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1 Introduction

1.1 The Standard Model

The Standard Model (SM) describes the world of elementaryighes. The funda-
mental matter particles are spin-1/2 fermions while therettions between them are
mediated by spin-1 bosons. The elementary fermions arerlend quarks. There
are three types (generations) of lepton; each containsrgeth@articlee™, u=, ort—,
with electric charge-eg = — 1.6 x 10712 C, and a corresponding neutral partigy
vy, Or vy neutrino. Quarks fall into three generations and come inlgfgrent flavors:
the up-type quarksy, c andt have the electric charge2e)/3, whereas the charge of
down-type quarksd, sandb is —ep/3. In addition to the electric charge, quarks also
carry the color charge. In the SM, the interactions betweatianparticles result from
matter particles exchanging force-mediating particlagotal, there are 12 particles of
the latter type in the SM: eight gluong)( photon §) and three weak bosoré/* and
ZO. The gluon is responsible for the most powerful force, thersg force, which binds
together quarks inside protons and neutrons, and holdshixgprotons and neutrons
inside an atomic nucleus. The gluons themselves carry chnge, and therefore (like
the quarks) do not exist as isolated particles. The phottimeiglectromagnetic force
carrier. Lastly, thav* andZ® bosons are attributed to the weak force, playing a role
in the radioactive decay. The weak force is very importardtiserving neutrino reac-
tions, because the neutrinos are impervious to the eleagaoetic force (due to their
lack of charge) and unaffected by the strong force (whickegos nuclear interactions),
leaving only the weak force to characterize them. Partitttas make up the ordinary
matter, acquire their mass through interaction with Higgsdm (more specifically with
the Higgs field). It is the only SM particle not yet experimahyt observed. Recently,
CMS and ATLAS experiments at CERN in their search for the SM Higgson, re-
ported clear evidence for the production of a neutral bogdnch can possibly be the
SM Higgs) with a measured mass of 126.4 GeV/c? and spin different from 1[1, 2].
The weak interaction, mediated Wy andZ® bosons, is the only interaction in the
SM that can change the flavor of the quarks. A down-type guamlemit or absorb @&/
boson and convert into an up-type quark, and vice versaidnrdnsformation, a quark
is allowed only to change its charge by a unit amounftke charge of the electron).
Because quarks can change flavor by the weak interactionflomhlghtest quarks and
leptons (namely, up and down quarks in the form of protongwutirons, and electrons)
are included in the stable matter of the world around us —es/ler ones decay to one
or another of the lighter ones. The flavor-changing trams#tioccur because the quark
mass eigenstates are not the same as the weak-interagi@rstites. In 1963, Nicola
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Cabibbo introduced an angle to preserve the universalith@fweak interaction [3].
The so called Cabibbo anglé is related to the relative probability of the down and
strange quarks decaying into up quarikéd? and|Vys|?, respectively). In the language
of particle physics, the object that couples to the up quaakctarged-current weak
interaction is a superposition of down-type quarks, heretkl byd/. Mathematically,
this is:

d/ == VUSS+VUdd7
or, using the Cabbibo angle:
d = SinB.s+ cosbd.

The Cabbibo angle can be calculated by using the relation:

Vus|  0.2257
Mua|  0.97419

tanec — — ec — 13040

When the charm quark was discovered in 1974 [4, 5], it was edtibat the down and
strange quark could decay into either the up or charm quagdithg to two sets of
equations:

d/ - VUSS+ Vudd,
S, - VCSS+ Vcdd,

This can also be written in the matrix notation as:

d/ . Vud Vus d
s ) Ved  Ves s )’

or using the Cabibbo angle

d\ [ cosb. sinb: \ [ d
s —sinB; CcosH. s |’

where the variou$/;; % represent the probability that the quark of flavdecays into a
quark of flavorj. This 2x 2 rotation matrix is called the Cabibbo matrix.

For two generations of quarks, there aredfviolating phases. To explaldP vio-
lation within the Cabibbo scheme a complex number in theigstahatrix is needed but
such a term could always be eliminated by the suitable ratefirof the quark phases.
In 1964CP violation was first observed in the neutral kaon system [@]b&yashi and
Maskawa extended Cabibbo’s idea of flavor mixing to accomnsoitiee phenomena of
CP violation within the SM, by proposing a possibility of tharthgeneration [7]. The
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quark flavor mixing mechanism introduced by Kobayashi andihdwa was certainly
a bold step, considering the fact that not even the charnkgtre heavier member of
the second quark family, was hinted from the experimentakolations, so far. Af-
ter the discovery of charm quark in 1974, bottom quark wasodsred at Fermilab in
1976 [8] therefore immediately triggering the search fa thissing third-generation
quark, the top quark. Finally the top quark was discoverdeeatilab by CDF and DO
experiments [9, 10].

If we look at all the ways in which one quark can turn into aeotguark with a
charge change ofpethat’s just all quarks with charge2ey/3(u, c, or t) paired with
quarks with charge-ey/3(d, s, or b). That’s nine possible pairings. Kobayashi and
Maskawa introduced ax33 unitary matrix (CKM matrix) that contains the information
on the strength of flavor-changing transitions.

!

d Vud Vus Vub d
s | =] Ved Ves Vep s
b Via Vs Vi b

In above equation, on the left side is the weak interactiotnpes of up-type quarks,
and on the right is the CKM matrix along with a vector of massegjates of down-

type quarks. The mass spectra of the up- and down-quarkssectd the CKM matrix

are shown to have clear and distinctive hierarchical strest as shown in Fig. 1. The
magnitude of the CKM matrix elements decreases from the dedo the off-diagonal

elements.

10° 10! 107 10° 10! 10°
Mass in MeV

Figure 1. The spectrum of quark masses and possible chatgesht transitions in
which the quark charge changes by one unit. The thicknedsediries indicates the
strength of the corresponding transitions.

The triumph of the SM is that it predicts a distinct set of tielaships between the
nine elements of the CKM matrix and that the matrix element® lcartain properties
that result inCP violation. In particular, the&P violation is related to the fact that the
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matrix elements include imaginary numbers. If the CKM paremsation is correct
then all mixing and weak decays must give consistent reaunlisthe phase we extract
from CP violation in theK system will predict the amount &P violation in theB
system. The CKM parameterisation allows us to makes manyur&agnts and to
consequently test whether the CKM formalism works. In 2008dfahe Nobel Prize
in Physics was jointly awarded to Makoto Kobayashi and Tuslei Maskawa “for the
discovery of the origin of the broken symmetry which preslitie existence of at least
three families of quarks in nature”. Kobayashi and Maskawaplanation of the origin
of CP symmetry violation predicted that lar@# asymmetries could be observed in the
decays of particles containing b-quarks. Verification @iitlypothesis was one of the
primary goals of the B-factory experiments, Belle at KEKB an®Baat PEP-II. They
did the job exceedingly well!

Currently, the best determination of the magnitudes of the Gkarix elements [11]

is:
Vudl Musl Vbl 0.97427+0.00015 022534+0.00065 000351"3901>
Ved| [Ves| [Veo| | =| 0.22520+0.00065 09734440.00016 — 00412901
Ml [Ms| [Vl 0.00867Ggogsr  0.0404°G50gs 0999146 550004

In Wolfenstein parametrization [12], the CKM matrix is exded in powers of a small
parametel. The Wolfenstein parametrization of the CKM matrix, to ordris

12?2 A AN3(p—in)
—A 1-2%/2 AN?
AN3(1—p—in) —AN? 1

To summarize the main features of the Wolfenstein parapation,

e The only complex parameteir) present in the parametrization, resides in the
most off-diagonal entries, representiig, andViq

e |A]is equal toVys| =0.22
e A~ 0.81,p~ 0.14 andn ~ 0.35 are real numbers.

e The more off-diagonal one goes, thedependence increases, and hence the
strengths decrease. Flavors among different generatawgmixing with differ-
ent strengths. The relatively stronger ones are referred t@€abibbo-favored”,
while the weaker are termed “Cabibbo-suppressed” that ajppeare B decays
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1.2 The rare decayB? — KtK—1°

The B-meson decap’ — KK~ 10 is suppressed in the SM and thus offers a use-
ful probe for new physics beyond the SM. Figure 2 shows tygiegnman diagrams
that contribute to this decay. The dominant one is the ca@ond Cabibbo-suppressed
b — u tree transition, followed by the intern& exchange diagram leading BY —
K*tKF with K** — K*10. The latter diagram dominantly contributes to the de-
cay B — KTK~, for which only upper limits on the branching fraction haveeh
set [13, 14, 15, 16]. This is in contrast to the related de¢hgging two kaons in the
final state) that are already observed suctB%s> K°K?, BT — K°K* [16, 17] and

Bt — KTK~1" [18, 19], where théo — d gluonic penguin amplitude can contribute

as well [20].
b b Vo = u
! K™IK*
G & w <f
S
. KK
d d Vo, a

Figure 2: color- and Cabibbo-suppresded: u tree (left) and internalV-exchange
(right) diagrams contributing to tHé+K 10 final state.

The three-body deceB® — KK~ 1€ has not yet been observed with the only upper
limit being available at 90 % confidence levéi(B® — KTK~10) < 19x 1075, from
the CLEO Collaboration [21]. Intermediate resonant modetsdtederentially decay to
this final state have also not been seen. A search for a relatathel by Belle has set an
upper limit B(B® — @1f) < 1.5 x 1077 [22]. Practically, no experimental information
is available for other potential resonance moaeg, K*(892)*K¥, K;(1430*K¥ and
fo(980) 1.

The study of theB® — K*K~1° decay is further motivated due to the importance
of the aforementioned resonant modes. The d&%ys 1P, in particular, is sen-
sitive to possible beyond-the-SM contributions. A measwaet of branching frac-
tion of O(10~") would be evidence for new physics, for example, the supemrsgm
try [23]. Study of the proces8® — @1f is also important to understand the the-
ory uncertainties associated with the measureme@Pofiolation asymmetries in the
B® — KO decays. At the subleading ordBr;— @midecay amplitudes are related to that
of BY — KO [24], and can therefore provide stringent bounds on passibhtribu-
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tions to the time-depende@P asymmetry irB° — @K° [25]. Various other predictions
available in the literature are summarized in Table 1.

Table 1: Predictions for various branching fractions retefor theK K~ 1 final state.
We attempt here to give the state-of-art predictions tHgtae experimental inputs.

Mode Technique Prediction Ref.
BY — K**(892KT QCD factorization 9x108  [26]
QCD factorization Bx108  [27]
perturbative QCD  (7.4713) x 108 [28]
B® — (10201 QCD factorization 10x 109 [26]
QCD factorization Dx10°  [27]
flavor SU3)  (1.0—2.0) x 1072 [29]
BY — fp(980)T° None known

Another motivation for the study @° — K+K~10 comes from the observation of
BT — K"K~ 1" by the BaBar Collaboration [18]. In particular, an unexpectiedcs
ture , we callfy (1500, is seen near.5GeV/c? in the KK~ invariant-mass spectrum
[see Fig. 3 (left)], which accounts for about half of the ta@eents. Similar structures
have been observed in the Dalitz-plot analyseBof—+ K*K~K™* [Fig. 3(right)] and
B® — K+*K~KY [Fig. 4(left)] decays [30, 31]. Recent LHCb study®t — K*K 1"
decays [19] has also revealed an unidentified structure figyht)] in the same mass
range; however, it is only present BT events. If these structures are due t§aK ~
resonant state, it should show upBi — K*K~1°, while if it is a reflection from
the b — d penguin, it would not contribute t6*K~1°. In Fig. 5 we show a pos-
sible Feynman diagram for the production of theg(1500 in the B decay, subse-
quently leading to th&K *K 10 final state. Since the andd quarks are spectators
in the b — u tree diagram [Fig. 2(left)] foBT — K*K~ 1" andB® — KtK~10, re-
spectively, one can estimate the branching fraction fotdtter using the BaBar mea-
surement ofB(Bt — KTK~1t") [32]. Let's assume for the time being thi¢(1500),
the single largest source of the measured branching frafdi®3™ — K™K~ 1", solely
contributes toB® — K*K 1. In that case, assuming isospin symmetiyagdu in-
terchange in Fig. 5) we find expected number of signal evedggp([BO — KTK=10)]
as

Nexp(B® — KTK™T0) ~ (1/2) x B(BT — K"K ™T") x grec X Ngg ~ 400, (1)

where the reconstruction efficiencstdc) andNgg are 20% and 772 10°, respectively.
Thus assuming isospin symmetry and thatlthe u transition is the main contributor
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to B® — KTK~1P, we expect its branching fraction at the level ok 30, which is
well within Belle’s reach.
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Figure 3: Efficiency-corrected distribution of th&"K ™~ invariant mass in the decay
BT — KTK~1tt (left) and signal-weightel " K~ distribution forB* — K*K~K™ can-
didates (right) from BaBar.
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Figure 5: Possibldx (1500 production in theB decay, which subsequently leads to the
K*K~1C final state.



2 KEK B-Factory

2.1 Introduction

The main goals of the B-factory are to test Kobayashi-Maskaeahanism fo€P vio-
lation in theB meson system, to precisely determine the Cabibbo-Kobayaatkawa
(CKM) [33, 7] matrix elements, and to search for r&@&ecays as an indirect probe
for physics beyond the Standard Model (SM). To achieve athete, the Belle ex-
periment was commissioned at KEK (High Energy Acceleratadaech Organization)
B-factory in Japan. The KEK B-factory has two components: ttwekerator called
KEKB [34, 35] and the detector called Belle detector [36, 3], 3

The first generation of B-factories, DORIS Il at DESY in Germavith the AR-
GUS experiment [39], and CESR in Cornell, USA with the CLEO diete¢40], were
symmetric colliders, where the electron and positron belaamasthe same energy, cor-
responding to half of th&(4S) mass. On the other hand, the second generation of
B-factories, KEKB at KEK in Tsukuba, Japan with the Belle expent, and PEP-II at
SLAC in Stanford, USA with the BaBar experiment [41] are asyririoeolliders.

The KEKB is an asymmetric energy e collider with electron having energy®
GeV and positron having energys3GeV. The large asymmetry of energy makes the
flight length of theB mesons produced long enough that one can measure. The-center
of-mass (CM) energy/sis:

JE4 E, = 1058 GeV, )

which is equal to the mass of th&4S) resonance. Th¥(4S) resonance is a vector
meson comprising of B quark and its antiparticlg. TheY(4S) decays via the strong
force almost instantly to BB meson pair. The colliding beam energy asymmetry causes
the Y(4S) to have a non-zero velocity in the laboratory frame. SoBBeneson pair is
created with a Lorentz boost factor of:

Ee —Eeor

Vo= e—\/§e =0.425, (3)
along the electron beam direction (z axis). SinceBineesons from th&{(4S) decay

have a very little kinetic energy in the CM frame, they haveragimately the same

boostyg in the laboratory frame. This boost is needed for the studinué-dependent

CP asymmetriesB mesons fly about.2 mm before decaying and the decay-length

difference between the tw mesons along the z axidZ) can be measured with the
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silicon vertex detector. ThB mesons decay-time differenc&t] can then be estimated
as:

A~ B2 @)
VBC

The design luminosity of KEKB machine isx110**cm~2s~1 which corresponds
to production of 18 B mesons per year. The physicsBfnesons is also investigated
at hadron colliders, such as the Tevatropjpecollider with \/s= 1.96 TeV, located at
Fermilab near Chicago, USA with the DZero [42] and CDF expenitsie[43]. The
ATLAS [44] and CMS experiments [45], and especially the bidadd LHCb experi-
ment [46] also perform the study Bfmesons at the Large Hadron Collider (LHCpp
collider currently operating afs= 8 TeV, located at CERN near Geneva, Switzerland.

2.2 TheY(49)

The Y(nS) resonances are bound system@@fndt;quarks having quantum numbers
JPC =1~ and can be produced directlyéte collisions. The cross section fet e~
annihilations in the region of th¥ resonances is shown Fig. 6. The decay widths of
the three lowesbb states,Y(1S), Y(2S) and Y(3S), are relatively small, in the range
of a few ten KeV/c®>. The narrow widths of these resonances are an antefact of the

Okubo-Zweig-lizuka (OZI) suppression of hadronic decays.

25
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Figure 6: Cross section @& e~ annihilations measured by CUSB [47, 48] revealing
the family of Y resonances.

The mass of th&(4S) meson is just above the thresholdBE production, where
B refers generically to a bound state of eitteror bd_quarks. It decays above 96%
of the time into suchBB pairs. The cross section of th&4S) production at its peak
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position is about 13 of that of total hadronic productioate™ — qa(q = u,d,s,c),
which is often referred to as “continuum”. Therefore, althh KEKB is operating at
the Y(4S) resonance in order to produB8 pairs, it also produces three times mqeg
events that constitute a major source of background forttheyof B-physics. Due to
the low invariant mass of thgqg pair, the jets from these light quarks are produced with
a significant boost factor almost back-to-back. In contthstB andB mesons from the
Y(4S) decay are nearly at rest, and thus the decay products havesacsp topology.
We will use this difference later to suppress continuum &sveiith the so-called event
shape variables. In order to study the contributiom@kvents, KEKB is sometimes
operated at 60 MeV below th¥44S) resonance. The data taken at #{dS) resonance
and 60 MeV below are referred to as “on-resonance” and ‘&gbnance”, respectively.
Around 10% of data recorded by the Belle detector is the aibnance data.

2.3 KEKB Accelerator

The KEKB colliding-beam accelerator provides electrosipron collisions at the heart
of the Belle detector. Electrons with energy)8eV and positrons with energys3
GeV are stored in High Energy Ring (HER) and Low Energy Ring (LE&9pectively.
Since two beams have different energies, separate beam gupaised, and rings are
positioned 11 m underground. The circumference of eachisi3®16 m, having four
straight sections. Figure 7 shows an overview of the KEKBidel. The electron and
positron beams are created and accelerated to their finayeimethe linear accelerator
(Linac) and are then injected into the KEKB storage ring.

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

The most important parameter that demonstrates abilityh@fceelerator is called
the luminosityL, since it is directly connected to the event r&avith the relation
R = oL, whereo is the Cross section. The luminosity is expressed as:

 NetNg f

wheree™ ande™ denote positron and electron bunches, respectiiiy,the num-
ber of particles per bunchH, is the collision frequencyR_ is the geometric reduction
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Figure 7: KEKBee" collider configuration.

factor, andoy andoy are the horizontal and vertical beam size at IP, respegtielam-
beam tune shift parameters are given by:

_ re  NetPyy Re
2my- 0%, 05+ 0y

Ex,y,ei (6)

whereé&yy) is the vertical (horizontal) beam-beam tune shift parameteis the
classical electron radiuBy is the verticaP3 function at IPR; the reduction factor for the
beam-beam parameter, apd the Lorentz boost parameter. Combining equations( 5)
and ( 6), the luminosity can be written as:

Vet oy (le=&yer | (R
-n ) (5)(R)

whereeis the elementary electric charge dnd the beam current. The unitslofl,
andpy are givenin cm?s~1, Ampere, and cm respectively. The equation 7 is derived by
assuming thatry, oy, By andéy are same for both the beams because unequal parameters
cause incomplete overlap of both the beams during collisSitiis assumption requires
|+E+ =I_E_, so the LER current should be higher than the HER curégrghould be
made larger, anfij should be made smaller in order to achieve the higher lurtinos
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Until 2007 the electron and positron bunches in the KEKB kre¢or beams crossed
at an angle of 22 mrad. The crossing angle, a unique feature®¢EKB design, pro-
vided an effective separation of the beams after collisswnjding a high background in
the detector. Its success was evident in the world-beatimgnlosities that the collider
achieved previously. To boost the luminosity further, hegrea scheme was required
that would allow an effective head-on collision betweentieams while still retaining
the crossing angle. To accomplish this goal, KEKB designedifauilt special super-
conducting RF cavities called crab cavities [50] that kicklreheam sideways in the
horizontal plane so that the bunches collide head-on attieeaction point. With the
introduction of these crab cavities, in June, 2009, the KEKHder achieved the world
record of the peak luminosity of 21 x 10%* cm2s~1 and the total integrated luminos-
ity accumulated by the Belle detector reached 1000' on November 29, 2009, which
was one of the initial goals of the KEKB project. Figure 8 suanizes the integrated
luminosity of the two B factories: Belle and BaBar.

Integrated luminosity of B factories
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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 detsatoounding the interac-
tion point (IP) to detect the particles produceckeire collisions. The Belle detector
is configured within a 1.5 T superconducting solenoidal neagmd iron structure. It
is located at the Tsukuba interaction region of the KEKB b&aamd consists of fol-

lowing subdetectors - a silicon vertex detector (SVD), dd&@r central drift chamber
(CDC), an array of aerogel threshold Cherenkov counters (ACQGjrralblike arrange-

ment of time-of-flight scintillation counters (TOF), and a@lectromagnetic calorimeter
(ECL) comprised of CsI(TI) crystals located inside the supedticting solenoid coil.

A multi-levels of resistive plate counters (KLM). Figure Bosvs the side-view of the
Belle detector.

2 3m)

Figure 9: Side-view of the Belle detector.

The SVD is situated just outside of a cylindrical berylliuedn pipe. It measurés
meson decay vertices and aids the CDC in providing chargédlearacking. Specific
ionization energy loss measurements made with the CDC arbinethwith light yield
readings from the ACC and time of flight information from theH @ provide charged
hadron identification. Electromagnetic shower measurésnerucial for electron and
photon detection, are performed by the ECL. An iron flux retacated outside the coil
(KLM) is instrumented to detect(f’ mesons and to identify muons. The Belle detector
is described in much detail elsewhere [51].
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The coordinate systenThe origin is defined as the position of the nominal IP. For

reference, the z-axis is defined as the direction of the ntagfiredd within the solenoid,
which is anti-parallel to the positron beam. The x- and ysaxee aligned horizontally
and vertically respectively, and correspond to a rightdemhcoordinate system. The
polar angle, is subtended from the positive z-axis. The azimuthal apgtibtended
from the positive x-axis, lies in the xy plane. The radiudjried in a cylindrical coor-
dinate system, is measured from the origin in the xy plaﬂe,\/m. The timing of
the Belle detector relies on the KEKB Radio Frequency (RF), Wwhverns the bunch
crossing rate~{ 509 MHz, 2 ns interval).

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

Table 2: Polar angle coverage of the Belle detector.

Region Polar angle coverage
Barrel 39 <08 < 127
Forward endcap P7< 0 <38

Backward endcap 197< 6 < 150°

3.2 Beam Pipe

The beam pipe is a double-wall beryllium cylinder enclogimg IP. It is the innermost
component of the Belle detector. The role of the beam pipe msamtain the vacuum
and to cool down the heat induced by the beam. The determimatiaB decay vertex
is limited by multiple Coulomb scattering in the beam pipe #redistance from the IP
to the first layer of the SVD. Moreover, since the vertex resoh improves inversely
with the distance to the first detection layer, the verteecd®rr has to be placed as close
as possible to the IP and thus to the beam pipe wall. Figurédd@ssthe cross section
of beam pipe at IP. The beam pipe consists of two concenthiedgyrs with different
radii, 200 mm and 23 mm respectively. The wall thickness iSnm for both pipes
and are made of beryllium (low Z material) to reduce the Colil@eattering. The gap
between the inner and outer walls is filled with helium gasdol ¢he beam pipe and
shield the SVD from beam-induced heating. The outer beuyllcylinder is covered
with a 20um thick gold sheet in order to reduce low energy X-rays froentigh-energy
ring. Helium gas is cycled through the gap between the inneéoaiter walls to provide
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Figure 10: Cross-section of the beryllium beam pipe at therawtion point.

3.3 Silicon Vertex Detector (SVD)

The main goal of the Belle experiment is to stud® violation in B-decays, which
requires a good vertex resolution to effectively measuedifference ire-vertex posi-
tions for theB meson pairs. The SVD is designed to provide the requessolution
for B-vertices of 10Qum or better. The SVD also contributes to the reconstruction o
charged patrticles and helps in improving the low momentwsoltgion of the particle.
Figure 11 shows the side and endcap view of the first versidimeofertex detector,
SVD1. It consists of three cylindrical detection layers tddders”, where a ladder
is composed of two, three or four double sided silicon stepedtors (DSSD). SVD1
covers a solid angle 83< 8 < 139%. As shown in Fig. 11, the three layers of SVD1
consists of 8, 10 and 14 ladders for inner, middle and outearta respectively. The
radii of each ladder is.B cm, 455 cm and @5 cm respectively. Each ladder is made of
two half-ladders that are electrically independent, anel loalf-ladder contains one or
two DSSDs which are supported by boron-nitride (BN) ribs sdolded with carbon-
fiber reinforced plastic (CFRP). In total, there are 32 laddes102 DSSDs. A DSSD
is essentially a depletegn junction under reverse bias. A charged particle passing
through the junction liberates electrons from the valeraredlinto the conduction band
creating electron-hole pairs. These pairs create curietite p™ andn™ strips aligned
along and perpendicular to the beam axis respectively. dweensional hit positions
are determined from the charge distributions on these gahally segmented strips.
Each DSSD has 1280 sense strips and 640 readout pads ondmtiThke size of the
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DSSDs is 5% x 33.5 mn?. Signal from DSSDs are read out by 128 channel VAL chips
[52] placed on both sides of the ladder. The total numberaddoat channels are 81920.

SVD sideview
SVD erdview \ CcDC -

f 139M
Be beampipe P

Figure 11: Detector configuration of SVD1.

As mentioned before, the main purpose of the SVD is to detegrtieB meson de-
cay vertex and to improve the charged particle tracking.sfadies of time-dependent
CP asymmetries, the z-axis distance of the Bweertices for any(4S) decay must be
measured with the precision of about 1@8. As shown in Fig. 12, the momentum
and angular dependences of the impact parameter (cloggsiap of tracks to the IP)
resolution behave like:

Oxy = 19 49(pBsin®28) ~1um, (8)

Oy = 36® 42( ppsin®/20) ~pm, (9)

whered indicates a quadratic sum and the momentuisigiven in units of GeVec.
The impact parameter resolution for an 1 Ge\hormal track is around 53m. The
SVD1 readout electronics had limited radiation toleranue ldad to be upgraded four
times to the latest radiation tolerant readout chips witlobanging the three-layer me-
chanical structure. In the summer of 2003, the SVD1 was cepldy a four-layer
structure SVD2, covering a range of2l&% 6 < 15 for improved tracking, better
vertexing and momentum resolution. The innermost layetaser to the IP at a dis-
tance of 2 cm instead of 3 cm in SVD1. This is possible with ai§icantly smaller
beam pipe. The fourth layer is accommodated by a redesigmef region of the CDC.
The four layers of SVD2 contains 6, 12, 18 and 18 full laddevsifinside to outside.
Each half ladder consists of 1, 2 or 3 DSSDs. Both SVDs used anmondouble-sided
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Figure 12: Impact parameter resolution of the SVD

silicon strip detector (DSSD) design. The DSSDs for SVD2ei2 readout channels
in bothr - zandr - @, or in total 110592 readout channels.

3.4 Central Drift Chamber (CDC)

The CDC is a cylindrical wire drift chamber immersed in.& T magnetic field pro-
duced by a solenoidal coil. It is designed for efficient restauction of charged particle
tracks and precise determination of their momenta. The etagfield of supercon-
ducting solenoid bends the charged particles accordinigeio momenta. The physics
goal of the experiment requires a momentum resolutioaf p; ~ 0.5%/(1+ pf)
(wherep is in GeV/c) for all charged particles withyp> 100 MeV/c in the polar an-
gle region 1% < 8 < 15C. In addition, the CDC is used to measure the energy loss
(dE/dx) of charged particles for their identification. The amouinti&/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 evdrift chamber
having 50 layers (32 axial and 18 small angle stereo laydrahode wires and three
cathode strip layers. The CDC is asymmetric in z-directiba,axial wires are config-
ured parallel to z-axis while the stereo wires are slantguiagmately+50 mrad. The
stereo layers combined with axial layers provide z infororabf tracks. The cathode
strips improve the z-measurement as well as produce a hadfidient fast z-trigger. An
anode wire (sense wire) and field wires that surround theamack form a drift cell.
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The CDC has a total of 8400 drift cells and each drift cell has&imum drift distance
between 8 mm to 10 mm. The sense wires are gold-plated tumgstes of 30um
diameter while the field wires are of unplated aluminum of i@6diameter. When a
charged particle travels through a cell, it ionizes the dama, thus released electrons
cause release of more electrons while drifting to the semse Whey are collected by
the sense wires and a hit is recorded by the CDC electroniaggeThcoordinate mea-
surements at the inner-most radii are provided by cathoigs sts shown in Fig. 14 The
cathode strip having width of.Z mm is divided into eight segments in tpealirection
and has an.2 mm pitch in the z-direction. The total number of cathodencieds are

1792.
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Figure 13: Structure of the CDC. Lengths in Fig. are in the uhmhm
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The path of a charged particle in the constant magnetic feelal helix which is
defined with five independent parameters measured by the CBGighed curvature
of the helix, the slope of the helix, and the 3D coordinatethefhelix reference point.
The curvature radius is proportional pp, the slope is proportional tp,, and particle
charge is identified by the sign of the curvature. The refazgooint is called a pivot
and chosen as the wire position of the innermost hit in the CDC.

To minimize multiple Coulomb scattering contributions t@ tthomentum resolu-
tion of the charged particles, we use a gas having low Z. Auméexof 50% helium (He)
and 50% ethan&XHg) gas is used in our experiment. This mixture has a long radiat
length (640 m) and a drift velocity that saturates at 4/ psnat a relatively low electric
field. A gooddE/dxresolution is provided by the larg&Hg component. The ethane
component increases the electron density, which imprdwesanization energy loss
measurement resolution.

Figure 15 shows the spatial resolution as a function of tifedistance. The spa-
tial resolution is approximatelg,, = 130um. The transverse momentum resolution
measured from the cosmic ray data is:

Op /Pt = 1/(0.20p)2 + (0.29/B)2%, (10)

wherep is the transverse momentum measured in Geahdp is velocity in units
of the speed of light.
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Figure 15: Spatial resolution as a function of the drift anste

The CDC is involved in particle identification for the track#lwp < 0.8 GeV/c
and p > 2.0 GeV/c through the measurement®/dx A charged particle’s energy
loss due to ionizationdE/dx) in the drift cell is determined using the hit amplitude
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recorded on the sense wire. Since the energy loss depentie article velocity at

a given momentundE/dx will vary according to the particle mass. Figure 16 shows
the scatter plot of the measurdé/dx and the particle momentunp). The expected
relation forr, K, p ande are shown by the solid curves in Fig. 16. The separation
between the different particles can be clearly seen.

o idx

Figure 16: Scatter plot for momentum @& /dx. Expected relation fort, K, p ande
are shown by the solid curves. The momenta are given in uhi&ey/c

3.5 Time of Flight (TOF)

Time-of-flight measurements are performed with scintiligtplastic counters with a
design time resolution of 100 ps. A very good time resolugaables efficient particle
identification for particle momentum below2lGeV/c. This system also provides fast
trigger signals. However, the trigger rate of the time-afHt counter would be too
high. Therefore, thin dedicated trigger scintillation oter (TSC) are added to the
system (Fig. 17)to produce a fast trigger signal with a maabtg rate (below 70 kHz).

The Time of Flight counter (TOF) measures the velocity ofrghd particles in an
intermediate momentum rangeB@GeV/c to 12 GeV/c. The velocity is measured by
the particles’s time of flight and the flight length. The latteprovided by the CDC’s
measurements of the track helix parameters. The velocitybaoed with momentum
(as provided by the SVD and CDC) determines the particle’s raadstherefore its
type.

The TOF works on the principle of scintillation - the propeof certain chemical
compounds to emit short light pulses after excitation bypgsage of charged particles
or by photons of high energy. Scintillation is charactedibg the light yield. The TOF
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measures the time of flight between a particle originatinpeiP and passing through
the scintillator. The time of flight at p= 1.2 GeV/c is 43 ns forK* and 40 ns forre.

The TOF system consists of 64 modules concentrically agarg a radius of .2
m, covering a polar angle range of3% 8 < 121°. A module is made up of two
trapezoidal shaped time-of-flight counter and Trigger 8tation Counter (TSC) sep-
arated by a radial gap of3 cm, as shown in Fig. 17. A total number of 128 TOF
counters are placed ipsectors. The total number of TSC counters are 64. The total
number of readout channels are 256 for the TOF and 64 for tiie TS

Backward Forward
1.P (Z=0)

-915 -80.5 -725 I 182.5 190.5

| TSC 05t x 120W x 263.0L RH117.5
f—282.0 L
——287.0

P ——— R=120.05 - PMT 7PMT . R=122.0

Ml —_—

Light guide

Figure 17: Configuration of a TOF module.

Figure 18 shows the mass distribution for each track in hadvents, calculated by
using the equation:

(1 2 CToe ’ 2
= () e () 1) -

wheremis mass of the particlg is the momentum antp4 is the path length of
the particle determined from CDC track fit assuming the muossnkigure 18 shows
the clear peaks correspondingrtd, K* and protons (p). The data points are in good
agreement with MC predictions (histogram) obtained by msgoTor = 100ps The
TOF hit efficiency is 95% for single-end hits and 88% for betid hits inete™ — p™
pair events.

3.6 Aerogel Cherenkov Counter (ACC)

In the momentum region below 1 GeV, theK /1t separation is performed mE/dx
measurement from the CDC and the TOF measurements. The ACAdsxtee mo-
mentum coverage foK /1t separation up to.3 GeV/c. It provides the separation in
the momentum range of.2GeV/c < p < 3.5 GeV/c by detecting the Cherenkov
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Figure 18: Mass distribution from TOF measurements forigdad with momentum be-
low 1.2 GeV/c. Points and histogram show the data and MC distributi@spectively.

light from patrticles that penetrate through silica aeragédiator. When a high energy
charged particle traverses dielectric media, part of thlet lemitted by excited atoms
appear in the form of a coherent wavefront at a fixed angle iggpect to the trajectory
- a phenomenon known as Cherenkov effect. Such radiatior@uped whenever the
velocity of the particle exceeds the speed of light in the ionad The light is emitted if
velocity of charged particl® satisfies:

p=—P  ~an (12)

NCEr
wheremandp are particle mass and momentum respectively,raisdhe refractive
index. Therefore, there is a momentum region where pions theiight while kaons
do not, depending on the refractive index of the matter. kangple, pions with mo-
mentum 2 GeYc emit the light in the matter i > 1.002 whilen > 1.030 is necessary
for kaons with the same momentum.

The ACC is divided into barrel and forward endcap regionsp#ns a polar angle
regionof 1? < 8 < 127°. The barrel ACC consists of 960 counter modules segmented
into 60 cells in thap direction, and 228 modules arranged in 5 concentric layerghe
forward endcap part of the detector. All the counters ararged in a semi-tower
geometry, pointing to the IP. The configuration of the ACC isvgh in Fig. 19 In order
to obtain goodK /Tt separation for the whole kinematic range, the refractidicies of
aerogels are selected betweefilland 103, depending on their polar angle region. A
typical single ACC module is shown in Fig. 20 for barrel andeaamACC respectively.

The Cherenkov light generated in the silica aerogel is femlanie or two fine mesh
photomultipliers (FM-PMTSs) attached to the aerogel rasiatodules which are oper-
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Figure 19: The arrangement of ACC at the central part of theeB#dkector. Hera
indicates the refractive index.

ated in the 15 T magnetic field. The total number of PMTs readout chanmel4 560
in barrel ACC and 228 in the endcap ACC.

Figure 21 shows the measured pulse height distributionhiebarrel ACC fore™
tracks in Bhabha scattering events atd candidates in hadronic events, which are
selected by TOF andE/dx measurements. This figure clearly demonstrates a clear
separation between high energy-electrons and belowhablegparticles. It also indi-
cates good agreement between data and Monte Carlo (MC).

Information from the TOF combined with the ACC and tthE/dx measurements
from the CDC give the Belle detector more thamseparation between charged kaons
and pions over the whole momentum range up.5GeV/c.

3.7 Electromagnetic Calorimeter (ECL)

When a high-energy electron or photon is incident on a thickodter, it initiates
an electromagnetic cascade as pair production and brexnlestg processes generate
more electrons and photons with lower energy. The longiidievelopment of the
electromagnetic shower scales with the radiation leixgtbf the matter, which is de-
fined as the mean distance over which a high-energy eleats®s lall but 1e of its
energy by bremsstrahlung.

The Electromagnetic Calorimeter (ECL) is designed to measerenergy of pho-
tons and electrons produced in Belle. Since most of the psatom end products of
the cascade decays and have relatively low energies, asthéving good performance
below 500 MeV is especially important. Important two-bodscdy modes such as
B — K*y and B — 11 produce photon energies uptoGeV, so high resolution is
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Figure 20: Schematic drawing of typical ACC module. (a) bearel (b) endcap mod-
ules.

needed to reduce background for these modes. Electronfidatdn in Belle relies
primarily on a comparison of charged particle momentum &edeinergy deposited in
ECL. Good electromagnetic energy resolution also resuléshetter hadron rejection.
High momentunt® detection requires the separation of two nearby photonsgme-
cise determination of their opening angle. This requires@fjrained segmentation in
the calorimeter.

Figure 22 and Table 3 show the ECL configuration. It consiststoghly segmented
array of Csl (TI) crystals with silicon photodiode readonstalled in a magnetic field of
1.5 T inside a superconducting solenoid. The crystal emitsgotsoat a rate proportional
to the energy loss, and thus the particle generates a shbelictromagnetic particles.
The Csl crystals are doped with Tl in order to shift the wavgtbrof the photons in the
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Figure 21: Pulse height spectrum for electrons and kaonsits of photoelectrons
(p.e.) observed by the barrel ACC. Kaon candidates are obtdypedE/dx and TOF
measurements. The MC expectation are superimposed.

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

The barrel section of ECL is.8 m in length with inner radius of.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 caldenmovers the polar angle
region of 1? < 8 < 150°. Typical size of Csl (TI) crystals for the barrel region is
5.5cmx 5.5cm in the front face and.bcmx 6.5cm in the back face. Each Csl (TI)
crystal length corresponds to .2&g, whereX, is a radiation length.

Table 3: Geometrical parameters of ECL.

Item B coverage 0Oseg. @seg. No. of crystals
Forward endcap 12° —31.4° 13 48-144 1152
Barrel 3220 -1287° 46 144 6624
Backward endcap 130° —1551° 10 64—144 960

Each Csl (Tl) crystal is read out by an independent pair af@iliPIN photodiodes
and charge-sensitive pre-amplifiers attached at the erfteairystal. The total number
of readout channels of ECL are 17472.

The energy resolution of ECL measured as a function of in¢igéoton energy
with 3 x 3 ECL matrices is given by:

og 0.0066 153 .
E-F ®g® 1.18(%) (13)
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Figure 22: Configuration of the ECL.

whereE is in GeV. Here, the first term is due to the contribution frolectonic
noise, and second and a part of the third term comes from theesHeakage fluctua-
tions. The third term also incorporates systematic effegth as the uncertainty of the
calibration on crystals. The spatial resolution measusethb photon beams is given

by:

3.4 18
ox(mm) =0.27+ m + m

whereE is measured in the units of GeV. Two-photon invariant massidutions
in hadronic events for® andn are shown in Fig. 23 The clear peaksrdfandn are
seen at each nominal mass and the energy resolution hasdieevea to be 8 MeV
for T® and less than 12 MeV forn.

In addition to the measurement of energy of photons andrelesitthe ECL plays
an important role in the electron identification. The elestidentification is performed

(14)

combining the following information:

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

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

e Eg/Eys at the ECL, the ratio of ECL shower energy in an array ef 3crystals
to the energy in an array of65 crystals,
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o dE/dxin CDC,

e Lightyield in the ACC,

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

The efficiency of electron identification is greater than 908th a hadron fake
rate (the probability to misidentify hadron as electron)~00.3% for a track with
p > 1GeV/c. The ECL also provides the trigger information and onlinaihosity
information.

T - yyin hadronic events n-Yyyin hadronic events
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Figure 23: Two photon invariant mass distribution for hadecaevents:T® — yy (left)
andn — yy(right).

3.8 K. and Muon Detector (KLM)

The K. and muon detector (KLM) was designed for the detectioiKoimesons and
muons with high efficiency and low fake rate over a broad mdorarrange above
600 MeV/c. Since muons have a relatively small interaction crosssedhey pene-
trate further through the Belle detector than most of theigdast coming from the IP.
Any track that penetrates several layers of the KLM aftevilgga track in the CDC
is almost certainly a muon. In addition, the neutfl meson, which does not interact
with any of the subdetectors closer to the IP, is identifie@nvit is stopped by the.9
nuclear interaction lengths of iron contained in the KLMtdHn the KLM without an
associated charged track in the CDC are assumed to beffamesons.
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The detector is placed outside the solenoid magnetic fielee KLM contains 15
detector layers and 14 iron plates in the barrel region, dndetector layers in each of
the forward and backward end-caps. A detector layer is ardaper of two resistive-
plate counters (RPC) surrounded®hgndg cathode strips. Each RPC has two parallel-
plate electrodes separated by a gas-filled gap as shown.i@&ig\n ionizing particle
passing through the gap initiates a streamer in the gasdhalts in a local discharge
of the plates. The discharge induces a signal on the exteatiabde strips. The KLM
covers the polar angle region of20< 8 < 155 . The barrel shaped region around
the IP covers an angular range of4x% 06 < 125 and endcaps in the forward and
backward directions extend this range t828 6 < 155.

Ground plane
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RPC-Iaye.J Gas gap ‘
[ ] -HV
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Figure 24: Configuration of the KLM.

3.9 Extreme Forward Calorimeter (EFC)

The Extreme Forward Calorimeter (EFC) extends the range otrele and photon
calorimetry to the extreme forwardd < 6 < 11.5° and backward regions 1&8 < 6 < 17120
to detect electrons and photons very close to the beam pieERFC is attached to front

faces of cryostats of the KEKB accelerator compensatioensadl magnets surround-

ing the beam pipe. The EFC also acts as a beam mask to reducadkgrounds for

CDC. In addition, the EFC is used as a beam monitor in the KEKElacator and a
luminosity monitor for the Belle experiment. A three dimemsl view of the crystal
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arrangement is shown in Fig. 25. Since the EFC is placed ivehe high radiation
region around the beam pipe near the IP, it is required to #atian hard. So, the
BisGe3012 (BGO) crystal has been adopted which has the property oftradibard-
ness at a Mrad level and has an excel®iytenergy resolution of0.3 — 1.0)%/E GeV.
Both forward and backward EFC consist of BGO crystals segrdente 5 regions in

0 direction and 32 regions in thgdirection in order to provide better position resolu-
tion. Typical cross-section of a crystal is about 2 cn? with 12Xg for the forward and
10.5Xp in backward region, wher¥, 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 magneticiddllel to the beam pipe
for charged particle momentum measurement. The coil is @eaannd the inner sur-
face of as an aluminum support cylinder ofi 3n diameter and.4 m length. Indirect
cooling is provided by a liquid helium circulation throughube on the inner surface
of the aluminum cylinder. The coil is surrounded by an iranicture, which serves as
the return path of the magnetic flux and an absorber materighé KLM. The overall
structure of the cryostat and the schematic drawing of tllecomss section are shown
in Fig. 26.

3.11 Trigger and Data Acquisition System

The role of the trigger is to decide when the various subsystef the Belle detector
should record an event. Once a particular particle collisatisfies the trigger criteria,
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Figure 26: Configuration of the solenoid magnet.

data from all subsystems are read out and stored for furtber @The word “event”
is used interchangeably to represent the physical pacmlésion or the stored data
representing the collision. The decision to read out isdasecriteria carefully chosen
to remove background events while retaining events of ésteat a high efficiency.
Once an event is triggered, the data acquisition (DAQ) systansfers the raw data
from the detector to the data storage system. The main soofdeackground events
are undesirable interactions between the electron-positeams, collisions of a beam
particle with residual gas molecule or with the beam-pip® aynchrotron radiation
from the beams. The total cross-sections and trigger rdatéseadesign luminosity
10%* cm2s1 for various physical processes of interest are listed ineTdbEvents of
interest are primarily hadroniete™ — qqor ete™ — Y(4S) — BB) and QED events
(ete” —efe orete” — Uty orete” — 1717), used for physics analyses as well as
for detector calibration and luminosity measurements.tkisranalyses only hadronic
events are of interest and thus the following discussionges on the hadronic trigger.
Event rates for both physics and background events at thgrdiesninosity are about
100 Hz each; but to accommodate higher backgrounds, tlgeetrig designed to operate
up to 500 Hz.

The trigger system is composed of the Level-1 (L1) hardwagger and the Level-3
(L3) and Level-4 (L4) software triggers. An overview of thesgeem is shown in Fig. 27

The L1 trigger system consists of sub-detector triggersaacehtral trigger system
called the Global Decision Logic (GDL) [53]. The sub-detestprovide trigger signals
based on the track and energy information to the GDL aftecgssing event signals in
parallel. The GDL uses the information to characterize trenetype within 035 ps
Figure 28 shows the signal flow in the L1 trigger system.

The DAQ collects all sub-detector information for the evesttich passes the L1
trigger. An event builder, within DAQ system, converts piatadata from the sub-
detectors to event-by-event data. The event builder ouspuansferred to an online
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Table 4: Total cross-section and trigger rates with L0**/cn? /s from various physics
processes af(4S)

Physics process Cross section (nb) Rate (Hz)
Y(4S) — BB 1.2 12
Hadron production from continuum 2 28

VR TR s o 1.6 16
Bhabha(8)a, > 17°, prescaled byL00) 44 4.4

YY(8lab > 17°, prescaled byl00) 2.4 0.24

2y processe$iap > 170, pr > 0.1 GeV/c) ~ 15 ~35

Total ~ 67 ~ 96

BELLE Detector Electronics Hut

Online Farm

Rawdata

Level 3

Trigger
Online T
Offline l
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Figure 27: The Belle trigger system.

computer farm to be screened by the L3 trigger. The L3 trigiystem is a software
trigger that uses an ultra-fast track finder. By requiringeast one track with an impact
parameter along the z axis less thad & and total energy deposited in the ECL to be
less than 3 GeV, the trigger reduces the event rate by 60%.

The L4 trigger is applied just before converting the raw datéully reconstructed
data. Events with at least one track havirgp300 GeV/c and impact parameters less
than 1 cm inr@ plane and 4 cm along theaxis are stored in the DST files. The data
size is further reduced for specific physics processes,f@dkimmed 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-independentahysicesses involved in the
decay we use EvtGen [54], an event generator specially olegdifor decays related to
B-meson, likely to be occurring at a B-factory. In case of e@nste of different models
for the same decay, the choice is made according to the nedtehyser and can be
supplied as an input to the decay file, where evolution of agse is specified.

To include the detector performance effects, the EvtGerigéed events are passed
through a GEANT based MC simulator gsim [55]. In order to aghinear-to-the-real
experimental conditions, during each experimental runcédlecting the real data, the
detector configuration and performance is monitored anddsavo data-files, which
can later be fed to gsim to mimic run-dependent conditionsdendenerating the MC
samples. This reduces the risk of generating inconsistsrim@tween the more idealis-
tic MC samples and the realistic data sample. Generatinglependent MC samples
allows one to model the real data with high accuracies. A lsdisdgreement between
the real data and the MC sample has to be taken care of by euhercting with the
help of some efficient control sample or by adding this effatd overall systematic
uncertainty, whenever applicable.
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Table 5: List of background MC samples.
Background MC  Size (times data) Description

qaq 2 e"e” — qq(g=u,d,s,c) events underneath Yi@S)
GenericBB 5 bothB's decaying generically; doesn’t include rare decays
RareBB 50 rareB decays

4 Event selection

4.1 Data and Monte Carlo samples

We generate an experiment- and run-number dependent sifhdample. The total
number of generated events is2 1CP. In this analysis, we assun®® or B? decays to
the KK~ 1€ final state according to the decay model “PHOTOS PHSP” [S#HSP
explains a generic phase space to N-bodies with all spinamitcfes in the initial and
final states are averaged, while PHOTOS is used to includediiag radiation in the
decay. Table 5 lists various background MC samples usectiarhlysis.

4.2 Event selection

We reconstruct th& meson candidate from its decay particles (daughters andigra
daughters). The particles used to reconstBiabeson in the analysis undertaken are
two oppositely charged kaons and a pair of photons arisg ther® decay.

4.2.1 Charged track selection

Each track candidate must have a minimum transverse momepit) of 100 MeV/c,
and a distance of closest approach with respect to the atiengpoint (IP) of less than
0.2cm in the transverse-p plane (dr) and less thanGcm along the axis (dz), where
thez axis is defined by the direction opposite to #iebeam. These criteria correspond
to a+6.50 window around the nominal IP (0,0,0).

4.2.2 Kaon identification

Charged kaon identification relies on the information from A@DC and TOF de-

tectors. In particular, it is based on a likelihood ratig/; = where L and

Lk
L+ Ly
L denote the individual likelihoods for kaons and pions, eespely, calculated us-
ing specific ionization in the CDC, time-of-flight informatidrom the TOF, and the
number of photoelectrons from the ACC [see Sec. 3.6]. A requentLy > 0.6 is

applied to select the two kaon candidates. Figure 30 (Iafijvs the distribution of the
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kaon-pion likelihood. The kaon identification efficiencyapproximately 86% while
the probability of misidentifying a pion as a kaon is 11%.

4.2.3 Photon selection

Photons are required to have an energy greater than 60 (18@)rMhe barrel (endcap)

ECL. Figure 31 shows the photon energy distributions for tiredd and endcap regions.
Photons detected in the barrel region have a better resoltitan the one found in the
endcap. Photons that are in the forward and backward regirensore likely to be the

result of particles scattered by the beam pipe, and hengatatirequirement to remove
these backgrounds is imposed.

4.2.4 10 reconstruction

We reconstruct® candidates from the photon pairs that have an invariant betsseen
112 and 156 MeXe? [see Fig. 30 (right)], corresponding #63.50 around the nominal
m® mass [56]. In addition, a requirement on thédecay helicity angle|cosfhe| <
0.95 [see Fig. 32 (right)], is imposed, where this requiremefiased on the fact that
correctly reconstructer® candidates tend to have smaller valuepooisty,e|| compared

to misreconstructed events, whé¥g, is the angle between one of the daughter photons
and theB momentum in the® rest frame. For the® candidates, which satisfy all
the selection criteria, the daughter photons are fitted tmramodate a kinematical
constraint due to the precis® mass, using the Kalman-fitting techniques [57]. To gain
further improvements in purity, we impose a requirementaT® mass-constrained fit
chi-squareyx?,,.s< 50 [see Fig. 32 (left)]. This selection is pretty wide, anidhates
only the pion candidates that have masses that vary greatty 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 va&bbeam-energy con-
strained massMpe = \/Egeam— |7; Bi|%, and energy differencé)E = S E; — Epeam
whereEpeamis the beam energy, arfgl andE; are the momentum and energy, respec-

tively, of thei-th daughter of the reconstruct&lin the center-of-mass (CM) frame.
The advantage of using these variables lies in the folloviaets:(1)Epeamis known to

a very good accuracy; it has a resolution of about 3 MeV. Blemergy,y; Ej, on the
other hand, is derived from track momenta of the final statégb@s, which have res-
olutions of about 1-5 MeYc each. As a result, th® energy resolution usually ranges
from 10 MeV to 40 MeV, depending upon kinematical detailsh# tlecay being re-
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constructed (2) The energy of the track is an unknown, unaoredsguantity and is
rather determined from the track momentum after the masigrasent. Therefore, the
energy resolution of each track is dominated by the track emdom uncertaintyAE
as defined above, has the dominant contribution from thé tnammenta and has no
effect of Epeammeasurements. As a resul is highly sensitive to the overall momen-
tum of theB® candidate. We retain events witt231 GeVc? < My < 5.287 GeV/c?
and —0.30GeV < AE < 0.15GeV for further analysis. Th#l,: requirement corre-
sponds to approximatel3c around the nomindB® mass [56], and we apply a looser
(—120, +-60) requirement oAE because it is used in the fitter.

In the following, we summarize various requirements apptiéeselecB? — KK 10
decay candidates.

e Trackpr > 100 MeV/c

|dr] < 0.2 cmanddz <5.0cm

e Kaon likelihood against pior, (K/m) > 0.6

e Energy of photons- 60 (100) MeV in the barrel (endcap) ECL
e Reconstructed® mass is in the rangd 12 156 MeV/c?

o 1° mass-constrainegf < 50

e The decay helicity angle af, | cog8he) |< 0.95

e 5.271GeVc? < My < 5.287GeVc?

e —0.30GeV< AE < 0.15GeV

Figures 29 to 32 show some of the selection variables witletlh@osition indicated by
an arrow.
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Figure 29: Distributions of distance of closest approadiwespect to the IP for track
candidates: dr (witlo ~ 0.3mm) [left] and dz (witho ~ 7.7mm) [right].
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4.3 Best candidate selection

After applying the selection criteria mentioned in Sec W@ find that some events have
more than on® candidate. Figure 33 shows the so-caBsthndidate multiplicity. The
average number @ candidates found per event i81in signal MC and 4 in real data
samples. In events with multipl8 candidates we choose the one(s) with tethat
has the lowesg?,,ccvalue. If there are still more than one candidate having émees
X2ass the candidate with the loweB vertex fit chi-square is chosen. With our best
candidate selection, the number of times the seleBteaihdidate corresponds to a true
B candidate is 94%.

htemp 108 htemp
- Entries 514173 E Entries 1814812
105 Mean 1.281 £ Mean 1.408
E RMS 1.086 - RMS 1.115

Al L e

16 18 20 0 2 4 6 8 10 12 14 16 18
Multiple candidates Multiple candidates

Figure 33:B candidate multiplicity in the signal MC (left) and real détight) samples.
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4.4 Efficiency and self-crossfeed
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Figure 34:My. (top) andAE (bottom) distributions for the correctly reconstructesft)
and misreconstructed (right) signal events.

To identify correctly reconstructed signal candidates,fallow a truth-matching
procedure where we perform a matching of reconstructeddtatd particles to generator-
level final state particles. When a match is established, Wéheamother of these final
state particles to be correctly reconstructed. In Fig. 34stvaw the distributions of
the kinematic variabledy. andAE, for correctly reconstructed and mis-reconstructed
signal events. For correctly reconstructed signal evavigsresolution is 208 MeV/c?
andAE resolution is 263 MeV.

We calculate efficiency of correctly reconstructed (CR) dignants :g =24.08+
0.03% and fraction of self-crossfeed signal events (SCE¥s= 6.37+ 0.04%, where
S(B) is the number of correctly reconstructed (misreconstdicsignal events ard is
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the number of generated signal events. Once we apply a ntilohcilheqq suppression
variable [Section 5] and the charm veto [Section 6.1], theveliwo quantities reduce
to 2080+ 0.03% and 332+ 0.04%. Finally after the signal-region requirement\dgy,
we obtain the efficiency for CR signal events as7/B+ 0.03% and the SCF fraction as
3.18+0.01%.
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5 Continuum suppression

The dominant background arises from #Hie~ — qq (q= u, d, s, ¢) continuum process.
To suppress this background, observables based on thetegeltdgy are utilized. The
event shape in the CM frame is expected to be sphericéBogvents and jet-like for
continuum events. We employ a neural network [58] to comthiedollowing six input
variables:

¢ LR[ROOKSFW]: the likelihood ratio formed out of 16 modified Fu¥slfram
moments [59]. Figure 35 shows distributions of the missiragsrsquared (imm)
that has 7 bins, the KSFW moments in each of the imm bins vieitbby

e cosb: cosine of the angl@)between thd8 momentum and z axis. THgdecays
follow a 1— co¥’ 8 distribution, while thegq background is nearly flat in c@s

e costhr: the cosine of the angle between the thrust axis d tendidate and that
of the rest of the event, where the thrust axis is orientedugh & way that the
sum of momentum projections along that direction is maxanjz

e cosbt: cosine of the angle between Bithrust and z axis,

e R2: ratio of 29 and &" order Fox-Wolfram moments [59]. It is a measure of the
jettiness of an event. For a more jet-like event the distidloushifts from O to 1,

e Az the vertex separation along teaxis between th®& candidate and the re-
maining tracks. For the signal event, the absolute valugstembe larger because
of the longer lifetime of thd8 meson.

Figures 36 to 38 show distributions of various continuumtfignvariables for sig-
nal and background. All of them exhibit a clear separatiamvben the two classes of
events. The training and optimization of the neural netvayekaccomplished with sig-
nal andqg MC simulated events. In Fig. 39 we show the resultant newsork output
(Cnp) distribution obtained with the signal and continuum MCrege We require the
neural network outputQyg) to be greater than.P to substantially reduce the contin-
uum background. The relative signal loss due to this remerd is approximately
12%, whereas the achieved continuum suppression is cl@2%0 The remainder of
theCy g distribution strongly peaks nearQifor signal (see the left plot in Fig. 39), and
thus we find difficulty in modeling it with an analytic functio We instead translate it
to C;\,B =log[(Cng—0.2)/(1.0—Cyp)]. This translation is useful as the resultant distri-
butions become smoother (see the right plot in Fig. 39) anddiean 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 frdm- c decays, we process a sample of generic
BB MC as described in Sec 4.1, and look at thdj, andAE distributions (Fig. 40).
The My distribution is found to be strongly peaking in the signalios. In order to
investigate what is the source of this peak, we study theigwamass distributions of
K1 andK K~ systems.
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Figure 40: AE (left) and My (right) distributions obtained from the geneB8 MC
sample.

We do not see any peak K m® mass distribution [Fig. 41 (left)] but thi§ ™K~
invariant mass distribution [Fig. 41 (right)] depicts twegks that correspond to the
contributions from a charm meson: the left one peaking amthrainal D° mass is
the decayD® — KTK~, and the right one with the peak slightly shifted from &
mass comes frord° — K1t owing toK—mtmisidentification. (We confirm thB% —
K~1t" contribution by changing the mass assignment of the kagkgr® pion, which
subsequently shifts the invariant mass to the nombfaposition.) In order to reject
the charm background we employ a veto around the two peake. véto window
(1846 1884 MeV/c?, which corresponds to approximately5c around the mean, is
decided by fitting theK K~ invariant mass to a Gaussian function. Figure 42 shows
results of the Gaussian fit along with the chosen veto positrmicated by two arrows.

In Fig. 43 we show then(K* 1t~ ) vsm(1t"K ™) distribution while in Fig. 44 we illustrate
the utility of the veto requirement on th&K andKrtsystems.

Figure 45 shows thip. andAE distributions before and after applying the charm
veto. We find the resultant distributions have a linear andB&US shapes, respec-
tively, similar to the continuungq background. Thus we introduce another dimension
C;“B [see Fig. 51 (top-right)] to avoid a large event flow betweenegicBB and con-
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tinuumgq components owing to simildv,. andAE shapes.
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6.2 Rare B background

There are a few background modes that contribute inMBg signal region having
the AE peak shifted from zero on the positive side. The so-callede‘mpeaking”
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background modes, resulting mostly duektert misidentification, are identified with

a BB MC sample in which one of th® mesons decays via — u,d,s transitions
with known (where we have a measurement for the branchirgjidrg or estimated
(where we have an upper limit) branching fractions. The paking background
includes theB® — K1 1° nonresonant decay as well as possible intermediate reso-
nant modes that contribute to tke" 1 Dalitz plot, such a8® — K*(892)°r and

B® — K*(892*1r . Table 6 lists various peaking background modes identifietthé
rareBB MC sample. We represent this component by green filled hiatog in Fig. 46.

Table 6: List of possible peaking background modes idedtifiethe rare MC sample.
Inclusion of charge conjugate reactions is implicit.

Mode number Mode
BY — K*0(14101°
B — K*0(16801°
B® — Kt 1P
B® — p(770)"K*
BY — K§T (14301
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Figure 46:AE (left) andMp, (right) distributions showing the contribution of rare com
binatorial and rare peaking background.

The expected peaking background yield38° — K+ 1°) x Ngg X €rec = 96,
where, B(B® — K+ 1°) = (37.84+3.2) x 10°% [60], Ngg is the total number oBB
pairs (772« 10P) andeec (peaking component efficiency) = 0.3% estimated from the
rare BB MC sample. We fix the yield of the rare peaking background efitter be-
cause we observe a bias in the signal yield if we allow it totftiee to a small overlap
between this and signal components.
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The events that remain after removing the rare peaking casigocomprise the
“rare combinatorial” background, shown as red filled hisamgs in Fig. 46. Figure 47
shows the dominant mode that contributes to the rare cordriabbackground.
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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 Fitto MC samples

Our initial plan was to go with a 3D unbinned extended maximikelihood fit com-
prising AE, My and C;\,B. However, we observed a bias of 12% on the fitted signal
yield owing to a strong correlation betwe&k and Mp.. Table 7 shows Pearson’s
linear correlation coefficient betwe&k andMy for various event categories.

Table 7: Linear correlation coefficient betweldig. andAE for various MC samples.

Component Correlation factor

CR signal —7.19%
SCF signal —4.70%
Continuumqg +1.48%
GenericBB —3.09%
Rare peaking +4.07%

Rare combinatorial +2.05%

Therefore our strategy is to rather perform a 2D unbinnedfthe AE and C,'\IB
distributions for extracting the signal yield in the datas & first step, we carry out a
basic test by fitting various MC samples. We simultaneouslihé& two distributions
using different analytic functions; whenever we face diffig with analytic functions
we resort to nonparametric (histogram) shapes. TableBJ&ious PDF shapes used
to modelAE andCyp distributions for the MC samples. The PDF shapes are destrib
in Appendix A.2. In Figs. 48 to 53 we present the obtained §itiles and corresponding
pull (data-fit) distributions, where analytic functiongarsed.

Table 8: List of PDFs used to mod&E andCy distributions of various MC samples.
G, BG, CB and Poly2 denote Gaussian, bifurcated Gaussian,aCiiatl [61] and
second-order Chebyshev polynomial function, respectively

/

Component AE Cus

CR signal CB+BG 3BG

SCF signal 1D histogram 1D histogram
Continuumqg Poly2 BG
GenericBB 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 componerﬁlfNB is parameterized in terms of:
diffl = — w and diff2= s —
ratiol= 0,2 /011 and ratio2= 0r»/0R1
ratio3= 0, 3/011 and ratiod= or3/0R1
we define twau differences and fouo ratios to minimize the correlations between
these fit parameters.
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Figure 49: 1D histogram PDFs used #E (left) andC,'\IB (right) of the SCF signal
component.

Events / (0.0045)

Pull plot

F | c0=-0.3509 + 0.010

cl= 0.041+0.010
E | mean= 0.257 +0.026

1501

§;3&W&ﬂ&yﬁr$&“$”&;ww”

AE (GeV)
EHH IME o I Jﬁﬂmﬂlﬂ[@ﬂj }II&JI
,Ziﬂwﬁﬁ F ﬁ ﬁﬁq I+ wj +ﬂf{h iﬁ@ﬂ LW Hﬁ

O
193 025 02 015 01 005 0

005 0.1

AE (GeV)

Events/(0.12)

Pull plot

900
% 0 = -0.3509 + 0.010
800 cl= 0.041+0.010
it
mean = 0.257 +0.026
700— y \
sigmal = 1.922 +0.018

600

sigmaR = 1.414 +0.016

10

o2 [=2] H N o N » [=2] =]
I
—

Y —e——
| —e—t"
=,
=
—
=
I
)
= S

- H——
e
iy
==,
"
yZ'H
i
e
m
ﬁq
L—‘
=1
=

= . ' ' '
o
TT T TTT T TT

_ L L L L L L L L L L L
‘6 -4 2 0

Figure 50: 2D fit obtained using the continug@mMC sample.
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7.2 Correlations between different discriminating variables

Before going for a two-dimensional fit comprisidde andC,’\]B, it is important to find
out the level of correlation between the two variables fbeatnt categories. In Table 9
we present Pearson’s linear correlation coefficient betwe andCyg. In addition,
we have also studied two-dimensional scatter plots as weleavariation of the mean
value ofc;\IB 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 betwesB andCy for various MC samples.

Component Correlation factor

CR signal +0.00%
SCF signal —-1.42%
Continuumqg —0.42%
GenericBB —4.21%
Rare peaking +2.14%

Rare combinatorial +2.17%

We define a probability density function (PDF) for each eveategoryj (signal,
qg, genericBB, rare peaking, and rare combinatoi backgrounds):

Pl = 7 (AE") P} (Cyp), (15)

wherei denotes the event index. Since the correlation betweandCyg is found
to be negligible, the product of two individual PDFs is a g@ggproximation for the
combined PDF. The extended likelihood function is

L:exp<—2nj> X n angp}

wheren; is the yield of event category.

, (16)

7.3 Pure toy study with the 2D fitter

In this section we present results of a two-dimensional ppyensemble test compris-
ing AE andC'NB after applying a signal-region requirement blig; (5.271GeVc? <

Mpc < 5.287GeVc?). We prepare an ensemble of 200 pseudo-experiments, each ha
ing a data set of similar size to what is expected in theY@lS) sample. PDF shapes
listed in Table 8 are used to generate these toy datasetshéfit to the ensemble

of pseudo-experiments to check for the error coverage apg@set bias. If none of
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them were present, we would expect the fit to yield a Gaussarition with zero
mean and unit width for each of the floated parameters. Inthedifloat the expected
yield for the four event categories (signal, continuum, eg@nBB and rare combina-
torial backgrounds) as well as the following PDF shape patars for the continuum
background:

e c0 and c1 of the second-order Chebyshev polynomial usetior

e meang, andog of the bifurcated Gaussian used @

The CR and SCF components of signal are treated as a single nentpa the
fitter. Their combined PDF is given asgig x [(1— f) PDRcr+ f PDFsce, wheref is
the SCF fraction, fixed to the MC expected value 3%, agiis the total signal yield.

Figure 55 presents the fitted and pull distribution of thealgyield (The number in
red denotes the expected value of the parameter.) For dllodwed parameters in the
fit, we find the fitted values to be normally distributed arotimel expected value and
the pull distributions to be distributed around zero witht uwidth (see Table 10). This
exercise confirms a good error coverage for different fit petars and that there is no
preset bias.
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Figure 55: Fitted (left) and pull (right) distributions dfd 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 | wrlth
Signal yield 400 39%+45 —-0.02+0.07 101+0.05
Continuumqgq yield 26151 26126-25 —0.11+0.07 098+0.05
GenericBB yield 1704 1734-32  +0.12+0.08 108+0.05
Rare combinatorial yield 1201 118017  —-0.14+0.07 105+0.05
c0 parameter -0.35 —0.35+0.00 +0.03+0.08 108+0.05
cl parameter 04 004+0.00 +0.05+0.07 096+0.05
mean parameter .D6 026+0.00 —0.02+0.07 100+0.05
oL parameter D2 1924+0.00 —-0.03+£0.07 0964+0.05
OR parameter ui 1414+0.00 —-0.02+£0.07 0994+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 subseebn’t tell us if there
is a bias inherent on the fit because of the unaccounted foelaton between the fit
variables. Therefore, we perform an ensemble test comgri0 pseudo-experiments
where signal is embedded from the corresponding MC sampeP&+ shapes are
used to generate the dataset for all type of background €Yeantinuum, generic or
rare BB). Similar to the pure toy case, we present the fitted and psfitidutions for
signal yield in Fig. 56.

As evident from the left plot of Fig. 56, we observe a bias ablévents, which is
3.6% of the expected yield and about 2% of the expected statistical error. We plan to
allocate this bias as part of the systematic uncertaintgrd s a non-negligible overlap
between thé:;\]B distribution of signal andg background, where the former component
distributes towards the right while the later towards tHe & slight shift of the mean
or width of theqq_C;\IB towards the right can help in the migration of few events ® th
signal side. Of course, migration of few events from the lpacknd side won’t have a
big impact on its fitted yield because of its sheer size, hewi\causes a bias of@%
on the fitted signal yield. Thus the possible variation inabatinuumC,'\IB PDF shape
is found out to be the major contributor here.
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Figure 56: Fitted (left) and pull (right) distributions dfd signal yield in the 2D GSIM
test.
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We perform a linearity test where several 2D GSIM ensemldts t@re carried out
with an assumed signal yield ranging from 0 to 400. This igipalarly important as
we do not know for sure whether our expectation of 400 wouddlyénold in the data
or not. Results of the linearity test are presented in Figarkl/58.

=
o

[P
Events /(4)
N
B

Events/(3.2)
Events/(35)

il I

50 100 150 200 28
Fitted distribution [Signal MC]

0

@ @ 1af] nGauss = 200 £ 14 T 14 nGauss = 200 £14
il = f 80 sigmean = 782 +3.9 o 100 sigmean = 106.8 4.3
2 £ 121 sigwidth = 54.6 +2.9 5 12 1L sigwidth = 60.0 +3.1
g g &

@ i

it Lk
o0 50 0 50 50 Qoo =

it
100 150 200 2!
Fitted distribution [Signal MC]

py ; 14 ; 14

e a C 2

2 § 12 200 § 12|

13 & [ C

& o e @ e
10 101
s o
o o
o “
i Uy |

Ot i 1 S AL R il
%D [ 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350 400 %U 100 150 200 250 300 350 400 450
Fitted distribution [Signal MC] Fitted distribution [Signal MC] Fitted distribution [Signal MC]

Events/(45)
Events/(45)

fil
i il I J“IIU-L!.IIJ [0 I i
00 150 200 250 300 350 400 450 500 550 950 200 250 500 350 400 450 500 550 600 900" 250 300 350 400 450 500 550 600 650
Fitted distribution [Signal MC] Fitted distribution [Signal MC] Fitted distribution [Signal MC]

Figure 57: Distributions of fitted signal yields in a numbéRBd 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, @spect to get a straight
line of unit slope and zero intercept. From Fig. 58 we find sldmtercept) to be
1.06+0.01 (—2.22+1.69). Results of the GSIM linearity test are therefore realsiyna
consistent with expectations.
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8 Control sample study

In order to rely less on Monte Carlo simulations but more oradédr suppressing
possible systematic effects) we use a high-statisticsrabsample to determine the
mean and width oAE andCyg used in the fit. We choose a decay process that has
the advantage of a large branching fraction but at the same dioes not suffer from
backgrounds that much. Our chosen control channBttis+ DO(K 1 1) 1t" which

has a similar topology as our signal decay though with anaemion. Two million
signal MC events for the control channel are generated dogpto theD decay Dalitz

plot [54].

8.1 Selection requirements

In the following, we list various requirements applied ttesethe control channel can-
didates. These requirements are identical to our signetseh, except for the last one
on the reconstructeld mass.

e Trackpr > 100 MeV/c

|dr] < 0.2 cmanddz < 5.0cm
e L(K/m) > 0.6 for kaon and.(K/m) < 0.4 for pion
e Energy of photons- 60 (100) MeV in the barrel (endcap) ECL

e Reconstructed® mass is in the rangé 12 156 MeV/c?, corresponding to a
+3.50 window around the nominal mass

e Thet® mass-constrainexf < 50

e The decay helicity angle af°, | cog8he) | < 0.95
e 5.271GeVc? < My < 5.287GeVc?

e —0.30GeV< AE < 0.15GeV

e Reconstructedd mass is in the rangd.814,1.909 GeV/c?, corresponding to a
+3.50 window around the nominal mass (Fig. 59)
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Figure 59: Reconstructdd mass for the control channel signal MC.

8.2 Fitto MC sample

For AE andCyz we use a Crystal-ball plus bifurcated Gaussian and a sum eé thr
bifurcated Gaussians, respectively [Fig. 60]. Note thaséhfunctions are identical
to what we have used for tHEE-C,'\]B 2D fit corresponding t@° — KK~ 10 signal.
For Cyp, relative fractions between bifurcated Gaussians aredttméne values from
B® — K*K~ 10 signal MC, so that the trend remains identical between thecases.

8.3 AE-Cg distributions with the data

We studyAE andC,'\IB distributions for the control channel in the data, afterlgimg the
Mpc signal region cut. We observe two peaking structures ihiheBefore going ahead
with the AE-Cyg fit, we want to know the source of these structures. To ingasi
further we use charged and mixed type of genBBAVIC samples. Most of the peaking
contribution seems to arise from the charged generic sariplkerefore we look at the
AE distribution for this sample in th®lyc signal region. Various modes identified are
plotted separately in Fig. 61. The major contributor to tle@akpng structures is the
decayB* — D*0(2007) 1, D*° — DOr®/D%.

We then apply a 1IAE fit (Fig. 62) to the data using a Crystal-ball plus bifurcated
Gaussian function. The fraction between the Crystal-ballthe bifurcated Gaussian
is fixed to the value obtained with the control channel sigvi@l. Two Crystal-ball
function parametersa(and N) and two bifurcated Gaussian parametersand or),
are also fixed to the MC values. For background we use two Gaufsnctions to
take care of the two peaking structures, and a second ordday€inev polynomial to
parameterize its combinatorial component.

We perform a 1II:;\,B fit (Fig. 63) using the data putting tiAd= signal-region cut. A
small continuum contribution is taken into account usingAk sideband, @5 GeV<
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Figure 62: 1DAE fit (left) and pull plot (right) in theMy, signal region using the data
for the control channel.

AE < 0.15GeV. We use thAE shape from the sideband and normalize it to the number
of expected events, corresponding to the contribution efsttcond-order Chebyshev
polynomial in|AE| < 50 MeV. The continuum contribution is subtracted bin-bg-bi
from the totalAE distribution, and the remainder is fitted to a sum of threarb#ted
Gaussians similar to ti@i\,B fit of the control sample signal MC. Two fractions between
these functions as well as four sigma ratios (ratiol, ratia®o3 and ratio4) and mean
difference (diffl) are fixed to the signal MC values.
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Figure 63: 1Dc;qB fit (left) and pull plot (right) in theAE signal region using the data
for the control channel.

Now we are in a position to calculate the fudge factors, whwihbe applied as
corrections at the time of fitting to the data in the signalioagor B® — K+K 1.
Table 11 summarizes fudge factors fXfE. These are obtained by comparing the left
plot of Fig. 60 with that of Fig. 62. Table 12 shows fudge fastfor Cy . These are
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obtained by comparing the right plot of Fig. 60 with the lefitpof Fig. 63. The fudge
factor on mean is the difference between the data and MC vahike the width fudge
factor is the ratio of the corresponding data to MC value.

Table 11: Fudge factors f@E.
Parameter Data MC Fudge factor
Hce/MBc(GeV) —0.0031+0.0004 —0.0014+ 0.0001 —0.0018+ 0.0005
oce(GeV) 0.0216+0.0003  00193+0.0001 11194+0.0219

Table 12: Fudge factors f@g.
Parameter Data MC Fudge factor
diff2  —1.7172+0.0250 —0.9618+ 0.0280 —0.7554+ 0.0530
M1 4.3394+0.0073 46500+ 0.0170 —0.3106+0.0243
oL1 2.8100+0.0130  29220+0.0370 09617+ 0.0166
OR1 0.4311+0.0050  02630+0.0100 16392+0.0814

We also measure the branching fraction for the control saniie measure@(B*
— DO (KT 1 o)t ) = [4.6040.26(stap] x 10~2 can be compared agairBppc =
[4.844-0.15) x 103 [56]. Our result is therefore consistent with the world+age
value.
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9.1 2DAE-Cyg fit using the real data

We perform ZDAE-C;\,B fit using the real data. While making the projection plot for a
variable, we have applied the following signal-region riegqment for the other variable.

e |AE| < 30 MeV, and

e Cyg>3.
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Figure 64: Projections of candidate events onto (I&E)for C;\lB > 3 and (right)C;\IB

for |AE| < 30MeV. Points with error bars are the data, solid (blue) esirare the total
PDF, dashed (red) curves are the total background, dotteer{ycurves are the sum

of continuumaqg and generidBB backgrounds, dash-dotted (magenta) curves are the
continuumgq background, and filled (cyan) regions show the signal.

The results are presented in Fig. 64. A signal yield of 2383 is obtained with a
statistical significance of.30. The significance is defined QSZ log( Lo/ Lmax), Where
Lmax (Lo) is the likelihood for the best fit with the signal branchingdtion being
allowed to vary (fixed to zero). Figure 70 (top-left) shows pirojection 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 Stdaesignal yield (observed
from the GSIM ensemble test).

Case A We perform an ensemble test comprising 200 pseudo-expetanwhere sig-
nal is embedded from the corresponding GSIM MC sample andgPiapes are used to
generate the dataset for all kind of background eventsimaunin, generic or rargB).

In the test the central value of all floated parameters ateepierom the 2DAE-Cyg fit
obtained using the real data. We present the fitted and tfitalition of signal MC in
Fig. 65. As evident from the left plot of Fig. 65, we observaasltof 3 events, which is
0.9% of the expected yield.
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Figure 65: Fitted (left) and pull (right) distributions dfe signal yield in the 2D GSIM
test for case A.

Case B We perform an ensemble test comprising 167 pseudo-expatanwhere
signal and rare peaking component are embedded from thespamding GSIM MC
samples and PDF shapes are used to generate the datasktdoraahing background
events (continuum, generBB and combinatorial component of raB8). The size
of peaking component of rare MC limits us to work with 167 psa@experiments. In
the test the central value of all floated parameters are gitrken the 2DAE-Cyp fit
obtained using real data. We present the fitted and pulliloligion in Fig. 66. We
observe a bias of 4 events, which i8% of the expected yield. We choose the case B
to allocate systematic uncertainty for the fit bias. Thedigmnal yield is 3030 +6.1.
We add the error on the fitted yield in quadrature to the biasadlocate a systematic
error of 24% for the fit bias.

b) Systematic error from unbinned likelihood fit: The sysésimerror is obtained
by changing each fixed PDF parameterbjo. Table 13 shows the systematic uncer-
tainties for various PDFs.
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Figure 66: Fitted (left) and pull (right) distributions dfe signal yield in the 2D GSIM
test for case B.

Table 13: Systematic error obtained by changing each fixde pdbameter by-10.

Source Uncertainties (%)
+0 -0
Signal PDF +34 —-2.9
GenericBB PDF +2.4 -31
Combinatorial background PDK-1.3 -2.0
Peaking background PDF +1.7 -1.9

c) Systematic error due to the fixed SCF fraction: We also neeat¢ount for the
self-crossfeed fraction that is fixed to the MC value. Theauntainty due to the fixed,
small SCF fraction (3.2%) is estimated without knowing apiow these SCF events
vary across the Dalitz plot. We adopt a conservative approagary the SCF fraction
by £50% while calculating the associated systematic error. ¥uied two cases - in
the first SCF fraction is 1.5% and in the second SCF fractiorbi%4In both the cases
we observe an error of 1.7%.
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d) Uncertainty on the signﬂ;\,B PDF shape: We use three bifurcated Gaussains to
obtainC, fit using the real data in the control mode. We study threescaiseall these
cases two fractions between bifurcated Gaussians as wellasigma ratios are fixed
to the signal MC values.

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

e Case C: Both diff1 and diff2 are fixed to the signal MC values (BR).

Parameters in case B are used as nominal correction faor®gf PDF, while we
plan to use either case A or case C for the systematic errnonasin by performing
2D AE - Cy fits. We observe an error of. 2% and 23% for case A and case C,
respectively. We decide to use the case C as a conservaiivatsof the systematic
error.

diffl = 0.729 + 0.010

4
000E7 ity = -1 5697 + 0.022 il

Pull plot
T

3500 meanl = 4.2430 + 0.0100

sigmalLl = 2.811 + 0.011
3000

sigmaR1 = 0.4199 + 0.0048|

Events/(0.12)

2500

2000

1500
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Figure 67: 1Dc;\IB fit (left) and pull plot (right) in theAE signal region using the data
with diff1 and diff2 floated.
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Figure 68: 1Dc;\IB fit (left) and pull plot (right) in theAE signal region using the data
with diff1 and diff2 fixed to the signal MC values.

e) Systematic error due g suppression requirement: We use the control sample
to assign this systematic uncertainty. In our analysis ainaintut of Cyg > 0.2 is
implemented. For assigning systematic error, we compareases - case Ayp > 0.2
and case B: N&@yp cut. In both the cases, we rejesE region below—0.02GeV to
make the fit converge properly. This is particularly impattevhen we fit on the data
with noCyp cut.

For case A: signal yieldX) and signal yield /') are 49391 368 and 224695
1056, for the fit on data and MC, respectively

For case B: signal yieldB) and signal yield B') are 53618536 and 239600
1091, for the fit on data and MC, respectively

We calculate efficienciesgata, Emc and the relative efficiency as:

® Egata= 5 = 0.9212+0.0115
e gyc = A& = 0.9378+0.0061

e £ = fdaa —(98+0.01

Emc

From the relative efficiency, we observe a small discrepah2yo between data and
MC. We add the discrepancy and the error of 1% in quadratur@ssign a systematic
uncertainty of 2%.

f) Systematic error due tM,. requirement: We use the control sample to assign
this systematic uncertainty. In this analysis a nominabfh,. > 5.271 GeVc? is im-
plemented. We first determir®Myc) using the control sample real data. TteMpc)
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value is 0003 GeV/c?. We study two cases - case My > 5.2695GeVc? and case B:
Mpe > 5.2725 Ge\/cz. These two cases correspond tMg nominal cut valuet half
of [G(Mbc)]-

For case A: signal yield, efficiency (from control MC) and kehimg fraction are
53856+ 729, 1173% and(4.5940.18) x 103, respectively

For case B: signal yield, efficiency (from control MC) and btaing fraction are
52501+ 687, 1125% and(4.6740.18) x 10~3, respectively

We observe an error of 2% and 15%, respectively for case A and case B.

g) Systematic error due to histogram PDFs used in the fitterflWétuate bin con-
tents byy/N and for every case we obtain the fitted signal yield and thetakethe av-
erage. For rare combinatori@B component, the yield of the largest contributing mode
(B® — K*(892*K*(892)™) is varied by changing its branching fraction #0%. Fi-
nally we combine errors from the two source and assign arsydie error of+1.7%
and—2.0%.

h) The systematic uncertainty duertdreconstruction: Itis evaluated by comparing
data-MC differences of the yield ratio betwegns 01O1® andn — "1t 1. System-
atic error due ta® detection efficiency is 4%.

i) Systematic error due to tracking: We use partially retemsedD* — DO(Kdrthmr )t
decays to assign the systematic uncertainty due to chargeklreconstruction (35%
per track). Thus for two tracks the uncertainty i3%.

j) Systematic error from number &B pairs is 137%

k) Systematic error due to efficiency variation over the 2gliot: We divide Dalitz
plane into four regions:

e Region A:[M2,, < 6Ge\?/c? with fitted signal yield K1) and efficiency £:):
139+ 46 and 2078%,

e Region B:[Mg, .~ > 6GeV?/c'&MZ. , < 6GeVF/c?] with fitted signal yield
(N2) and efficiency €2): 95449 and 1763%,
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e Region C{MZ . > 6GeV?/ct'&MZ, , > 6GeVP/c*'&MZ_ , < 6GeV?/c?] with
fitted signal yield N3) and efficiency €3): 18+ 8 and 2038%, and

e Region D: [Excluding above three regions] with zero fittechsigyield 2130%
efficiency

We use the information from the first three regions having @-zero signal yield
to obtain an average efficiency:

YiNi x g
=45 _—— — =19.6% 17
€mean SN 0 (17)
and error on the average efficiency:
. N PR
A€mean= 2iN x & — Emear =1.5% (18)
diN

whereN; andg; are the fitted signal yield and efficiency in théh cell of the Dalitz
plot. From this we estimate a systematic error due to passitiation of efficiency
across the Dalitz plot @8emear/ €mean= 7.5%. The average efficiencgfean= 19.6%)
is used to calculate the branching fraction while the syatenerror due to efficiency

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

M2 o (GeVic)

800
600
400
200

0

20 25 30
M., (GeV?ic?)

Figure 69: Dalitz plots using events at generation level.

[) PID: This uncertainty arises from kaon selection with tequirement (K /1) >
0.6.

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

For region A, PID correction and systematic error a@&109 and 19%. For region
B, PID correction and systematic error ar@@3 and 20%. For region C, PID cor-
rection and systematic error are9099 and 17%. For region D, PID correction and
systematic error are. 8183 and 16%.
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From Dalitz plot regions A, B and C we obtain following weightaverages (ex-
cluding the region D because the fitted signal yield in thgiam is zero):

PID correction (average) =9141%, Systematic error (average) 93%

The PID data-MC correction is almost constant over the Daléne and we assign
a systematic error of.2%.
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We present a summary of various systematic errors in Tahldrithe branching
fraction calculation, numerator has the signal yield wiiile denominator has terms
related to number dBB, efficiency and PID correction factor: the source of undefta
ties listed in the first horizontal block influence the nuntergart while the source of
uncertainties listed in the second horizontal block infeesthe 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
GenericBB 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
SignalCy g shape +2.3 -23
Fixed SCF fraction +1.7 -17
Fit bias +24 —2.4
Continuum suppression +2.2 —-22
Requirement oM +15 -0.2
PID requirement +1.9 -19
° detection efficiency +4.0 —4.0
Charged track reconstruction +0.7 -0.7
Efficiency variation over the Dalitz plot +7.5 —7.5
Number ofBB pairs +1.4 ~1.4

Total +111 —-11.3
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9.3 Signal significance after systematic uncertainty

In order to include the effect of systematics we convolvestagistical likelihood, pre-
sented in top-right Fig. 70, with a Gaussian function of widiven by the additive
systematic uncertainty. The resultant likelihood is pnéseé in the bottom-left plot of
Fig. 70. The bottom-right plot in Fig. 70 shows NLL (negatleg of likelihood) dis-

tributions, with the red curve showing the convoluted hgséon. We obtain a total
significance of 3.5 standard deviations.

Significance Likelihood
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Figure 70: Projection plot of NLL and statistical likelihdared curve shows convoluted
histogram.
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9.4 Branching fraction calculation

The decay branching fraction is calculated as:

n .
B(B® — KK 10) = °9 , (19)
NBB X Srecx rK/T[

whereNgg is the total number oBB pairs (772x 10°), grecis the signal reconstruc-
tion efficiency (196%) andry  denotes the kaon-identification efficiency correction
factor that accounts for a small data-MC difference. It is&egiby

Mk /m = Ex /€ (20)

Wherede‘?tf[‘ (s"K"/Cn) is the efficiency of the(K /1) requirement in data (MC simula-
tions). Thery /; value per kaon track is.85, resulting in a totaty / = 0.95% = 0.90
for two kaons.

The resulting branching fraction value is
B(B® — KTK~10) = [2.1740.6040.24] x 10°°, (21)

where the uncertainties are statistical and systemaspgeutively.

9.5 Study of Dalitz plot distributions

To elucidate the nature of the signal observed, especi&létier there are contributions
from the decays with intermediate resonant states, we shaiyk *K~ andK 1 in-
variant mass distributions. We perform th&E],C, 5] two-dimensional fit in various
bins of m(K*K~) andm(K*1®) distributions without and after applying the require-
mentsm(K*10) > 1.5GeV/c? andm(K*K~) > 2.0GeV/c?, respectively. These re-
quirements are designed to suppresth& ~1 nonresonant contribution. Figures 72
and 71 show the resulting signal yields with and without thguirements. It is evi-
dent that at the current level of statistics, we cannot malalafinitive statement about
possible resonance final states including the excess se@aRyr near 4 GeV/c?.

9.6 Study ofB% — 1P

We perform a ZDAE-C;\]Bfit, with an additional requirement of008 GeV¢? < M k- <
1.031GeVc? on theK *K ™ invariant mass, using real data. The results are presanted i
Fig. 73.
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Figure 71: Distributions of the signal candidates in (leff)K*K~) and (right)
m(K*10) distributions.
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Figure 72: Distributions of the signal candidates in (leftK+K~) with m(K*10) >
1.5GeV/c? and (rightym(K 1) with m(K*K~) > 2.0GeV/c?.

A signal yield of 120+ 7.8 is obtained. In view of a small signal yield, we set an
upper limit (UL) onB(B° — @1P). The signal efficiency is 18%. For obtaining the
UL we convolve the statistical likelihood with a Gaussiandtion of width equal to the
systematic error (that we know froB? — K+K 10 analysis). Finally, we set a UL of
2.1x 10~ 7 at 90% confidence level as shown in Fig. 74. We also calcutagxpected
UL (for a null signal hypothesis) to be8x 10~7. Figure 75 shows the signal yield.
The expected UL on the signal yield is.b3at 90% confidence level. Our UL results
are comparable to the recent Belle results [22] on a dedieatalysis orB° — @Tf.
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Figure 73: Projections d8° — @1 candidate events onto (le)E for Cyz > 3 and
(right) C;\,B for |AE| < 30MeV. Points with error bars are the data, solid (blue) esrv
are the total PDF, dotted (green) curves are rare combiablb@ckgrounds, dash-dotted
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Figure 74: Convoluted likelihood vs branching fraction Br— @1 with the blue line
showing the UL at 90% CL.
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Figure 75: The fitted®8® — 7P signal yield obtained for a null signal hypothesis.
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10 Conclusions

In summary, we report a measurement of the suppressed BBeay K~ 10 using the
full Y(4S) data sample collected with the Belle detector. We employ adingensional
fit for extracting the signal yield. Our measured branchmagtion8(B® — K*K~10) =
[2.1740.60(stab -+ 0.24(sysb] x 10~° constitutes the first evidence for the decay.
From the study of th& TK~ andK*1 invariant mass distributions we conclude
that we cannot make any definitive statement about possitBenediateK "K ™~ reso-
nances, including the structure seen by BaBar néa®&\V/c? [18]. It is worth noting
here that the recent LHCb study®f — KK~ 1t decays [19] has revealed an uniden-
tified structure in the same mass range; however, it is ordgqut inB™ events, giving
rise to a large locaCP asymmetry. Furthermore, we observe some excess of events
around 14 GeV/c? in theK* 10 invariant-mass spectrum. A detailed interpretation will
require an amplitude analysis with higher statistics thatid be available at a next-
generation flavor factory [62].
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A.1 Performance of NeuroBayes
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Figure 76: Background rejection vs signal efficiency
In addition to LR[ROOKSFW] other six variables are:

e cosb: cosine of the angl@) between thdd momentum and z axis,

e costhr: the cosine of the angle between the thrust axis d tendidate and that
of the rest of the event,

e cosbt: cosine of the angle between Bithrust and z axis,
e R2: ratio of 24 and 0" order Fox-Wolfram moments,

e Az the vertex separation along tkeaxis between th& candidate and the re-
maining tracks, and

e gr: for flavor tagging information. It was finally excludedm the network to
retain the possibility of performingcp measurement.
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A.2 PDF shapes used in the analysis

A.2.1 Chebyshev polynomial of the first kind

The Chebyshev polynomials of the first kind are dendiga). They are used as an ap-
proximation to a least squares fit. The first few polynomiagsidustrated in Fig. 77 for
€[-1,1 andn=1,2,...,5. The use of Chebychev polynomials over regular polyno-
mials is recommended because of their superior stabilfiysnChebychev polynomials
and regular polynomials can describe the same shapes, beuex pe-organization of
power terms in Chebychev polynomials results in much loweretations between the
coefficients in a fit, and thus to a more stable fit behavior.
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Figure 77: The first few Chebyshev polynomials.

The Chebyshev polynomial of the first kirii(z) can be defined by the contour

integral:
t2t n—1
dt,
4Tl] 1 2tz+t2

where the contour encloses the origin and is traversed inaterlockwise direc-

tion.
The first few Chebyshev polynomials of the first kind are

To(x) =1
Ti(x) =
To(x) =2 -1
Ta(x) = 4x3 — 3x
Ta(X) = 8* —8x%+1
Ts(X) = 16x° — 2053 + 5%



A.2 PDF shapes used in the analysis 87
A.2.2 Crystal Ball function

It is a probability density function commonly used to modatigus lossy processes
in high-energy physics. It consists of a Gaussian core goind a power-law low-
end tail, below a certain threshold. The function itself @&sdirst derivative are both
continuous. Figure 78 shows examples of the Crystal Ball fanct

ferysta Ban(X)

Figure 78: Examples of the Crystal Ball function.

The Crystal Ball function is given by:

SN (x—%)? X—X
f(x,a,n,x,o)_N.exp( 552 , for 5 > —a

’n _
f(x;a,n,Zo):N.A(B—u> , forx—xg—a
o) o

where

D=/(1/2). (1—|—erf (%))

N is a normalization factor and, n,x, o are parameters which are fitted with the data.
erf is the error function.
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A.2.3 Asymmetric Gaussian

It is a variation on the Gaussian where the width of the Ganssn the low and high
side of the mean can be set independently. The asymmetrigsiaaus written as:

([1— B(x— < x >)]exp<M) +0(x— <X >)exp(M))

2 2
207 2057

B C
V2no

where0(u) is a step function:

f(x)

B(uy=0 for u<O
B(uy=1 foru>0

and< x> is the peak of asymmetric Gaussians the average RMS widtlo = %
and C is the area under curve (the distribution is normaliged below).
The distribution is normalized:

/_0:0 f(x)dx= g (%{/_iexp(‘o(%ﬁ) dx-+ %I/ome)(p<_(x%ax>>2) dx) ’

[ tooeen (% %) -
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A.3 AE-My. correlations for various MC samples

Except for the signal MC, we do not observe a strong correldietwee\E andMp,
for various MC samples.
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Figure 79: (left)AE vs My and (right) theAE mean in bins oMy, for signal MC. The
correlation factor is-6.93%.
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Figure 80: (left)AE vs Mpc and (right) theAE mean in bins oMy for qg MC. The
correlation factor is+1.48%.
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Figure 81: (left)AE vs My and (right) theAE mean in bins oM, for genericBB MC.
The correlation factor is-3.09%.
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Figure 82: (left)AE vs My and (right) theAE mean in bins oMy, for the combinatorial
component of rar8B MC. The correlation factor ig-2.05%.
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Figure 83: (left)AE vs My and (right) theAE mean in bins oMy, for the peaking
component of rar8B MC. The correlation factor ig-4.07%.
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A.4 AE distributions in different My regions for various MC sam-
ples
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Figure 84: AE distribution in differentMy. regions for truth-matched component of
signal MC

Figure 85:AE distribution in differentMp regions for SCF component of signal MC
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Figure 86:AE distribution in differentMc regions forqq MC
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Figure 88:AE distribution in differentMpc regions for combinatorial component of rare
MC
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Figure 89:AE distribution in differentMy regions for peaking component of rare MC
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A5 Cyg-AE correlations for various MC samples

We do not observe a strong correlation betwégg andAE for various MC samples.
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Figure 90: (left)Cyg VSAE and (right) theCy,z mean in bins ofAE for sighal MC. The
correlation factor is+0.06%.
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Figure 91: (left)Cyg vs AE and (right) theCyg mean in bins oAE for gg MC. The
correlation factor is-0.42%.
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Figure 92: (left)Cyg VS AE and (right) theCy,z mean in bins oAE for genericBB MC.
The correlation factor is-4.21%.
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Figure 93: (IeftX:;\,BvsAE and (right) the(:;\,B mean in bins oAE for the combinatorial
component of rar&@B MC. The correlation factor ig-2.17%.
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Figure 94: (left)Cyg vs AE and (right) theCy g mean in bins ofAE for the peaking
component of rar8B MC. The correlation factor is-2.14%



A.6 AE distributions in differen€yg regions for various MC samples 95

A.6 AE distributions in different Cyg regions for various MC sam-
ples
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Figure 95: AE distribution in differentCy g regions for truth-matched component of
signal MC
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Figure 96:AE distribution in differenl(.‘,,'\IB regions for SCF component of signal MC
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Figure 97:AE distribution in differenlC:;\IB regions forqg MC
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Figure 98:AE distribution in differenlc;\,B regions for generi®B MC
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Figure 99:AE distribution in differenC;\IB regions for combinatorial component of rare

MC
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Figure 100:AE distribution in differenc;\,B regions for peaking component of rare MC
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A.7  Cyg-Mpc correlations for various MC samples

We did not observe a strong correlation betw€gg andMp, for various MC samples.
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Figure 101: (leftlCyg VS Mpc and (right) theCyg mean in bins oMy, for signal MC.
The correlation factor is-0.01%.
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Figure 102: (leftCyg VS Mpc and (right) theCy g mean in bins oMy, for gg MC. The
correlation factor ist-1.30%.
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Figure 103: (left)Cyg VS Mpc and (right) theCyg mean in bins oM, for genericBB
MC. The correlation factor is-3.53%.
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Figure 104: (leftCyg VS Mpe and (right) theCy g mean in bins oMy, for the combina-
torial component of rar8B MC. The correlation factor is-0.33%.
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Figure 105: (left)Cyg VS Mpc and (right) theCyg mean in bins oMy, for the peaking
component of rar8B MC. The correlation factor ig-0.42%.
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A.8 My distributions in different Cy g regions for various MC sam-
ples
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Figure 106:M, distribution in differentCyg regions for truth-matched component of
signal MC
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Figure 107:My. distribution in differenlc;\,B regions for SCF component of signal MC
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Figure 108:My distribution in differenlc;\,B regions forqg MC
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Figure 110:Myp, distribution in differentc;\,B regions for combinatorial component of
rare MC
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A.9 Distribution of CR and SCF signal events over Dalitz plot
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Figure 112: Distribution of CR (left) and SCF (right) signakets over Dalitz plot.
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