal, KEKB designed and built special super-
conducting RF cavities called crab cavities [50] that kick each beam sideways in the
horizontal plane so that the bunches collide head-on at the interaction point. With the
introduction of these crab cavities, in June, 2009, the KEXB collider achieved the world
record of the peak luminosity of 2.11 x 1033' cm~25~! and the total integrated luminos-
ity accumulated by the Belle detector reached 1000 £6~! on November 29, 2009, which
was one of the initial goals of the KEKB project. Figure 8 summarizes the integrated
Iuminosity of the two B factories: Belle and BaBar.
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Figure 8: Integrated luminosity summary.
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3 Belle Detector

3.1 Introduction

The Belle detector is a multi layered general purpose detector surrounding the interac-
tion point (IP) to detect the particles produced in e*e™ collisions. The Belle detector
ts configured within a 1.5 T superconducting solenoidal magnet and iron structure. It
is located at the Tsukuba interaction region of the KEKB beams, and consists of fol-
lowing subdetectors - a silicon vertex detector (SVD), a 50-layer central drift chamber
{CDC), an array of aerogel threshold Cherenkov counters (ACC), a barrel-like arrange-
ment of time-of-flight scintillation counters (TOF), and an electromagnetic calorimeter
(ECL) comprised of CsI(Tl) crystals located inside the superconducting solenoid coil.
A multi-levels of resistive plate counters (KLM). Figure 9 shows the side-view of the

Belle detector. .

Figure 9: Side-view of the Belle detector.

The SVD is situated just outside of a cylindrical beryllium beam pipe. It measures B
meson decay vertices and aids the CDC in providing charged particle tracking. Specific
ionization energy loss measurements made with the CDC are combined with light yield
readings from the ACC and time of flight information from the TOF to provide charged
hadron identification. Electromagnetic shower measurements, crucial for electron and
photon detection, are performed by the ECL. An iron flux return located outside the coil
(KLM) is instrumented to detect X7 mesons and to identify muons. The Belle detector
is described in much detail elsewhere [51].
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The coordinate system: The origin is defined as the position of the nominal IP. For

reference, the z-axis is defined as the direction of the magnetic field within the solenoid,
which is anti-parallel to the positron beam. The x- and y-axes are aligned horizontally
and vertically respectively, and correspond to a right-handed coordinate system. The
polar angle 8, is subtended from the positive z-axis. The azimuthal angle ¢, subtended
from the positive x-axis, lies in the xy plane. The radius, defined in a cylindrical coor-
dinate system, is measured from the origin in the xy plane, r = \/m . The timing of
the Belle detector relies on the KEKB Radio Frequency (RF), which governs the bunch
crossing rate (~ 509 MHz, 2 ns interval).

The detector is divided into three regions: the barrel section, which is parallel to the
beam axis, and two endcaps, which extend radially from the beam axis at the forward
and backward ends of the detector. The polar angle coverage of each of the three sec-
tions is listed in Table 2. Details of each subdetector part is described in the following
sections.

Table 2: Polar angle coverage of the Belle detector.

Region Polar angle coverage
Barrel : 340 < 0 < 127°
Forward endcap 17° < 6 < 340

Backward endcap 127° < 8 < 150°

3.2 Beam Pipe

The beam pipe is a double-wall beryllium cylinder enclosing the IP. It is the innermost
component of the Belle detector. The role of the beam pipe is to maintain the vacuum
and to cool down the heat induced by the beam. The determination of a B decay vertex
is limited by multiple Coulomb scattering in the beam pipe and the distance from the IP
to the first layer of the SVD. Moreover, since the vertex resolution improves inversely
with the distance to the first detection layer, the vertex detector has to be placed as close
as possible to the IP and thus to the beam pipe wall. Figure 10 shows the cross section
of beam pipe at IP. The beam pipe consists of two concentric cylinders with different
radii, 20.0 mm and 23.0 mm respectively. The wall thickness ts 0.5 mm for both pipes
and are made of beryllium (low Z material) to reduce the Coulomb scattering. The gap
between the inner and outer walls is filled with helium gas to cool the beam pipe and
shield the SVD from beam-induced heating. The outer beryllium cylinder is covered
with a 20 um thick gold sheet in order to reduce low energy X-rays from the high-energy

ring. Helium gas is cycled through the gap between the inner and outer walls to provide
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Figure 10: Cross-section of the beryllium beam pipe at the interaction point.

3.3 Silicon Vertex Detector (SVD)

The main goal of the Belle experiment is to study CP violation in B-decays, which
requires a good vertex resolution to effectively measure the difference in z-vertex posi-
tions for the B meson pairs. The SVD is designed to provide the required z-resolution
for B-vertices of 100 ym or better. The SVD also contributes to the reconstruction of
charged particles and helps in improving the low momentum resolution of the particle.

Figure 11 shows the side and endcap view of the first version of the vertex detector,
SVDI. It consists of three cylindrical detection layers of “ladders”, where a ladder
is composed of two, three or four double sided silicon strip detectors (DSSD). SVDI
covers a solid angle 23° < 8 < 139%, As shown in Fig. 11, the three layers of SVD]
consists of 8, 10 and 14 ladders for inner, middle and outer layers, respectively. The
radii of each ladder is 3.0 cm, 4.55 cm and 6.05 cm respectively. Each ladder is made of
two half-ladders that are electrically independent, and one half-ladder contains one or
two DSSDs which are supported by boron-nitride (BN) ribs sandwiched with carbon-
fiber reinforced plastic (CFRP). In total, there are 32 ladders and 102 DSSDs. A DSSD
is essentially a depleted pn junction under reverse bias. A charged particle passing
through the junction liberates electrons from the valence band into the conduction band
creating electron-hole pairs. These pairs create currents in the p* and #™ strips aligned
along and perpendicular to the beam axis respectively. Two-dimensional hit positions
are determined from the charge distributions on these orthogonally segmented strips.
Each DSSD has 1280 sense strips and 640 readout pads on both side. The size of the
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DSSDs is 57.5 x 33.5 mm?. Signal from DSSDs are read out by 128 channel VA1 chips
[52] placed on both sides of the ladder. The total number of readout channels are 81920.

SVD sideview

SVD endview

Figure 11; Detector configuration of SVDI1.

As mentioned before, the main purpose of the SVD is to determine the B meson de-
cay vertex and to improve the charged particle tracking. For studies of time-dependent
CP asymmetries, the z-axis distance of the two B vertices for an Y(45) decay must be
measured with the precision of about 100 gm. As shown in Fig. 12, the momentum
and angular dependences of the impact parameter (closest approach of tracks to the IP)

resolution behave like:

Oy = 19 @ 49(pPsin®/20) ™ ym, (8)

oy = 36 D 42(pPsin®/20)ym, ©)

where @ indicates a quadratic sum and the momentum p is given in units of GeV /c.
The impact parameter resolution for an 1 GeV/c normal track is around 55 ym. The
SVDI readout electronics had limited radiation tolerance and had to be upgraded four
times to the latest radiation tolerant readout chips without changing the three-layer me-
chanical structure. In the summer of 2003, the SVD! was réplaced by a four-layer
structure SVD2, covering a range of 170 < 6 < 150° for improved tracking, better
the IP at a dis-
tance of 2 cm instead of 3 cm in SVD1. This is possible with a significantly smaller

Jion of the CDC.
The four layers of SVD2 contains 6, 12, 18 and 18 full ladders from i]nside to outside.

Each half ladder consists of 1, 2 or 3 DSSDs. Both SVDs used a cormrlon double-sided

vertexing and momentum resolution. The innermost layer is closer to

beam pipe. The fourth layer is accommodated by a redesign of inner re
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Figure 12: Impact parameter resolution of the SVD

silicon strip detector (DSSD) design. The DSSDs for SVD2 have 512 readout channels
in both r - z and r - ¢, or in total 110,592 readout channels.

3.4 Central Drift Chamber {CDC)

The CDC is a cylindrical wire drift chamber immersed in a 1.5 T magnetic field pro-
duced by a solenotdal coil. It is designed for efficient reconstruction of charged particle
tracks and precise determination of their momenta. The magnetic field of supercon-
ducting solenoid bends the charged particles according to their momenta. The physics
goal of the experiment requires a momentum resolution of G,,/p; ~ 0.5%+/(1 + p;’)
(where p; is in GeV /c) for all charged particles with p; > 100 MeV /c in the polar an-
gle region 170 < 8 < 150° In addition, the CDC is used to measure the energy loss
(dE [dx) of charged particles for their identification. The amount of dE /dx depends on
B = v/c of the charged particle (Bethe-Bloch formula).

The structure of CDC is shown in Fig. 13. It is a cylindrical wire drift chamber
having 50 layers (32 axial and 18 small angle stereo layers) of anode wires and three
cathode strip layers. The CDC is asymmetric in z-direction, the axial wires are config-
ured parallel to z-axis while the stereo wires are slanted approximately £50 mrad. The
stereo layers combined with axial layers provide z information of tracks. The cathode
strips improve the z-measurement as well as produce a highly efficient fast z-trigger. An

anode wire (sense wire) and field wires that surround the anode wire form a drift cell.
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The CDC has a total of 8400 drift cells and each drift cell has a maximum drift distance
between 8 mm to 10 mm. The sense wires are gold-plated tungsten wirc:l of 30 ym
diameter while the field wires are of unplated aluminum of 126 um diameter. When a
charged particle travels through a cell, it ionizes the gas atoms, thus released electrons
cause release of more electrons while drifting to the sense wire. They are c{ollectcd by
the sense wires and a hit is recorded by the CDC electronics. Three z-coordinate mea-
surements at the inner-most radii are provided by cathode strips as shown in Fig. 14 The
cathode strip having width of 7.4 mm is divided into eight segments in the|d direction
and has an 8.2 mm pitch in the z-direction. The total number of cathode channels are
1792, ‘

BELLE Central Drift Chamber
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TO2 2 1501.8
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*  Sense Wil
o Field wi

!‘,..o...m a Q -} -]

@ Flakd Wira Al 126um¢
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Figure 14: Cell structure of the CDC. Cathode sector configuration is also shown in the
right figure. ‘
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The path of a charged particle in the constant magnetic field is a helix which is
defined with five independent parameters measured by the CDC: the signed curvature
of the helix, the slope of the helix, and the 3D coordinates of the helix reference point.
The curvature radius is proportional to p;, the slope is proportional to p;, and particle
charge is identified by the sign of the curvature. The reference point is called a pivot
and chosen as the wire position of the innermost hit in the CDC,

To minimize multiple Coulomb scattering contributions to the momentum resolu-
tion of the charged particles, we use a gas having low Z. A mixture of 50% helium (He)
and 50% ethane (CoHg) gas is used in our experiment. This mixture has a long radiation
length (640 m) and a drift velocity that saturates at 4 cm/us at a relatively low electric
field. A good dE/dx resolution is provided by the large C2Hg component. The ethane
component increases the electron density, which improves the ionization energy loss
measurement resolution.

Figure 15 shows the spatial resolution as a function of the drift distance. The spa-
tial resolution is approximately Gy = 130um. The transverse momentum resolution

measured from the cosmic ray data is:

Op/Pr = 1/ (0.20p,)2 + (0.29/P)?%, (10)

where p; is the transverse momentum measured in GeV/c and [ is velocity in units

of the speed of light.
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Figure 15: Spatial resolution as a function of the drift distance

The CDC is involved in particle identification for the tracks with p < 0.8 GeV/c
and p > 2.0 GeV/c through the measurement of dE /dx. A charged particle’s energy
loss due to ionization (dE/dx) in the drift cell is determined using the hit amplitude
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recorded on the sense wire. Since the energy loss depends on the particle velocity at
a given momentum, dE /dx will vary according to the particle mass. Figure 16 shows
the scatter plot of the measured dE /dx and the particle momentum (p). The expected
relation for &, K, p and e are shown by the solid curves in Fig. 16. The separation

between the different particles can be clearly seen.

dEida

Figure 16: Scatter plot for momentum vs 4E /dx. Expected relation for m, K, p and e

are shown by the solid curves. The momenta are given in urits of GeV /c

3.5 Time of Flight (TOF)

Time-of-flight measurements are performed with scintillating plastic counters with a
design time resolution of 100 ps. A very good time resolution enables efficient particle
identification for particle momentum below 1.2 GeV /c. This system also provides fast
trigger signals. However, the trigger rate of the time-of-flight counter would be too
high. Therefore, thin dedicated trigger scintillation counter (TSC) are added to the
system (Fig. 17)to produce a fast trigger signal with a manageable rate (bel’ow 70 kHz).

The Time of Flight counter (TOF) measures the velocity of charged particles in an
intermediate momentum range 0.8 GeV /¢ to 1.2 GeV /e. The velocity is measured by
the particles’s time of flight and the flight length. The latter is provided by the CDC’s
measurements of the track helix parameters. The velocity combined Witl’ll momentum
(as provided by the SVD and CDC) determines the particle’s mass and therefore its
type.

The TOF works on the principle of scintillation - the property of certain chemical
compounds to emit short light pulses after excitation by the passage of charged particles
or by photons of high energy. Scintillation is characterized by the light yileld. The TOF
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measures the time of flight between a particle originating at the IP and passing through
the scintillator. The time of flight atp = 1.2 GeV/c is 4.3 ns for K* and 4.0 ns for n~,

The TOF system consists of 64 modules concentrically arranged at a radius of 1.2
m, covering a polar angle range of 33° «< 8 < 1219 A module is made up of two
trapezoidal shaped time-of-flight counter and Trigger Scintillation Counter (TSC) sep-
arated by a radial gap of 1.5 ¢m, as shown in Fig. 17. A total number of 128 TOF
counters are placed in ¢ sectors. The total nomber of TSC counters are 64. The total
number of readout channels are 256 for the TOF and 64 for the TSC.
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Figure 17: Configuration of a TOF module.

Figure 18 shows the mass distribution for each track in hadren events, calculated by

using the equation:

1 Tobs 2
mz:(@‘l)f:((cﬁ) ‘l)pz’ Y
pa

where m is mass of the particle, p is the momentum and Ly is the path length of
the particle determined from CDC track fit assuming the muon mass. Figure 13 shows
the clear peaks corresponding to =%, X* and protons (p). The data points are in good
agreement with MC predictions (histogram) obtained by assuming o7or = 100ps. The
TOF hit efficiency is 95% for single-end hits and 88 for both-end hits in et e™ — yt ™

pair events.

3.6 Aerogel Cherenkov Counter (ACC)

In the momentum region bélow 1 GeV/c, the K /= separation is performed by dE/dx
measurement from the CDC and the TOF measurements. The ACC extends the mo-
mentum coverage for X/m separation up to 3.5 GeV/c. It provides the separation in
the momentum range of 1.2 GeV/c < p < 3.5 GeV/c by detecting the Cherenkov
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Figure 18: Mass distribution from TOF measurements for particles with momentum be-
low 1.2 GeV /c. Points and histogram show the data and MC distributions, respectively.

light from particles that penetrate through silica aerogel radiator. When a high energy
charged particle traverses dielectric media, part of the light emitted by excited atoms
appear in the form of a coherent wavefront at a fixed angle with respect to the trajectory
- a phenomenon known as Cherenkov effect. Such radiation is produced wIIenever the
velocity of the particle exceeds the speed of light in the medium. The light is emitted if
velocity of charged particle [} satisfies:

B=—2L S 1/n 12

JATE

where m and p are particle mass and momentum respectively, and n is the refractive

index. Therefore, there is 2 momentum region where pions emit the light thilc kaons

do not, depending on the refractive index of the matter. For example, pions with mo-

mentum 2 GeV /c emit the light in the matter if n > 1.002 while n > 1.030is necessary
for kaons with the same momentum,

The ACC is divided into barrel and forward endcap regions. It spans a polar angle
region of 170 < © < 1279, The barrel ACC consists of 960 counter modules segmented
into 60 cells in the ¢ direction, and 228 modules arranged in 5 concentric layers for the
forward endcap part of the detector, All the counters are arranged in a semi-tower
geometry, pointing to the IP. The configuration of the ACC is shown in Fig. 19 In order
to obtain good K /7 separation for the whole kinematic range, the refrac JVe indices of
aerogels are selected between 1.01 and 1.03, depcnding on their polar anlgle region. A
typical single ACC module is shown in Fig. 20 for barrel and endcap ACC respectively.

The Cherenkov light generated in the silica aerogel is fed into one or iwo fine mesh
photomultipliers (FM-PMTs) attached to the aerogel radiator modules w'hich are oper-

e



24 3 BELLE DETECTOR

Ti_h-"--;--mn2§"BarrelACC aelony o TOFﬂ’SG-—‘-—u!

Figure 19: The arrangement of ACC at the central part of the Belle detector. Here n

indicates the refractive index.

ated in the 1.5 T magnetic field. The total number of PMTs readout channels are 1560
in barrel ACC and 228 in the endcap ACC.

Figure 21 shows the measured pulse height distribution for the barrel ACC for e*
tracks in Bhabha scattering events and K* candidates in hadronic events, which are
selected by TOF and dE/dx measurements. This figure clearly demonstrates a clear
separation between high energy-electrons and below-threshold particles. It also indi-
cates good agreement between data and Monte Carlo (MC).

Information from the TOF combined with the ACC and the dE /dx measurements
from the CDC give the Belie detector more than 3o separation between charged kaons
and pions over the whole momentum range up to 3.5 GeV/c.

3.7 Electromagnetic Calorimeter (ECL)

When a high-energy electron or photon is incident on a thick absorber, it initiates
an electromagnetic cascade as pair production and bremsstrahlung processes generate
more electrons and photons with lower energy. The longitudinal development of the
electromagnetic shower scales with the radiation length Xp of the matter, which is de-
fined as the mean distance over which a high-energy electron loses all but 1/e of its
energy by bremsstrahlung,

The Electromagnetic Calorimeter (ECL) is designed to measure the energy of pho-
tons and electrons produced in Belle. Since most of the photons are end products of
the cascade decays and have relatively low energies, and thus having good performance
below 500 MeV is especially important. Important two-body decay modes such as
B — K*y and B — %0 produce photon energies upto 4 GeV, so high resolution is
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Figure 20: Schematic drawing of typical ACC module. (a) barrel and (b) endcap mod-

ules.

needed to reduce background for these modes. Electron identification in Belle relies
primarily on a comparison of charged particle momentum and the energy deposited in
ECL. Goced electromagnetic energy resolution also results in a better hadron rejection.
High momentum 7i° detection requires the separation of two nearby photons and a pre-
cise determination of their opening angle. This requires a fine-grained segmentation in

the calorimeter.

Figure 22 and Table 3 show the ECL configuration. It consists of a highly segmented
array of Csl (T1}) crystals with silicon photodicde readout, installed in a m:ignctic field of
1.5 T inside a superconducting solenoid. The crystal emits photons at a rate proportional
to the energy loss, and thus the particle generates a shower of electromagnetic particles.
The Csl crystals are doped with Tl in order to shift the wavelength of the photons in the
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Figure 21: Pulse height spectrum for electrons and kaons in units of photoelectrons
(p.c.) observed by the barrel ACC. Kaon candidates are obtained by dE /dx and TOF
measurements, The MC expectation are superimposed.

electromagnetic showers into the visible spectrum so that the showers may be detected
by the two photodiodes attached to the back of each crystal.

The barrel section of ECL is 3.0 m in lenggh with inner radius of 1.25 m and annular
endcaps at z = +2.0 m and —1.0 m from the IP. Each crystal has a tower like shape and
is arranged such that it points almost to the IP. The calorimeter covers the polar angle
region of 17° < 0 < 150°. Typical size of Csl (T1) crystals for the barrel region is
5.5¢m x 5.5cm in the front face and 6.5cm X 6.5cm in the back face. Each Csl (T1)
crystal length corresponds to 16.2Xo, where Xy is a radiation length.

Table 3: Geometrical parameters of ECL.

Item 0 coverage Oseg. dseg. No. of crystals
Forwardendcap  12.49-314% 13 48-144 1152
Barrel 322012870 46 144 6624

Backward endcap 130.7°—155.1° 10 64144 960

Each CsI (TD) crystal is read out by an independent pair of silicon PIN photodiodes
and charge-sensitive pre-amplifiers attached at the end of the crystal. The total number
of readout c:hanne_ls of ECL are 17472,

The energy resolution of ECL measured as a function of incidcﬁt photon energy
with 3 x 3 ECL matrices is given by:

oz _ 0.0066 1.53
e =5 g @ 118(%) (13)
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Figure 22: Configuration of the ECL.

where E is in GeV. Here, the first term is due to the contribution from electronic
noise, and second and a part of the third term comes from the shower leakage fluctua-
tions. The third term also incorporates systematic effects such as the uncertainty of the

calibration on crystals. The spatial resolution measured by the photon beams is given
by:

Gelmm) =027+ 20 + 25 (14)

where E is measured in the units of GeV. Two-photon invariant mass distributions

in hadronic events for 1° and 7 are shown in Fig. 23 The clear peaks of ©° and 1 are

seen at each nominal mass and the energy resolution has been achieved to be 4.8 MeV
for n° and less than 12.1 MeV for 1.

In addition to the measurement of energy of photons and electrons, the ECL plays

an important role in the electron identification, The electron identification is performed

combining the following information:

e Matching between the position of the charged track measured by the CDC and
that of the energy cluster measured by the ECL,

e E/p, the ratio of energy measured by the ECL to momentum measured by the
CDC, '

e Eqo/Ess at the ECL, the ratio of ECL shower energy in an array of 3 X 3 crystals

to the energy in an array of 5 x 5 crystals,
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e dE/dxin CDC,

e Light yield in the ACC,

The probability density functions (PDFs) for above parameters are made and then a
likelihood ratio for every track is calculated.

The efficiency of electron identification is greater than 90% with a hadron fake
rate (the probability to misidentify hadron as electron) of ~ 0.3% for a track with
p > 1GeV/c. The ECL also provides the trigger information and online luminosity

information.
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Figure 23: Two photon invariant mass distribution for hadronic events: n° — vy (left)

and 1 — vy (right).

3.8 K; and Muon Detector (KLLM)

The X and muon detector (KLLM) was designed for the detection of K; mesons and
muons with high efficiency and low fake rate over a broad momentum range above
600 MeV /c. Since muons have a relatively small interaction cross section, they pene-
trate further through the Belle detector than most of the particles coming from the IP.
Any track that penetrates several layers of the KLLM after leaving a track in the CDC
is almost certainly a muon. In addition, the neutral KE meson, which does not interact
with any of the subdetectors closer to the IP, is identified when it is stopped by the 3.9
nuclear interaction lengths of iron contained in the KLM. Hits in the KLM without an
associated charged track in the CDC are assumed to be from K mesons.
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The detector is placed outside the solenoid magnetic field. The KLLM contains 15
detector layers and 14 iron plates in the barrel region, and 14 detector layers in each of
the forward and backward end-caps. A detector layer is a super-layer of two resistive-
plate counters (RPC) surrounded by 6 and ¢ cathode strips. Each RPC has two parallel-
plate electrodes separated by a gas-filled gap as shown in Fig. 24, An ionizing particle
passing through the gap initiates a streamer in the gas that results in a local discharge
of the plates. The discharge induces a signal on the external cathode strips. The KILM
covers the polar angle region of 20° < 8 < 155°. The barrel shaped region around
the IP covers an angular range of 45 < & < 1259 and endcaps in the forward and
backward directions extend this range to 20° < 9 < 1559,
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Figure 24: Configuration of the KLM.

3.9 Extreme Forward Calorimeter (EFC)

The Extreme Forward Calorimeter (EFC) extends the range of electron and photon
calorimetry to the extreme forward 6.4% < 6 < 11.5% and backward regions 163.3° < 8 < 171.20
to detect electrons and photons very close to the beam pipe. The EFC is attached to front
faces of cryostats of the KEKB accelerator compensation solenoid magnets surround-
ing the beam pipe. The EFC also acts as a beam mask to reduce the backgrounds for
CDC. In addition, the EFC is used as a beam monitor in the KEKB accelerator and a

[uminosity monitor for the Belle experiment. A three dimensional view of the crystal
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arrangement is shown in Fig. 25. Since the EFC is placed in the very high radiation
region around the beam pipe near the IP, it is required to be radiation hard. So, the
BisGe30132 (BGO) crystal has been adopted which has the property of radiation hard-
ness at a Mrad level and has an excellent e/ energy resolution of (0.3 —1.0)%/E GeV.
Both forward and backward EFC consist of BGO crystals segmented into 5 regions in
6 direction and 32 regions in the ¢ direction in order to provide better position resolu-
tion. Typical cross-section of a crystal is about 2 x 2 cm? with 12X, for the forward and

10.5X, in backward region, where Xj is the radiation length.

Figure 25: Configuration of the EFC

3.10 Detector Solenoid and Iron Structure

The superconducting solenoid provides a 1.5 T magnetic field parallel to the beam pipe
for charged particle momentum measurement. The coil is wound round the inner sur-
face of as an aluminum support cylinder of 3.4 m diameter and 4.4 m length. Indirect
cooling is provided by a liquid helium circulation through a tube on the inner surface
of the aluminum cylinder. The coil is surrounded by an iron structure, which serves as
the return path of the magnetic flux and an absorber material for the KLLM. The overall
structure of the cryostat and the schematic drawing of the coil cross section are shown
in Fig. 26.

3.11 Trigger and Data Acquisition System

The role of the trigger is to decide when the various subsystems of the Belle detector

should record an event. Once a particular particle collision satisfies the trigger criteria,
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Figure 26: Configuration of the solenoid magnet.

data from all subsystems are read out and stored for further use. The word “event”
is used interchangeably to represent the physical particle collision or the stored data
representing the collision. The decision to read out is based on criteria carefully chosen
to remove background events while retaining events of interest at a high efficiency.
Once an event is triggered, the data acquisition (DAQ) system transfers the raw data
from the detector to the data storage system. The main sources of background events
are undesirable interactions between the electron-positron beams, collisions of a beam
particle with residual gas molecule or with the beam-pipe, and synchrotron radiation
from the beams. The total cross-sections and trigger rates at the design luminosity
103 cm~25~! for various physical processes of interest are listed in Table 4. Events of
interest are primarily hadronic (¢*e™ — g7 or eTe™ — Y(4S) — BB) and QED events
(ete~ —ete orete™ = utu~ orete™ — 1¥17), used for physics analyses as well as
for detector calibration and luminosity measurements. For this analyses only hadronic
events are of interest and thus the following discussion focuses on the hadronic trigger.
Event rates for both physics and background events at the design luminosity are about
100 Hz each; but to accommodate higher backgrounds, the triggér is designed to operate
up to 300 Hz.,

The trigger system is composed of the Level-1 (L1) hardware trigger and the Level-3
(L3) and Level-4 (14) software triggers. An overview of the system is shown in Fig. 27

The L1 trigger system consists of sub-detector triggers and a central trigger system
called the Globzﬂ Decision Logic (GDL) [53]. The sub-detectors provide trigger signals
based on the track and energy information to the GDL after processing event signals in
parallel. The GDL uses the information to characterize the event type within 0.35 ps
Figure 28 shows the signal flow in the L1 trigger system.

The DAQ collects all sub-detector information for the event which passes the L1
trigger. An event builder, within DAQ system, converts parallel data from the sub-

detectors to event-by-event data. The event builder output is transferred to an online
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Table 4: Total cross-section and trigger rates with L = 10%4/cm? /s from various physics

processes at Y(4.5)

Physics process Cross section (nb) Rate (Hz)
Y(4S) — BB 12 12
Hadron production from continuum 2.8 28
ptp 1t 1.6 16
Bhabha (6,45 > 17°, prescaled by 100) 44 4.4
YY(61ap > 17°, prescaled by 100) - 2.4 0.24
2y processes (814 > 179, p, > 0.1 GeV /c) ~ 15 ~ 135
Total ~ 67 ~ 96
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Figure 27: The Belle trigger system.,

computer farm to be screened by the L3 trigger. The L3 trigger system is a software
trigger that uses an ultra-fast track finder. By requiring at least one track with an impact
parameter along the z axis less than 5.0 cm and total energy deposited in the ECL to be
less than 3 GeV, the trigger reduces the event rate by 50 ~ 60%.

The L4 trigger is applied just before converting the raw data to fully reconstructed
data. Events with at least one track having pr > 300 GeV /¢ and impact parameters less
than 1 cm in r¢ plane and 4 cm along the z axis are stored in the DST files. The data
size is further reduced for specific physics processes, and the skimmed data are stored
Mini-DST (MDST) files.
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Figure 28: The Level-1 trigger system for the Belle detector.

3.12 Detector Simulation

To generate the events based on detector-independent physical processes involved in the
decay we use EvtGen [54], an event generator specially developed for decays related to
B-meson, likely to be occurring at a B-factory. In case of existence of different models
for the same decay, the choice is made according to the need by the user and can be
supplied as an input to the decay file, where evolution of a process is specified.

To include the detector performance effects, the EvtGen generated events are passed
through a GEANT based MC simulator gsim [55]. In order to achieve near-to-the-real
experimental conditions, during each experimental run, for collecting the real data, the
detector configuration and performance is monitored and saved into data-files, which
can later be fed to gsim to mimic run-dependent conditions while generating the MC
samples. This reduces the risk of generating inconsistencies between the more idealis-
tic MC samples and the realistic data sample. Generating run-dependent MC samples
allows one to model the real data with high accuracies. A small disagreement between
the real data and the MC sample has to be taken care of by either correcting with the
help of some efficient control sample or by adding this effect into overall systematic
uncertainty, whenever applicable.
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Table 5: List of background MC samples.
Background MC  Size (times data) Description

qq 2 ete™ — q7 (g=u,d,s,c) events underneath the Y(45)
Generic BB 5 both B’s decaying generically; doesn’t include rare decays
Rare BB 50 rare B decays

4 Event selection

4.1 Data and Monte Carlo samples

We generate an experiment- and run-number dependent signal MC sample. The total
number of generated events is 2 x 10°. In this analysis, we assume B° or BY decays to
the K*K 0 final state according to the decay model “PHOTOS PHSP” [54]. PHSP
explains a generic phase space to N-bodies with all spins of particles in the initial and
final states are averaged, while PHOTOS is used to include final state radiation in the

decay. Table 5 lists various background MC samples used in the analysis,

4.2 Event selection

We reconstruct the B meson candidate from its decay particles (daughters and grand
daughters). The particles used to reconstruct B meson in the analysis undertaken are

two oppositely charged kaons and a pair of photons arising from the ° decay.

4.2.1 Charged track selection

Each track candidate must have a minimum transverse momentum (pr) of 100MeV/c,
and a distance of closest approach with respect to the interaction point ([P) of less than
0.2cm in the transverse r—¢ plane (dr) and less than 5.0cm along the z axis (dz), where
the 7 axis is defined by the direction opposite to the e* beam. These criteria correspond
to a +6.56 window around the nominal IP (0,0,0).

4.2.2 Kaon identification

Charged kaon identification relies on the information from ACC, CDC and TOF de-
tectors. In particular, it is based on a likelihood ratio Ly /p = I,';éff,u where Lg and
Lz denote the individual likelihoods for kaons and pions, respectively, calculated us-
ing specific ionization in the CDC, time-of-flight information from the TOF, and the
number of photoelectrons from the ACC [see Sec. 3.6]. A requirement LK/,; > 0.6 is
applied to select the two kaon candidates. Figure 30 (left) shows the distribution of the
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kaon-pion likelihood. The kaon identification efficiency is approximately 86% while
the probability of misidentifying a pion as a kaon is 11%.

4.2.3 Photon selecfion

Photons are required to have an energy greater than 60 (100) MeV in the barrel (endcap)
ECL. Figure 31 shows the photon energy distributions for the barrel and endcap regions.
Photons detected in the barrel region have a better resolution than the one found in the
endcap. Photons that are in the forward and backward regions are more likely to be the
result of particles scattered by the beam pipe, and hence a tighter requirement to remove
these backgrounds is imposed.

4.2.4 7° reconstruction

We reconstruct n° candidates from the photon pairs that have an invariant mass between
112 and 156 MeV/c? [see Fig. 30 (right)], corresponding to £3.5¢ around the nominal
7° mass [56]. In addition, a requirement on the ©° decay helicity angle, | cosBpe| <
0.95 [see Fig. 32 (right)], is imposed, where this requirement is based on the fact that
correctly reconstructed ¢ candidates tend to have smaller values of | cos 8y | compared
to misreconstructed events, where By is the angle between one of the daughter photons
and the B momentum in the ni° rest frame. For the 70 candidates, which satisfy all
the selection criteria, the daughter photons are fitted to accommodate a kinematical
constraint due to the precise 7° mass, using the Kalman-fitting techniques [57]. To gain
further improvements in purity, we impose a requirement on the 70 mass-constrained fit
chi-square, xrznass < 50 [see Fig. 32 (left)]. This selection is pretty wide, and eliminates
only the pion candidates that have masses that vary greatly from the invariant mass of
the photon pair from which they have been created.

4.2.5 B meson reconstruction

B meson candidates are identified using two kinematic variables: beam-energy con-
strained mass, Mye = 1/ B2, — |L; p‘,—|2, and energy difference, AE = T; E; — Epeam,
where Ep..m is the beam energy, and j; and E; are the momentum and energy, respec-
tively, of the i-th daughter of the reconstructed B in the center-of-mass (CM) frame.
The advantage of using these variables lies in the following facts:(1) Fyeam 18 known to
a very good accuracy; it has a resolution of about 3 MeV. The B energy, }; E;, on the
other hand, is derived from track momenta of the final state particles, which have res-
olutions of about 1-5 MeV/c each. As a result, the B energy resolution usually ranges
from 10 MeV to 40 MeV, depending upon kinematical details of the decay being re-
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constructed (2) The energy of the track is an unknown, unmeasured quantity and is
rather determined from the track momentum after the mass-assignment. Therefore, the
energy resolution of each track is dominated by the track momentum uncertainty. AE
as defined above, has the dominant contribution from the track momenta and has no
effect of Epeam measurements. As a result, AE is highly sensitive to the overall momen-
tum of the BY candidate. We retain events with 5.271 GeV/c? < My, < 5.287GeV/c?
and —0.30GeV < AE < 0.15GeV for further analysis. The My requirement corre-
sponds to approximately -3¢ around the nominal BY mass [56], and we apply a looser
(—120, +60) requirement on AE because it is used in the fitter.
In the following, we summarize various requirements applied to select B0 — K"K ~n°

decay candidates.

e Track pr > 100 MeV/c

e |dr| < 0.2 cm and |dz| < 5.0 cm

e Kaon likelihood against pion, L{K/x) > 0.6

¢ Energy of photons > 60 (100) MeV in the barrel (endcap) ECL

Reconstructed 7° mass is in the range {112, 156] MeV/c?

0

¢ 7° mass-constrained % < 50

The decay helicity angle of 70, | cos(8e1) |< 0.95
* 5.271GeV/c? < My < 5.287GeV/c?

o —0.30GeV < AE < 0.15GeV

Figures 29 to 32 show some of the selection variables with the cut position indicated by

an arrow.
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4.3 Best candidate selection

After applying the selection criteria mentioned in Sec 4.2, we find that some events have
more than one B candidate. Figure 33 shows the so-called B candidate multiplicity. The
average number of B candidates found per event is 1.3 in signal MC and 1.4 in real data
samples. In events with multiple B candidates we choose the one(s) with the nt® that
has the lowest (2, value. If there are still more than one candidate having the same
AZass» the candidate with the lowest BY vertex fit chi-square is chosen. With our best
candidate selection, the number of times the selected B candidate corresponds to a true
B candidate is 94%.
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Figure 33: B candidate multiplicity in the signal MC (left) and real data (right) samples.
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Figure 34: My (top) and AE (bottom) distributions for the correctly reconstructed (left)
and misreconstructed (right) signal events.

To identify correctly reconstructed signal candidates, we follow a truth-matching
procedure where we perform a matching of reconstructed final state particles to generator-
level final state particles. When a match is established, we call the mother of these final
state particles to be correctly reconstructed. In Fig. 34 we show the distributions of
the kinematic variébles, My and AE, for correctly recenstructed and mis-reconstructed
signal events. For correctly reconstructed signal events: My, resolution is 2.98 MeV /¢?
and AE resolution is 26.3 MeV.

We calculate efficiency of correctly reconstructed (CR) signal events = % =24.08+
525 = 6.37:0.04%, where
S (B) is the number of correctly reconstructed (misreconstructed) signal events and G is

0.03% and fraction of self-crossfeed signal events (SCF) =
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the number of generated signal events. Once we apply a mild cut on the gg suppression
variable [Section 5] and the charm veto [Section 6.1], the above two quantities reduce
to 20.801:0.03% and 5.821+0.04%. Finally after the signal-region requirement on My,
we obtain the efficiency for CR signal events as 19.73 £ 0.03% and the SCF fraction as
3.18£0.01%.
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5 Continuum suppression

The dominant background arises from the eTe™ — g7 (g = u,d, 5, ¢) continuum process.
To suppress this background, observables based on the event topology are utilized. The
event shape in the CM frame is expected to be spherical for BB events and jet-like for
continuum events, We employ a neural network [58] to combine the following six input

variables:

o LR[RooKSFW]: the likelihood ratio formed out of 16 modified Fox-Wolfram
moments [59]. Figure 35 shows distributions of the missing mass squared (imm)
that has 7 bins, the KSFW moments in each of the imm bins, followed by

e cosb: cosine of the angle (B) between the B momentum and z axis. The B decays
follow a 1 —cos? @ distribution, while the g background is nearly flat in cos8,

¢ costhr: the cosine of the angle between the thrust axis of the B candidate and that
of the rest of the event, where the thrust axis is oriented in such a way that the

sum of momentum projections along that direction is maximized,
e cosbt: cosine of the angle between the B thrust and z axis,

¢ R2: ratio of 2" and 0 order Fox-Wolfram moments [59]. It is a measure of the

jettiness of an event. For a more jet-like event the distribution shifts from 0 to 1,

e Az: the vertex separation along the z axis between the B candidate and the re-
maining tracks. For the signal event, the absolute value tends to be larger because
of the longer lifetime of the B meson.

Figures 36 to 38 show distributions of various continuum fighting variables for sig-
nal and background. All of them exhibit a clear separation between the two classes of
events. The training and optimization of the neural network are accomplished with sig;
nal and gg MC simulated events. In Fig. 39 we show the resultant neural network output
(Cnp) distribution obtained with the signal and continuum MC events. We require the
neural network output {Cypg) to be greater than 0.2 to substantially reduce the contin-
uum background. The relative signal loss due to this requirement is approximately
129, whereas the achieved continuum suppression is close to 92%. The remainder of
the Cyg distribution strongly peaks near 1.0 for signal (see the left plot in Fig. 39), and
thus we find difficulty in modeling it with an analytic function. We instead translate it
to Cyp = log[(Cnp —0.2) /(1.0 — Cn3)]. This translation is useful as the resultant distri-
butions become smoother {see the right plot in Fig. 39) and hence can be modeled with

some analytical function.
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6 B background study

6.1 Generic B background

To find out the potential background from & — ¢ decays, we process a sample of generic
BB MC as described in Sec 4.1, and look at their My, and AE distributions (Fig. 40).
The My, distribution is found to be strongly.peaking in the signal region. In order to
investigate what is the source of this peak, we study the invariant mass distributions of
K*tn® and K+K~ systems.

i ] 1 1 i 1 L,
AR TG T 005 0 o5 s AR E TR R T
- 2E{GeV) : >

528
M, (GoVich)

Figure 40: AE (left) and My (right) distributions obtained from the generic BB MC
sample. .

We do not see any peak in K*n° mass distribution [Fig. 41 (left)] but the KTk~
invariant mass distribution [Fig. 41 (right)] depicts two peaks that correspond to the
contributions from a charm meson: the left one peaking at the nominal D® mass is
the decay D® — K+K~, and the right one with the peak slightly shifted from the D°
mass comes from D® — K—nT owing to K—x misidentification. (We confirm the Do -
K~n* contribution by changing the mass assignment of the kaon tracks to pion, which
subsequently shifts the invariant mass to the nominal D position.) In order to reject
the charm background we employ a veto around the two peaks. The veto window
[1846,1884] MeV/c?, which corresponds to approximately %56 around the mean, is
decided by fitting the KK~ invariant mass to a Gaussian function. Figure 42 shows
results of the Gaussian fit along with the chosen veto position, indicated by two arrows.
In Fig. 43 we show the m(KTn™) vs m{(n* K ™) distribution while in Fig, 44 we illustrate
the utility of the veto requirement on the KX and K7t systems.

Figure 45 shows the M,,. and AE distributions before and after applying the charm
veto. We find the resultant distributions have a linear and an ARGUS shapes, respec-
tively, similar to the continuum ¢§ background. Thus we introduce another dimension

C’NB [see Fig. 51 (top-right)] to avoid a large event flow between generic BB and con-
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tinuum g4 components owing to similar My, and AE shapes.



6.2 Rare B background 47

NI PRSP PRTT PO
2 ., 22 231 24 25
W, (Govie))

Figure 43: m(K*m~| (obtained with mass assignment of K~ changed to ®7) vs

m[m* K] (obtained with mass assignment of K+ changed to &%) - using generic BB
MC.
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Figure 44: m(K*xw~) vs m(wtK~) distributions with the charm veto applied on the
KK~ system (left) only as well as on both KK and K= systems (right).
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Figure 45: AE (left) and My, (right) distributions before and after the charm veto appli-
cation.

6.2 Rare B background

There are a few background modes that contribute in the My, signal region having

the AE peak shifted from zero on the positive side. The so-called “rare peaking”
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background modes, resulting mostly due to K-t misidentification, are identified with
a BB MC sample in which one of the B mesons decays via b — u,d,s transitions
with known (where we have a measurement for the branching fraction) or estimated
(where we have an upper limit) branching fractions. The rare peaking background
includes the B® — K*+n~n° nonresonant decay as well as possible intermediate reso-
nant modes that contribute to the K*n~n® Dalitz plot, such as B® — K*(892)°n® and
B° — K*(892)*n~. Table 6 lists various peaking background modes identified in the
rare BB MC sample. We represent this component by green filled histograms in Fig, 46.

Table 6: List of possible peaking background modes identified in the rare MC sample.

Inclusion of charge conjugate reactions-is implicit.

Mode number Mode
I. B — K*9(1410)%°
2. B® — K*%(1680)n°
3, B’ - Kftnn®
4, B% s p(770)" K+
5 B® — KT (1430)m~

1

35060

3000

2500

SRR ] RGN,
-%.:l 025 0.2 <015 0.1 =003 a 0Cs 04 Q.15 fza 24 525 5.26 ¥ 5.28
SE (GeV) M, {GaVie™

Figure 46: AE (left) and M, (right) distributions showing the contribution of rare com-
binatorial and rare peaking background.

The expected peaking background yield = B(B® — KTx~n%) X Nz X € = 96,
where, B(B° — K*n~n%) = (37.843.2) x 1075 [60], N; is the total number of BB
pairs (772 x 10%) and Erec (peaking component efficiency) = 0.3% estimated from the
rare BB MC sample. We fix the yield of the rare peaking background in the fitter be-
cause we observe a bias in the signal yield if we allow it to float due to a small overlap

between this and signal components.
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The events that remain after removing the rare peaking component comprise the
“rare combinatorial” background, shown as red filled histograms in Fig. 46. Figure 47

shows the dominant mode that contributes to the rare combinatorial background.

K (892)" K {892y 18 B K (892)" K (892)

g
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Figure 47. AE (left) and My (right) distributions showing the dominant mode of the
rare combinatorial background.
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7 Extended maximum likelihood fit

7.1 Fit to MC samples

Our initial plan was to go with a 3D unbinned extended maximum likelihood fit com-
prising AE, M, and Cyz. However, we observed a bias of 12% on the fitted signal
yield owing to a strong correlation between AE and Mp.. Table 7 shows Pearson’s

linear correlation coefficient between AE and My, for various event categories.

Table 7: Linear correlation coefficient between My, and AE for various MC samples.

Component Correlation factor

CR signal -7.19%
SCF signal —-4.70%
Continuum gg +1.48%
Generic BB ~3.09%
Rare peaking +4.07%

Rare combinatorial +2.05%

Therefore our strategy is to rather perform a 2D unbinned fit to the AE and C;\,B
distributions for extracting the signal yield in the data. As a first step, we carry out a
basic test by fitting various MC samples. We simultaneously fit the two distributions
using different analytic functions; whenever we face difficulty with analytic functions
we resort to nonparametric ¢histogram) shapes. Table § lists various PDF shapes used
to model AE and Cy, distributions for the MC samples. The PDF shapes are described
in Appendix A.2. In Figs. 48 to 53 we present the obtained fit results and corresponding

pull (data-fit) distributions, where analytic functions are used.

Table 8: List of PDFs used to model AE and dNB distributions of various MC samples.
G, BG, CB and Poly2 denote Gaussian, bifurcated Gaussian, Crystal Ball [61] and
second-order Chebyshev polynomial function, respectively.

Component AE Chp

CR signal CB+BG 3BG
SCEF signal 1D histogram 1D histogram
Continuum gqg Poly2 BG
Generic BB Poly2 BG
Rare peaking 2G BG

Rare combinatorial 1D histogram 3BG
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Figure 48: 2D fit obtained using the CR signal component.

For the CR signal component, dNB is parameterized in terms of:
diff] = — ) and diff2 =3 —
ratiol = 612/0p and ratio2 = Gra/OR)
ratio3 = 613/011 and ratio4 = O3 /OR|

we define two u differences and four & ratios to minimize the correlations between
these fit parameters. ' |
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Figure 50: 2D fit obtained using the continuum gg MC sampie.
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7.2 Correlations between different discriminating variables

Before going for a two-dimensional fit comprising AE and C;\,B, it is important to find .
out the level of correlation between the two variables for all event categories. In Table 9
we present Pearson’s linear correlation coefficient between AE and dNB. In addition,
we have also studied two-dimensional scatter plots as well as the variation of the mean
value of dNB in bins of AE (see Appendix A.5). All these results point toward a negli-

gible correlation between the two variables.

Table 9: Linear correlation coefficient between AE and dNB for various MC samples.

Component Correlation factor

CR signal +0.00%
SCF signal —1.42%
Continuum gg —0.42%
Generic BB -4.21%
Rare peaking +2.14%

Rare combinatorial +2.17%

We define a probability density function (PDF) for each event category j (signal,
44, generic BB, rare peaking, and rare combinatorigl BB backgrounds):

Pl = PAE)B;(Chiy), (15)

where i denotes the event index. Since the correlation between AE and Cyp is found
to be negligible, the product of two individual PDFs is a good approximation for the
combined PDF. The extended likelihood function is

L =exp (-%‘,n,-) xH

where #; is the yield of event category j.

Y n2| (16)
J

7.3 Pure toy study with the 2D fitter

In this section we present results of a two-dimensional pure toy ensemble test compris-
ing AE and C;VB after applying a signal-region requirement on My, (5.271GeV/c? <
My < 5.287GeV/c?). We prepare an ensemble of 200 pseudo-experiments, each hav-
ing a data set of similar size to what is expected in the full Y(4S) sample. PDF shapes
listed in Table 8 are used to generate these toy datasets. We then fit to the ensemble

of pseudo-experiments to check for the error coverage and any preset bias. If none of
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them were present, we would expect the fit to yield a Gaussian distribution with zero-
mean and unit width for each of the floated parameters. In the fit, we float the expected
yield for the four event categories (signal, continuum, generic BB and rare combina-
torial backgrounds) as well as the following PDF shape parameters for the continuum

background:

e c0 and ¢] of the second-order Chebyshev polynomial used for AE

* mean, G;, and G of the bifurcated Gaussian used for C’NB

The CR and SCF components of signal are treated as a single component in the
fitter. Their combined PDF is given as ngg X [(1 — f)PDFcr + f PDFSC'F], where f is
the SCF fraction, fixed to the MC expected value 3%, and ng, is the total signal yield.

Figure 55 presents the fitted and pull distribution of the signal yield (The number in
red denotes the expected value of the parameter.) For all the floated parameters in the
fit, we find the fitted values to be normally distributed around the expected value and
the pull distributions to be distributed around zero with unit width (see Table 10). This
exercise confirms a good error coverage for different fit parameters and that there is no

preset bias.
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Figure 55: Fitted (left) and pull (right) distributions of the signal yield in the 2D pure
toy test.
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Table 10: Pure toy results.

Floated parameter Expected value  Fitted value Pull mean Pull width
Signal yield 400 399.6+4.5 -0.0240.07 1.01+£0.05
Continuum g4 yield 26151 26126125 -0.11£0.07 0.98X0.05
Generic BB yield 1704 1734+32  +0.1240.08 1.08+0.05
Rare combinatorial yield 1201 118017  —-0.14+0.07 1.05+0.05
() parameter —0.35 —0.35+£0.00 +0.03+£0.08 1.08+0.05

cl parameter 0.04 0.04£0.60 +0.05+0.07 096+0.05
mean parameter 0.26 026000 —0.02+0.07 1.00+0.05

Of, parameter 1,92 1.92+£0.00 -0.03%0.07 0.96£0.05

Gp parameter 141 141+0.00 -0.0210.07 099+0.05
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7.4 GSIM ensemble test with the 2D fitter

Results of the pure toy test described in the previous subsection won't tell us if there
is a bias inherent on the fit because of the unaccounted for correlation between the fit
variables. Therefore, we perform an ensemble test comprising 200 pseudo-experiments
where signal is embedded from the corresponding MC sample and PDF shapes are
used to generate the dataset for all type of background events (continuum, generic or
rare BB). Similar to the pure toy case, we present the fitted and pull distributions for
signal yield in Fig. 56.

As evident from the left plot of Fig. 56, we observe a bias of 14.5 events, which is
3.6% of the expected yield and about 22.5% of the expected statistical error. We plan to
allocate this bias as part of the systematic uncertainty. There is a'non-negligible overlap
between the dNB distribution of signal and ¢g background, where the former component
distributes towards the right while the later towards the left. A slight shift of the mean
or width of the g7 C’NB towards the right can help in the migration of few events to the
signal side. Of course, migration of few events from the background side won’t have a
big impact on its fitted yield because of its sheer size, however it causes a bias of 3.6%
on the fitted signal yield. Thus the possible variation in the continuum C'NB PDF shape

is found out to be the major contributor here.
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Figure 56: Fitted (left) and pull (right) distributions of the signal yield in the 2D GSIM

test.
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We perform a linearity test where several 2D GSIM ensemble tests are carried out
with an assumed signal yield ranging from 0 to 400. This is particularly important as
we do not know for sure whether our expectation of 400 would really hold in the data
or not. Results of the linearity test are presented in Figs. 57 and 58. |
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Figure 57: Distributions of fitted signal yields in a number of 2D GSIM test carried out
with the input signal yield varying from O to 400.

Looking at the fitted yield as a function of the input yield, we expect to get a straight
line of unit slope and zero intercept. From Fig. 58 we find slope (intércept) to be

1.06 +£0.01 (—2.22 £ 1.69). Results of the GSIM linearity test are therefore reasonably
consistent with expectations.
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with the GSIM linearity test.
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8 Control sample study

In order to rely less on Monte Carlo simulations but more on data (for suppressing
possible systematic effects) we use a high-statistics control sample to determine the
mean and width of AE and C’NB used in the fit, We choose a decay process that has
the advantage of a large branching fraction but at the same time does not suffer from
backgrbunds that much. Our chosen control channel is BY — D(K*n~x)n* which
has a similar topology as our signal decay though with an extra pion. Two million
signal MC events for the control channel are generated according to the I decay Dalitz
plot [54].

8.1 Selection requirements

In the following, we list various requirements applied to select the control channel can-
didates. These requirements are identical to our signal selection, except for the last one

on the reconstructed D mass.
e Track pr > 100 MeV /¢
e |dr| < 0.2cmand |dz| < 5.0cm
e L(K/m) > 0.6 for kaon and L(K/r) < 0.4 for pion
e Energy of photons > 60 (100) MeV in the barrel (endcap) ECL

Reconstructed 70 mass is in the range [112,156]MeV/c2, corresponding to a

+3.50 window around the nominal mass

The 7 mass-constrained 2 < 50

The decay helicity angle of 7%, | cos(8;,) |< 0.95

5.271GeV/c? < My, < 5.287GeV/c?

—0.30GeV < AE < 0.15GeV

Reconstructed D mass is in the range [1.814,1.909] GeV/c?, corresponding to a
--3.56¢ window around the nominal mass (Fig. 59)
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Figure 59: Reconstructed D mass for the control channel signal MC.

8.2 Fit to MC sample

For AE and C’NB we use a Crystal-ball plus bifurcated Gaussian and a sum of three
bifurcated Gaussians, respectively [Fig. 60]. Note that these functions are identical
to what we have used for the AE -dNB 2D fit corresponding to B® — KtK—x0 signal. -
For C;VB, relative fractions between bifurcated Gaussians are tuned to the values from

B® — KK~ =0 signal MC, so that the trend remains identical between the two cases.

8.3 AE-C) distributions with the data

We study AE and dN g distributions for the control channel in the data, after applying the
My, signal region cut. We observe two peaking structures in the AE. Before going ahead
with the AE-dNB fit, we want to know the source of these structures. To investigate
further we use charged and mixed type of generic BB MC samples. Most of the peaking
contribution seems to arise from the charged generic sample. Therefore we look at the
AE distribution for this sample in the My, signal region. Various modes identified are
plotted separately in Fig. 61. The major contributor to the peaking structures is the
decay BY — D*0(2007)nt, D*® — Dn0/D0%.

We then apply a LD AE fit (Fig. 62) to the data using a Crystal-ball plus bifurcated
Gaussian function. The fraction between the Crystal-ball and the bifurcated Gaussian
is fixed to the value obtained with the control channel signal MC. Two Crystal-ball
function parameters (¢t and N) and two bifurcated Gaussian parameters (G, and Gg),
are also fixed to the MC values. For background we use two Gaussian functions to
take care of the two peaking structures, and a second order Chebyshev polynomial to
parameterize its combinatorial component.

We perform a 1D dNB fit (Fig. 63) using the data putting the AE signal-region cut. A

small continuum contribution is taken into account using the AE sideband, 0.05 GeV <
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Figure 62: 1D AE fit (left) and pull plot (right} in the M}, signal region using the data

for the control channel.

AE < 0.15GeV. We use the AE shape from the sideband and normalize it to the number
of expected events, corresponding to the contribution of the second-order Chebyshev
polynomial in |AE| < 50 MeV. The continuum contribution is subtracted bin-by-bin
from the total AE distribution, and the remainder is fitted to a sum of three bifurcated
Gaussians similar to the Cyp fit of the control sample signal MC. Two fractions between
these functions as well as four sigma ratios (ratiol, ratio2, ratio3 and ratio4) and mean

difference (diff1) are fixed to the signal MC values.
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Figure 63: 1D C;VB fit (left) and pull plot (right) in the AE signal region using the data
for the control channel.

Now we are in a position to calculate the fudge factors, which will be applied as
corrections at the time of fitting to the data in the signal region for B® —» KtK—n?,
Table 11 summarizes fudge factors for AE. These are obtained by comparing the left
plot of Fig. 60 with that of Fig. 62. Table 12 shows fudge factors for C:va- These are
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obtained by comparing the right plot of Fig. 60 with the left plot of Fig. 63. The fudge
factor on mean is the difference between the data and MC value, while the width fudge

factor is the ratio of the corresponding data to MC value.

Table 11: Fudge factors for AE.
Parameter Data MC Fudge factor
uce/ppc(GeV) —0.0031£0.0004 —0.0014+0.0001 —0.0018£0.0005
ocg(GeV)  0.0216£0.0003 ~ 0.0193+40.0001 1.1194£0.0219

Table 12: Fudge factors for C’NB.
Parameter Data MC Fudge factor
dif2  —~1.71724+0.0250 -0.9618£0.0280 —0.7554 £ 0.0530
M 4.3394+0.0073  4.65004+0.0170 -0.3106+0.0243
ozt 2.8100+0.0130  2.9220+0.0370 0.9617+0.0166
ORI 0.4311+£0.0050  0.2630+0.0100 1.6392+0.0814

We also measure the branching fraction for the control sample, The measured B(B*
— DY (&t 1~ n%nt ) = [4.60+£0.26(stat)} x 1073 can be compared against Bepg =
[4.84 £0.15) x 1073 [56]. Our result is therefore consistent with the world-average

value.
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91 2D AE-UNB fit using the real data

We perform 2D AE-dNB fit using the real data. While making the projection plot for a

variable, we have applied the following signal-region requirement for the other variable.
¢ |AE| < 30 MeV, and

L NB>3‘

-0.1
AE (GeV)

Figure 64: Projections of candidate events onto (left) AE for Chy, > 3 and (right) C’NB
for JAE| < 30MeV. Points with error bars are the data, solid (blue) curves are the total
PDF, dashed (red) curves are the total background, dotted (green) curves are the sum
of continuum g7 and generic BB backgrounds, dash-dotted (magenta) curves are the

continuum g¢ background, and filled (cyan) regions show the signal.

The results are presented in Fig. 64. A signal yield of 299 & 83 is obtained with a

statistical significance of 3.7c. The significance is defined as v 210g( Lo/ Linax), where
Lmax (Lp) is the likelihood for the best fit with the signal branching fraction being
allowed to vary (fixed to zero). Figure 70 (top-left) shows the projection plot of NLL.
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9.2 Systematic error

Following are the possible sources of systematic error:

a)Fit bias: We need to assign a systematic error for the fit bias on signal yield (observed
from the GSIM ensemble test). |

Case A: We perform an ensemble test comprising 200 pseudo-experiments, whqre sig-
nal is embedded from the corresponding GSIM MC sample and PDF shapes are used to
generate the dataset for all kind of background events (continuum, generic or rare BB).
In the test the central value of all floated parameters are picked from the D AE-dNB fit
obtained using the real data. We present the fitted and pull distribution of signal MC in
Fig. 65. As evident from the left plot of Fig. 65, we observe a bias of 3 events, which is
0.9% of the expected yield.
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Figure 65: Fitted (left) and pull (right) distributions of the signal yield in the 2D GSIM

test for case A.

Case B: We perform an ensemble test comprising 167 pseudo-experiments, where
signal and rare peaking component are embedded from the corresponding GSIM MC
samples and PDF shapes are used to generate the dataset for all remaining background
events (continuum, generic BB and combinatorial component of rare BB). The size
of peaking component of rare MC limits us to work with 167 pseudo-experiments. In
the test the central value of all floated parameters are picked from the 2D AE—dNB fit
obtained using real data. We present the fitted and pull distribution in Fig. 66. We
observe a bias of 4 events, which is 1.3% of the expected yield. We choose the case B.
to allocate systematic uncertainty for the fit bias. The fitted signal yield is 303.046.1.
We add the error on the fitted yield in quadrature to the bias and allocate a systematic
error of 2.4% for the fit bias.

b) Systematic error from unbinned likelihood fit: The systematic error is obtained
by changing each fixed PDF parameter by =10, Table 13 shows the systematic uncer-

tainties for various PDFs,
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Figure 66: Fitted (left) and pull (right) distributions of the signal yield in the 2D GSIM

test for case B.

Table 13: Systematic error obtained by changing each fixed PDF parameter by x10.

Source Uncertainties {%)
+C —C
Signal PDF +3.4 —-2.9
Generic BB PDF +24 31
Combinatorial background PDF +1.3 -2.0
Peaking background PDF  +1.7 -1.9

¢) Systematic error due to the fixed SCF fraction: We also need to account for the
self-crossfeed fraction that is fixed to the MC value. The uncertainty due to the fixed,
small SCF fraction (3.2%) is estimated without knowing apriori how these SCF events
vary across the Dalitz plot. We adopt a conservative approach to vary the SCF fraction
by +£50% while calculating the associated systematic error. We studied two cases - in
the first SCF fraction is 1.5% and in the second SCF fraction is 4.5%. In both the cases

we observe an error of 1.7%.
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d) Uncertainty on the signal C;VB PDF shape: We use three bifurcated Gaussains to
obtain dNB fit using the real data in the control mode. We study three cases - in all these
cases two fractions between bifurcated Gaussians as well as four sigma ratios are fixed

to the signal MC values.

e Case A: Both diff1 and diff2 are floated (Fig. 67),
o Case B: diffl is fixed to the signal MC value while diff2 is floated (Fig. 63), and

e Case C: Both diff] and diff2 are fixed to the signal MC values (Fig. 68).

Parameters in case B are used as nominal correction factors for C’N 5 PDF, while we
plan to use either case A or case C for the systematic error estimation by performing
2D AE - C,’\,B fits. We observe an error of 1.7% and 2.3% for case A and case C,
respectively. We decide to use the case C as a conservative estimate of the systematic
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Figure 67: 1D dNB fit (left) and pull plot (right) in the AE signal région using the data
with diff]l and diff2 floated.
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Figure 68: 1D C;VB fit (left) and pull plot (right) in the AE signal region using the data
with diff] and diff2 fixed to the signal MC values. 3

e) Systematic error due to g suppression requirement: We use the control sample
to assign this systematic uncertainty, In our analysis a nominal cut of Cyg > 0.2 is
implemented. For assigning systematic error, we compare two cases - case A: Cyg > 0.2
and case B: No Cyp cut. In both the cases, we reject AE region below —0.02GeV to
make the fit converge properly. This is particularly important when we fit on the data
with no Cygp cut.

For case A: signal yield (A) and signal yield (A") are 49391 & 368 and 224695 +
1056, for the fit on data and MC, respectively

For case B: signal yield (B) and signal yield (B') are 53618 + 536 and 239600 +
1091, for the fit on data and MC, respectively

We calculate efficiencies, €444, Emc and the relative efficiency € as:

® Eiora =4 =0.9212£0.0115
o &yc = % =0.9378 £0.0061

= Edoo —
e g= e =098+001 .

From the relative efficiency, we observe a small discrepancy of 2% between data and
MC. We add the discrepancy and the error of 1% in quadrature and assign a systematic
uncertainty of 2.2%,

f) Systematic error due to My, requirement: We use the control sample to assign
this systematic uncertainty. In this analysis a nominal cut of My > 5.271 GeV/c? is im-
plemented. We first determine 6(Mp) using the control sample real data. The ¢(My)
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value is 0.003 GeV/c?. We study two cases - case A: My, > 5.2695 GeV/c? and case B:
My > 5.2725GeV/c?. These two cases fl:orrespond to a My nominal cut value £ half
of [G(Mbc)]-

For case A: signal yield, efficiency (from control MC) and branching fraction are
53856729, 11.73% 4nd (4.59 £0.18) x 1073, respectively

For case B: signal yield, efficiency (from control MC) and branching fraction are
525014687, 11.25% and (4.67 £ 0.18) x 103, respectively

We observe an error of 0.2% and 1.5%, respectively for case A and case B.

g) Systematic error due to histogram PDFs used in the fitter: We fluctuate bin con-
tents by +/N and for every case we obtain the fitted signal yield and then we-take the av-
erage. For rare combinatorial BB component, the yield of the largest contributing mode
(BY — K*(892)*K*(892)7) is varied by changing its branching fraction by £50%. Fi-
nally we combine errors from the two source and assign a systematic error of +1.7%
and —2.0%.

h) The systematic uncertainty due to ¥ reconstruction: It is evaluated by comparing
data-MC differences of the yield ratio between 11 — n°2%%® and = n¥n—=n?. System-

atic error due to ¥ detection efficiency is 4.0%.

i) Systematic error due to tracking: We use partially reconstructed D** — DY(K9ntn~)nt
decays to assign the systematic uncertainty due to charged-track reconstruction (0.35%
per track). Thus for two tracks the uncertainty is 0.7%.

j) Systematic error from number of BB pairs is 1.37%

k) Systematic error due to efficiency variation over the Dalitz plot: We divide Dalitz

plane into four regions:

e Region A: [M,Z(+ - < 6Gev?/ c"’] with fitted signal yield (N]) and efficiency (g|):
139 £ 46 and 20.78%,

e Region B: [MZ, . > 6GeVY/c*&Mz, , < 6GeV?/c?] with fitted signal yield
(M2) and efficiency (€7): 95 £49 and 17.63%,
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s Region C: [MZ.,_ >6GeV?/c &Mz, > 6GeVZ/cA&ME _ o < 6Gev?/c] with
fitted signal yield (NVs;) and efficiency (g3): 18 £ 8 and 20.38%, and

¢ Region D: [Excluding above three regions] with zero fitted signal yield 21.30%
efficiency

We use the information from the first three regions having a non-zero signal yield

to obtain an average efficiency:

N % €; '
Emean = EI}:—:N"— = 19.6% (17)

and error on the average efficiency:

LilNi X [g
ALpean = '

- Smeaul
= 1.5% (18)
YN

where N; and g; are the fitted signal yield and efficiency in the i-th cell of the Dalitz
plot. From this we estimate a systematic error due to possible variation of efficiency
across the Dalitz plot as A€,,ean/Emean = 7-5%. The average efficiency (€yeqn = 19.6%)
is used to calculate the branching fraction while the systematic error due to efficiency

variation across the Dalitz plot is added in quadrature toward the total systematic error
calculation.

M. GOV Y

L2

-:-,'_‘
) £

W (Gaviich)

Figure 69: Dalitz plots using events at generation level.

1) PID: This uncertainty arises from kaon selection with the requirement L(K /%) >
0.6.

We divide the Dalitz plot in four regions as done for determining efficiency variation
over the Dalitz plot.

For region A, PID correction and systematic error are 0.9199 and 1.9%. For region
B, PID correction and systematic error are 0.9063 and 2.0%. For region C, PID cor-
rection and systematic error are 0.9099 and 1.7%. For region D, PID correction and

systematic error are 0.9183 and 1.6%.



74 9 ESTIMATION OF THE SIGNAL YIELD

From Dalitz plot regions A, B and C we obtain following weighted averages (ex-
cluding the region D because the fitted signal yield in that region is zero):

PID correction (average) = 0.9141%, Systematic error (average) = 1.93%

The PID data-MC correction is almost constant over the Dalitz plane and we assign

a systematic error of 1.9%.
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We present a summary of various systematic errors in Table 14. In the branching
fraction calculation, numerator has the signal yield while the denominator has terms
related to number of BE, efficiency and PID correction factor: the source of uncertain-
ties listed in the first horizontal block influence the numerator part while the source of
uncertainties listed in the second horizontal block influence the denominator part. Thus
we have two horizontal blocks in Table 14.

Table 14: Summary of various systematic uncertainties.

Source Uncertainities (%)
Signal PDF : +3.4 —2.9
Generic BB PDF +2.4 -3.1
Combinatorial background PDF +1.3 -2.0
Peaking background PDFs +1.7 -1.9
Fixed histogram PDF +1.7 =2.0
Signal Cyy, shape +2.3 -2.3
Fixed SCF fraction +1.7 —1.7
Fit bias +2.4 —2.4
Continuum suppression +2.2 2.2
Requirement on My, ' +1.5 —0.2
PID requirement +1.9 -1.9
7i° detection cfﬁcicﬁcy +4.0 —-4.0
Charged track reconstruction +0.7 0.7
Efficiency variation over the Dalitz plot +7.5 -71.5
Number of BB pairs +1.4 -14

Total +11,1 —-11.3
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. 9.3 Signal significance after systematic uncertainty

In order to include the effect of syste[hatics we convolve the statistical likelihood, pre-
sented in top-right Fig. 70, with a Gaussian function of width given by the additive
syst'ematic uncertainty. The resultant likelihood is presented in the bottom-left plot of
Fig. 70. The bottom-right plot in Fig. 70 shows NLL (negative log of likelihood) dis-
tributions, with the red curve showing the convoluted histogram. We obtain a total

significance of 3.5 standard deviations.
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Figure 70: Projection plot of NLL and statistical likelihood; red curve shows convoluted

histogram.
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9.4 Branching fraction calculation

The decay branching fraction is calculated as:

BB — KK ) = N :’f p (19)

where Ny is the total number of BB pairs (772 X 105), £ is the signal reconstruc-
tion efficiency (19.6%) and rx/, denotes the kaon-identification efficiency cotrection
~ factor that accounts for a small data-MC difference. It is given by

ri/n = €% 1n/ ER fmo (20)

where 8?‘_5';‘;’: (S“K’Iﬁt) is the efficiency of the L(K /) requirement in data (MC simula-
tions). The ry/, value per kaon track is 0.95, resulting in a total rx/n = 0.95% = 0.90
for two kaons.

The resulting branching fraction value is
B(B® - KTK~n0) = [2.1740.60 £0.24] x 107, @21)

where the uncertainties are statistical and systematic, respectively.

9.5 Study of Dalitz plot distributions

To elucidate the nature of the signal observed, especially whether there are contributions
from the decays with intermediate resonant states, we study their X¥¥ K~ and K+n® in-
variant mass distributions. We perform the [AE ,dNB] two-dimensional fit in various
bins of m(K*+K~) and m(K*7P) distributions without and after applying the require-
ments m(K+7%) > 1.5GeV/c? and m(K+K~) > 2.0GeV/c?, respectively. These re-
quirements are designed to suppress the KK —n® nonresonant contribution. Figures 72
and 71 show the resulting signal yields with and without the requirements. It is evi-
dent that at the current level of statistics, we cannot make any definitive statement about

possible resonance final states including the excess seen by BaBar near 1.4 Gev/c2.

9.6 Study of B — ¢n°

We perform a 2D AE-dNB fit, with an additional requirement of 1.008 GeV/c? < mg+x- <
1.031 GeV/c? on the KT K~ invariant mass, using real data. The resulfs are presented in

Al e

Fig. 73. #~ \and Azad LipgN
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Figure 72: Distributions of the signal candidates in (left) m(K*K~) with m(K*x0) >
1.5GeV/c? and (right) m(K*x°) with m(RTK~) > 2.0GeV/c2.

A signal yield of 12.0:17.8 {s obtained. In view of a small signal yield, we set an
upper limit (UL) on B(B® — ¢n). The signal efficiency is 10.3%. For obtaining the
UL we convolve the statistical likelihood with a Gaussian function of width equal to the
systematic error (that we know from B — K+K~n0 analysis). Finally, we set a UL of
2.1 x 10~7 at 90% confidence level as shown in Fig. 74. We also calculate an expected
UL (for a null 51gna1 hypothesis) to be 1.8 x 10~7, Figure 75 shows the signal yield.
The expected UL on the. signal yield is 13.5 at 90% confidence level. Qur UL results

are comparable to the recent Belle results [22] on a dedicated analysis on B® — ¢=°.
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Figure 73: Projections of B® — ¢n® candidate events onto (left) AE for dNB > 3 and
(right) dNB for |AE| < 30MeV. Points with error bars are the data, solid (blue) curves
are the total PDF, dotted (green) curves are rare combinatorial backgrounds, dash-dotted

(magenta) curves are the continuum ¢g background, and filled (cyan) regions show the

signal.
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Figure 74: Convoluted likelihood vs branching fraction for B® — ¢n® with the blue line
showing the UL at 90% CL.
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Figure 75: The fitted BY — ¢n0 signal yield obtained for a null signal hypothesis.
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10 Conclusions

In summary, we report a measurement of the suppressed decay B® — KK~ n° using the
full Y(45) data sample collected with the Belle detector. We employ a two-dimensional
fit for extracting the signal yield. Our measured branching fraction B(B° — K*K~n%) =
[2.17 +:0.60(stat) + 0.24(syst)] x 10~ constitutes the first evidence for the decay.
From the study of the K*K~ and K*tn¥ invariant mass distributions we conclude
that we cannot make any definitive statement about possible intermediate K* K~ reso-
nances, including the structure seen by BaBar near 1.5 GeV/c2 [18]. 1t is worth noting
here that the recent LHCb study of BY — K+ K~at decays [19] has revealed an uniden-
tified structure in the same mass range; however, it is only present in BT events, giving
rise to a large local CP asymmetry. Furthermore, we observe some excess of events
around 1.4 GeV/c? in the K*n® invariant-mass spectrum. A detailed interpretation will
require an amplitude analysis with higher statistics that would be available at a next-

generation flavor factory [62].
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