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Abstract

BY — gszg decay process is dominated by b — s$8s penguin transition, which
is sensitive to the contribution from new physics. B? — d)Kg decay is particu-
larly suited for the search of new physics due to the small theoretical uncertainty
and suppressed tree diagram contribution within Standard Model. However, the
measurement of CP asymmetry for B — gi)Kg is affected by other resonant and
non-resonant decays due to the same final state B® — K+tK *Kg. In order to
solve interference between decay processes and measure CP violating parameters of
BY — qﬁKg decay precisely, a study of time-dependent CP asymmetries including
multiple decay processes is carried out with Dalitz plot technique. B — fyK?9,
BY — fxK2, BY = x¢K2 and non-resonant B® — KK~ KY are taken into
consideration to solve possible interference.

This thesis describes a study of time-dependent CP asymmetry using ete™
energy-asymmetric collision data including 387 x 10 BBO pairs collected at Belle
IT experiment. The result is

$1(pK3) = 28.9 4 10.1(stat) £ 1.7(syst)°
Acp(¢pK3) = 0.07 £ 0.18(stat) + 0.04(syst).

The existence of CP violation is confirmed at 2.4¢ significance, and the result is
consistent with SM within 0.60.



Personal Contribution and Outline

The CP asymmetry measurement reported in this thesis is based on the contribution and
effort from all the member of Belle II collaboration and the SuperKEKB accelerator group.
The maintaining of the Belle II experiment and the development of analysis frameworks
are done by the collaboration. The main personal contribution by the author is the
development of the K2 selection method called KsSelector as mentioned in Bec_54.

The selection of K3 through K2 — 77~ is critical to good CP asymmetry measure-
ment due to large number of mis-reconstructed K2 candidates originating from continuum
background evetns. The K9 selection method based on multivariate machine-learning al-
gorithm was developed previously from other collaborator, but the previous method suffers
from the problem due to the correlation between discriminant calculated by K2 selection
method and K mass itself. The author improved the K§ selection method and offered
this method as a common tool called KsSelector which can be use widely among Belle
IT collaboration. The author also analyzed the performance of K2 selection method, and
showed that KsSelector have no significant correlation between discriminant calculated
by KsSelector and important observables related to K3. The author also showed that
the performance of KsSelector is also improved from the Ko selection method that was
previously adopted in the Belle experiment.

In this thesis, the CP violating mechanism in B meson system is described in Sec. 2.
The Belle II experiment and Belle I detector are explained in Sec. 3. The Dalitz-plot
analysis technique used for the analysis is described in Sec. 4. The method of recon-
structing B meson candidates and calculating signal fraction is explained in Sec. 5 and
Sec. 6. The detailed description for CP asymmetry measurement procedure and expected
systematic errors is described in Sec. 7 and Sec. 8. The discussion and conclusion is given
in Sec. 9 and Sec. 10.
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1 Introduction

The current elementary particle physics is largely described by the Standard Model (SM),
which provides a framework for describing electromagnetic, weak, and strong interactions.
The SM describes three generations of quarks and leptons, gauge bosons that mediate the
interactions, and the Higgs boson. Nevertheless, certain phenomena remain unexplained
within the framework of the SM. One notable example is the observation of CP asymme-
try in the universe, manifesting as the absence of antimatter, which cannot be entirely
explained by the CP violation mechanism within the SM. Such discrepancies between the
predictions of the SM and observations act as a motivation for the exploration of new
physics beyond the SM. Consequently, diverse experiments have been conducted world-
wide in search for new physics.

The first observation of CP violation in the K meson system was accomplished in
1964 [I3]. Subsequently, in 1973, the Kobayashi-Maskawa theory emerged, establishing a
framework for CP violation within the confines of the SM [27]. Starting data collection in
1999, the Belle experiment aimed to generate a substantial quantity of B meson pairs via
energy-asymmetric ete™ collisions and observe CP violation within the B meson system.
This experiment was conducted at the High Energy Accelerator Research Organization
(KEK) situated in Tsukuba, Japan. The B meson pairs were produced using KEKB
accelerator, while their decay processes were observed by the Belle detector. Consequently,
the Belle experiment verified the existence of CP violation in the B meson system, and
thus providing experimental evidence supporting the Kobayashi-Maskawa theory.

The Belle experiment, despite its success in confirming CP violation in the B meson
system, did not yield any significant hints, beyond a 3-sigma level, of new physics beyond
the SM. This limitation was primarily due to the large statistical uncertainties in the
measurements. Based on these background, the Belle II experiment is planned as an
upgrade to the original Belle experiment. The Belle II experiment involves the upgrade
of the KEKB accelerator to the more powerful SuperKEKB accelerator. The primary
objective of the Belle I experiment is to obtain a dataset with statistics approximately 50
times larger than that of the Belle experiment. By significantly increasing the amount of
data collected, Belle IT aims to enhance its sensitivity to potential new physics phenomena
that lie beyond the SM.

In this thesis, the CP violating mechanism in B meson system is described in Sec. 2.
The Belle II experiment and Belle II detector are explained in Sec. 3. The Dalitz-plot
analysis technique used for the analysis is described in Sec. 4. The method of recon-
structing B meson candidates and calculating signal fraction is explained in Sec. 5 and
Sec. 6. The detailed description for CP asymmetry measurement procedure and expected
systematic errors is described in Sec. 7 and Sec. 8. The discussion and conclusion is given
in Sec. 9 and Sec. 10.



2 CP asymmetries in B Meson Decay

This section explains the mechanism of CP violation within the B meson system, accom-
panied by an explanation of the precise measurement of CP asymmetries in B meson
decay. This measurement serves as a probing instrument for identifying potential new
physics phenomena that lie beyond the scope of the Standard Model.

2.1 Unitarity Triangle

With mass eigenstates of quarks, a Lagrangian governing the charged-current weak inter-
action can be expressed as

dr,
Lin, = _— (up,cr, to) Y"Vexm | s | Wy + hec (1)
V2 by

where W, is the W-boson field, 7# is gamma matrices, g is the gauge coupling of SU(2),
gauge group, and Vg is the Cabbibo-Kobayashi-Maskawa (CKM) matrix.

Here we introduce weak interaction doublets of quarks denoted as (u, d’)?, (c, s')T, and
(t,0)T. Here, u, ¢, and t represent the mass eigenstates of up-type quarks, while d’, s,
and b’ correspond to the weak interaction doublet partners. The CKM matrix is a unitary
matrix of dimensions 3 x 3, which characterizes the relationship between (d',s’,b") and
the mass eigenstates of down-type quarks (d, s,b). It can be represented by the following

equation:

d d
s’ = VCKM S . (2)
v b

The CKM matrix, denoted as Veka, can be explicitly written as:

Vud Vus Vub
Vokm = | Vea Ves Va (3)
Vie Vis Vi

It is possible to parametrize the CKM matrix using three rotation angles and six phases.

However, five out of the six phases can be absorbed by rotating the individual left-handed

quark fields. Consequently, the CKM matrix can be represented using three angles,

namely 69, 613, and 6,3, along with one phase denoted as 9, as initially proposed by

Kobayashi and Maskawa [27]. Thus, the CKM angles can be parametrized as follows:
C12€13 512513 s13e "

Vekm = —512C23 — 012823513€i5 C12C23 — 512323813€i5 523C13 . (4)

—512523 — 61202:),<‘313€i(S —C12823 — 812023313€i5 C23C13

where ¢;; = cos(0;;), si;j = sin(6;;), and ¢ is the complex phase.
In order to highlight the observed hierarchy in the mixing angles, namely |V,;| <
|Vap| < |Vius|, the Wolfenstein parametrization [36] is commonly employed. Using the
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Figure 1: Unitarity triangle of the CKM matrix. The closed triangle can be drawn from
the unitarity of Veokw.

Wolfenstein parametrization, the CKM matrix can be expressed as:

1— 12 A AX3(p —in)
Veku = —A 1— 4N AN + 0O\ (5)
AN(1 —p—in) —AN? 1

Here, the parameter A ~ 0.22, while the other parameters are of order O(1).
Vekw s unitary matrix, and thus Voky satisfies

Vi erVerm = 1. (6)
This equation leads to
wVad + Ve Vea + Vi Via = 0. (7)

The terms V3V can be interpreted as vectors on the complex plane. Therefore, [Eq. 1
represents the unitarity triangle on the complex plane, as depicted in [Fig. 1.
Those ¢1, @2, and ¢3 can be represented using V;; in CKM matrix as

Ve
cbVed
- —cbred 8
o arg( Vi%)’ ®)
— _ Lub ud 9
” aTg( V;Z‘/Zd)’ ®)
ViV,
$3 = arg (— Vibvli) (10)
ub ¥ U

and the unitarity of CKM matrix is expressed as a closure of the unitarity triangle.
The scaled unitarity triangle has three vertices located at (0,0), (1,0) and (p,7), where

(p,7) is defined as
A2 A2
ﬁ=(1—5>Pa ﬁ:<1—3>77- (11)

The latest constraints of Wolfenstein parameters (p,77) from various experiments is shown
in | o. 4 [l '2]
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Figure 3: Feynman diagram for BB’ mixing through box diagram, where neutral B
mesons can change its flavor via loop diagram.

2.2 B meson decay and CP asymmetries

We describe the time evolution of the B-meson system, followed by an introduction to CP
asymmetries within this system.

The B meson and its antiparticle, B%, can mix through a weak interaction mediated
by a loop diagram, as illustrated in [Fig. J. Consequently, the initial state of the B-meson
system and its time evolution can be expressed as a superposition of the B and B° states:

[4(0))
¥ (t))

a(0) |B*) +b(0) | B), (12)
a(t) |B®) + b(t) | B°) + Zci(t) | £3) (13)

Here, f; represents the final states to which the B-meson system can decay, and a(t), b(t),
and ¢;(t) are coefficients that depend on time.
|1(t)) follows time-dependent Schrodinger equation as



0

i u(t) = Hu(t) (14
where 9(t) = (a(t),b(t))T. The matrix H is given as
H=M — %I‘ (15)

_ My — %Fu My — %F12
My — 5T91 Moy — 5T

where M and I' are 2x2 Hermitian matrices, and representing mass and decay respec-

tively. With CPT invariance, the diagonal elements of M and T' obeys the relation

(16)

Mll = M227 Fll = I‘22 (17)

The B° and B° mesons are flavor eigenstates, and thus they can be expressed in terms
of mass eigenstates as follows:
|B) =p|B”) +q|B°) (18)
|Bu) =p|B°) —q|B°) (19)
Here, p and ¢ are complex parameters, and |By) and |By) represent the light and heavy

mass eigenstates, respectively. The ratio between p and ¢ can be determined by solving
the mass eigenvalue of the system, and it is given by:

q_ M, — %FTQ' (20)
p Mg — 5T12

The eigenvalues for the mass eigenstates are expressed in terms of the mass and decay
width of By and By, as

ML:mL—@'I‘L,MH:mH—z’FH, (21)

where m; and I'; (for i = H, L) represent the mass and decay width of each mass eigenstate.
The time evolution of the mass eigenstates is given by

|Br(t)) = e e 2 | By) (22)
|Br(t)) = e~ "ute ™12 | By) . (23)

By solving the time evolution equation in [Eq. 19, the time evolution of the flavor eigen-
states is obtained as

[B(1)) = 9:(1) [B) = ~g-(1) |B°) (24)

[B(0)) = g:(0) |B%) = Co-(6)]B") (25)
where

i %(eimHtFHt/Z + efimLtfl‘Ht/Q). (26)
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Using this result, one can proceed to compute the decay amplitudes of B® and B°
transitioning into a CP eigenstate denoted as fcp. The expressions for the time-dependent
decay rates Ay, = (fop | H|B°) and Ay, = (fcp| H | B®) are given as

L(B°(t) = fep) = |{fer | H|B°) |? (27)
- 1
=t | (1A 4 20, ) cosh (a1
+ (‘Afcpy2 - ‘%A]:cp‘z) COS<Amdt)
q * - . 1
+ 2Re ];AfCPAfCP 81nh(§AFt)
—21Im <%A}CPAfCP) sin(Amdt)] )
I(BO(t) — fep) = | {fer | H | B°) | (28)
= |:(’§AfCP’2 + ‘A]:CP|2> COSh(%AFt)
p —
+ <|5Afcp‘2 - ’AfCP‘Q) COS<Amdt)
p i . 1
+ 2 Re gAfCPAfCP Slﬂh(aAFt)
—2Im (SAfCPA;:CP) sin(Amdt)} ,

where AI' =T'y — 'y, and Amg = my —my. Using these decay amplitudes and assuming
ATl'/T' <« 1 and |¢/p| = 1, the time-dependent CP asymmetry for fop is given as
I'(BO(t) — —T(B°(t) -
ACP(t) _ ( 70( ) fCP) ( 0( ) fCP) (29)

= Scpsin Amgt + Acp cos Amygt

where we introduce CP asymmetry parameter Scp and Acp as

dop = ——+, 30

cr =17 (30)
QIm)\cp

Sep=—7— 31

or 1+ |>\CP|2 ( )
Aep? —1

Acp = 32

The parameters Scp and Acp represent the mixing-induced and direct CP violation
respectively. For the sake of convenience, the parameter Acp, which is independent of
phase conventions, is introduced.

Mixing-induced CP violation occurs when the imaginary part of Aop takes non-zero
values, indicating a disparity between the phase of B® — B mixing and the decay phase.

11



Figure 4: The diagrams contributing to the tree (left) and penguin (right) amplitude for
B — J/¢ K decay [6].

CP violation also manifests itself through the direct CP violation term Acp when [Acp|? #
1. This form of CP violation arises when multiple diagrams contribute to the decay of
B-mesons, each possessing distinct weak and strong phases.

2.3 Measurement of CP asymmetries

In this section, we discuss CP asymmetries for b — ¢gs trainsition to measure sin 2¢; or

1.

2.3.1 Measurement of sin2¢; in b — ccs transition

The decay process BY — J/9 K2 is suitable for the precise measurement of ¢; due to its
small theoretical uncertainty from SM prediction, substantial branching fraction, and low
background yield.

The B® — J/¢ K decay occurs via the b — cés transition and is primarily governed
by tree and penguin Feynman diagrams, as depicted on the left side of [Fig. 4. The loop
diagram, commonly referred to as the penguin diagram, makes a significantly smaller
contribution compared to the tree diagram [I1].

Utilizing the relationship between CKM matrix elements V, V5 /V. Ve ~ O(N?), the
ratio of decay amplitudes can be expressed as follows:

A(J/VE®) ViV

AR~ Vv (33)

In terms of ¢/p, combined with the explicit calculation of I'y5/Mjs ~ 1072 an estimation
for ¢/p can be obtained to be

e ViV

P VaVg
Since the B® — J/¢ K} includes K§ in the final state, the K°-K° mixing should be taken
into consideration in the same manner with B%- B, resulting in the expression

(34)

AUSOKS) _ VaVes AU/OK) -
A(IOKY) ~ VeV A(TJUK)

12



Figure 5: The example of diagrams contributing to the penguin amplitude for B — ¢ K7
decay.

Following these discussions, A;,, K9 18 calculated to be

CS

A = -
IS Vi VeaVi VeV

where the negative sign incorporates the effect of J/1¥ K2 being a CP-odd eigenstate.
Consequently, the CP-violating parameters are calculated as

Acp =0,Scp = sin2¢, (37)

As indicated in [Eq. 37, the unitarity angle sin 2¢; can be accurately determined through
the measurement of time-dependent CP asymmetries in the B® — J/¢ K9 decay. How-
ever, an ambiguity between ¢; and m — ¢, still persists.

2.3.2 Measurement of sin2¢; in b — s5s transition

In contrast to the B — J /ng decay channel, the measurement of Scp and Acp in
penguin-dominated decay channels involving b — ¢gs transitions (where ¢ = u,d,s)
serves as a good probe for investigating contributions from new physics. The BY — ¢ K7
decay occurs through a b — sss flavor-changing neutral current, proceeding via a second-
order loop diagram, as depicted in [Fig. 5. Owing to the suppression of the CKM tree-level
diagram and the relatively small penguin-level diagram, it becomes feasible to detect the
effects of new physics through contributions to the loop diagram in the penguin amplitude.

By neglecting the small contribution from the CKM-suppressed tree diagram, the
decay amplitude of B — ¢K§ can be expressed as

Apry = Z ( q?‘@s)ngg (38)
qg=u,c,t

where P;’KO represents the penguin amplitude involving the quarks u, ¢, and ¢ in the
S

loop with a W boson. Utilizing the unitarity of the CKM matrix, this expression can be
transformed into the following form:

* C JVUS U
A¢K2 = Ve Ves (( oKY Pqug) + %‘/CS ( K9 P;K%)) : (39)

13



Based on the relation |Vy,| < [Vap| < [Vis| < |Ves|, the ratio of decay amplitudes can be
approximated as

A(PKS) VeV
A(OKS) — VaViy
which yields the same value as the calculation for B® — J/¢KY. Consequently, the
parameter A, KO and the CP asymmetry parameters for B’ — ¢ K2 can be determined in

(40)

a similar manner to the BY — J/¥ K decay, resulting in the following expressions:
ApK9 —ein, (41)

Acp =0,Scp = sin2¢, (42)

where the odd CP eigenvalue of ¢K? is taken into consideration.

2.4 Possible effect of new physics on time-dependent CP asym-
metry

In the previous section, the contamination from the tree diagram was neglected in the
calculation of CP asymmetries. However, the presence of the tree diagram and potential
contributions from new physics can lead to a deviation between sin 2¢; and the measured
value of Scp [8]. This deviation can be expressed as follows:

—nepScp = sin2¢; + AScp (43)

where AS¢p is given by
AScp = 2c0s 2¢; sin ¢sle | Rerdp + ASEE. (44)

In the equation, €,. = ViV /Ves Vi = O(\?), where \ represents a parameter associated
with CKM matrix elements. The ratio rlp denotes the ratio between penguin and tree
diagram amplitudes. The term ASYE corresponds to a possible contribution from new
physics. According to the calculation using QCD factorization [8], the predicted value for
AScp in the ¢K? final state is AScp = 0.024_“8:8%. This value is notably small compared
to other charmless two-body final states. Currently, there is no tension between the
predictions for AS¢cp and experimental results. Furthermore, the theoretical uncertainties
associated with ASgp are much smaller than the experimental measurements. Therefore,
the measurement of the time-dependent CP asymmetry in B — ¢K3 decay provides a
theoretically clean analysis for investigating contributions from new physics.

The parametrization of the amplitudes for B — ¢K§ decay in the presence of new
physics (NP) can be expressed as

ASM(GEG) = |AFM |erosn, ANP(QEG) = [ANP|efvrelonr o (45)
ASM(gng) — |121$M|€i(551\4¢7 ANP(¢K2~) — |ANP|6—i6Npei6Np‘ (46)

where §; (with ¢ = SM or NP) represents the CP-conserving phase, and Oyp is the
CP-violating phase associated with new physics. Using this parameterization, the CP

14
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Figure 6: The standard model contribution (a) and gluino-down contributions (b) to (f)
for B — ¢KY decay [I5]. The cross denotes mass insertion (6% 5)s3 term in SUSY.

asymmetry for B — @K decay is given by

[Asas] [Asn|

2
sin 261 + 21452] cos 510 sin(Oyp + 261) + ('ANP‘) sin(20np + 261)

Sep = (47)

149 |[Anp| 5 9 |[Anp| 2 7
T [Agar] €08 012 €08 NPT <\ASM|)

where 15 = dsp — dyp. By measuring the CP asymmetry Scp in B — ¢K2 decay, it
becomes possible to constrain the weak phase 0yp associated with CP violation in the
presence of new physics.

One of the NP candidates that affects the CP asymmetries in the decay of B — ¢K2
is the supersymmetric (SUSY) model [I8]. The presents candidates for the b — s3s
process through SUSY particles with the mass insertion approximation [I5], wherein loop
diagrams involving gluinos and squarks are considered. Within the basis adopted by mass
insertion approximation, the coupling of fermions and sfermions to neutral gauginos leads
to flavor violation due to the off-diagonal term of the sfermion mass matrix.

2.5 Measurement of CP violation in Belle IT experiment

In the Belle II experiment, pairs of B mesons are coherently produced through the
T(4S) — B°B0 decays. The B mesons originating from the Y(4S) — B°BY decay
conserve the quantum number C' = —1, establishing an initial state where B° and B°
are correlated with C' = —1. B is a pseudo-scalar particle, leading to an orbital angular
momentum of L = 1 for the B meson pairs. Consequently, according to Bose-Einstein
statistics, if one of the B mesons is observed as B° at time ¢ = 0, the other B meson is
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expected to be BY; thus, the formation of B°B? and B9B° pairs is forbidden. The time
evolution of B meson pairs can be represented as follows:

1
V2

Then by using [Eq. 24 and [Eq. 48 leads to the description of the time evolution of B
meson system as

|BCPBtag(tCP = Ovttag = 0)> (lBOCPEOta9> - ‘BOCPB?ag>) : (48)

1
|BC’PBtag(tC’P7tmg>> = _e_r(tcp+ttag)/2 (49)
V2
AmgAt - -
[cos 2d (!ngBOmg> — |BOCPB?ag ) +
. AmgAt - -
isin — 2 (g | BépBing) — % |BOCPBOtag>)]

(50)

where At is defined as At = top — tiaq-

Here we examine the case where one B meson decays into the CP eigenstate fop while
the other B meson decays into a flavor-specific state fiq4, allowing us to determine the
flavor of the B meson. We assume that B° only decays into fi,, and BY only decays
into ft_ag. Under the assumption of no direct CP violation in Bi,e decays, which implies

Af,y = flft;g and |¢/p| = 1, the time-dependent decay rate for the states |fopfiay) and
} fop f;zg> can be expressed as follows:
dr’ r -
- - (tCP+ttag) A 2 A_ 2 51

o qtag(|AfCP|2 - |Afcp|2) COS(AmdAt)+

Qtag Im(QT]Cp]%/_lfCP A% ) sin(AmgAt).

Here, the value of ¢, represents the flavor of the tag-side B meson and can take on the
values of 1. Specifically, o, = +1(—1) when the tag-side decays into fia, (fiag), and
ncp denotes the eigenvalue of the CP-side decay channel. By integrating the decay rate
over tcp and t4,4 and normalizing the overall decay width, the time-dependent decay rate,
as a function of the decay time difference At, is given by:

—— o< e AN (1 + gagAcp cos(AmgAt) + GragScp sin(AmgAt)) (52)

Here, Acp and Sgp are defined in the same manner as the notation used in [Eq. 31
Therefore, the CP-violating parameters can be determined by measuring the asymmetry
of the decay rate with respect to the decay time difference At, which can be measured
precisely in the Belle II experiment.

2.6 Experimental results from previous analyses

Both Belle [31] and BaBar [29] previously measured CP asymmetries of B — ¢K§ decay
using B — KTK ™K} Dalitz analysis. The Belle analysis obtained four solutions for
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61 (B — ¢K2) as

(3224 9.0 + 2.6 & 1.4)° (
(26.2 + 8.8 +2.7 £ 1.2)° (
= (27.3£8.6+28+1.3)° (55
(24.34+8.0+2.9+5.2)° (

$1
$1
¢ =
¢r =

where errors are statistical, systematic, and Dalitz model uncertainties.
The BaBar analysis obtained single solution as

o1 =(21+£6+2)° (57)

where errors are statistical and systematic uncertainties.
The comparison of this analysis against those previous analyses is discussed in Sec"94.
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3 Belle II experiment

The Belle I experiment, conducted at KEK in Tsukuba-city, Japan, is a B-factory ex-
periment that started operating from 2019. The SuperKEKB accelerator is responsible
for accelerating electrons to 7 GeV and positrons to 4 GeV and have them colliding with
high luminosity, where the center-of-mass energy of electrons and positrons is set to 10.58
GeV corresponding to the T(4S) resonance which subdominantly decays into B meson
pairs. These high-energy beams collide at an interaction point where the Belle II detector
is positioned.

3.1 SuperKEKB accelerator

The overview of SuperKEKB accelerator is shown in [Fig. 1. In SuperKEKB, the energy of
electron and positron is changed to 7.0 GeV and 4.0 GeV respectively. SuperKEKB con-
sists of a linear accelerator with 600m length and a ring accelerator with the circumstance
of 3km.

The electron and positron is accelerated to 7.0 GeV and 4.0 GeV in linear accelerator,
and injected to electron storage ring called high energy ring (HER) and positron storage
ring called low energy ring (LER). The electron and positron collide at one collision point
on these rings. Belle II detector is positioned around the collision point. The center of
mass energy is set to 10.58 GeV, which is the mass of T(45).

The number of collision event per unit time R [event/sec| can be represented as

R="Lo (58)

where £ and o represents instantaneous luminosity [m~2s7!] and interaction cross section
[em™?] for target event respectively. In SuperKEKB accelerator, the luminosity is 40 times
higher luminosity than that of KEKB accelerator.

The luminosity can be written as is in [Eq. bY.

o\ I
P <1+0y¥> if@ﬁc’ (59)

- * *
2er, Oy ot

where 7 is lorentz factor, e is elemental charge, r, is classical electron radius, I is beam
current, o, , is beam size along each axis, and f;- is beta function along y axis. &,
represents beam-beam parameter, which means the effect of interaction between electron
and positron beams. Each 4+ and — represents positron and electron.

When we squeeze [3,-, hourglass effect and synchrobetatron resonance disturb the
luminosity to be maximized. In order to avoid these difficulty, the new schematics called
“nano beam scheme” is adopted. The concept of nano beam scheme is shown in [Fig. 9.
In nano beam scheme, the large crossing angle of electron and positron bunches leads to
the smaller 5, in the interaction region. Together with the enforcement of beam current,
the luminosity in SuperKEKB is expected to become 30 times larger than KEKB.
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Figure 7: Overview of SuperKEKB accelerator [2].

LER (e+) HER (e-) units
Beam Energy E 4 7 GeV
Half Crossing Angle @ 41.5 mrad
Horizontal Emittance Ex 3.2(2.7) 2.4(2.3) nm
Emittance ratio Ey/ex 0.40 0.35 %
Beta Function at the IP 33/, 32 /027 25 / 0.41 mm
Horizontal Beam Size oy 10.2(10.1) 7.75(7.58) pm
Vertical Beam Size a, 59 59 nm
Betatron tune Ve 1y 45.530/45.570 58.529/52.570
Momentum Compaction Qe 2.74 x 10~ 1.88 x 10~
Energy Spread A 8.14(7.96) x 107*  6.49(6.34) x 1074
Beam Current I 3.60 2.62 A
Number of Bunches/ring i 2503
Energy Loss/turn Uy 2.15 2.50 MeV
Total Cavity Voltage Ve 8.4 6.7 MV
Synchrotron Tune Vs -0.0213 -0.0117
Bunch Length . 6.0(4.9) 5.0(4.9) mm
Beam-Beam Parameter &y 0.0900 0.0875
Luminosity L 8 x 10% em 251

Figure 8: The table of machine parameters of SuperKEKB accelerator.
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Figure 9: The concept of nano beam scheme. The left is the schematics of beams in
Belle, and the right is the nano beam scheme in Belle II. The angle between the bunch of
electron and positron is enhanced in nano beam scheme.

3.2 Belle II detector

The Belle II detector is constructed in the vicinity of the collision point in SuperKEKB. It
comprises 7 sub-detectors that measure energy, momentum, charged particle trajectory,
and decay vertex of the produced particles. The overview and top view of the Belle II
detector is shown in and

3.2.1 Aerogel ring imaging Cherenkov counter (ARICH)

ARICH is located on the end cap of the Belle II detector and serves as an observer of
Cherenkov light that comes from the aerogel radiator. The identification of particles
is achieved by measuring the Cherenkov angle. A visual representation of the ARICH
concept can be found in [Fig. 12.

The aerogel radiator is comprised of multiple layers, each with a varying refractive
index. This arrangement facilitates the focusing of photons within the aerogel radiator
and subsequently eliminates the uncertainty that may arise from the emission point of
Cherenkov photons within the radiator. The Cherenkov ring is collected by the Hybrid
Avalanche Photon Detector (HAPD), which is positioned at a distance of 20cm from the
aerogel radiator.

3.2.2 Central drift chamber (CDC)

The CDC, located exterior to the Silicon Vertex Detector (SVD), which is explained
in Bec 3777 functions as a drift chamber and serves to measure the tracks of charged
particles. It is filled with a gas mixture comprising of 50% Helium and 50% C,Hg. Axial
and stereo wires are arranged along the beam direction. As charged particles travel
through the CDC, electrons are produced and subsequently collected by the anode wire.
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Figure 10: Overview of Belle II detector
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Figure 11: Top View of Belle II detector [6]
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Photon detector HAPD

Figure 12: The concept of ARICH, where the radiation angle is dependent upon the mass
and velocity of the particle.

A |
RS

Figure 13: The composition of aerogel material. The left figure depicts a single layer
of aerogel, while the right figure shows multiple layers of aerogel with varying refractive
indices. The dependence of the radiation angle on the emission point of Cherenkov light
is notably diminished in the multi-layer radiator.

In addition to facilitating the reconstruction of particle tracks, CDC also enables particle
identification through the analysis of energy loss within its gas volume.

The wire placement configuration has been upgraded in Belle IT with the goal of im-
proving position resolution and managing the higher event rate and background. Specif-
ically, the wire density in the inner layer has been increased. The information gathered
by CDC is also utilized in the generation of triggers.

3.2.3 Electromagnetic calorimeter (ECL)

The Electromagnetic Calorimeter (ECL) is a detector designed to measure the energy of
photons, electrons and hadrons, and is located in both end cap regions and barrel region.
The energy and number of clusters detected by ECL are utilized in the generation of
triggers.
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Figure 14: The wire configuration of CDC is illustrated in the provided figures, with the
upper diagram corresponding to Belle and the lower diagram to Belle II. Notably, the
wire density in Belle IT CDC has been increased as compared to Belle.
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Figure 15: The unit of ECL with 2 pin diodes connected to Csl crystal.

In the Belle II experiment, the photon energy ranges from 20 MeV to 4 GeV. To achieve
a high energy resolution, CsI(T1) is implemented as the scintillation crystal owing to its
high light output and short radiation length. Photons, electrons, and positrons deposit
their energy in the scintillator and subsequently generate an electromagnetic shower, with
the energy of the particles being measured by the scintillation light. ECL is capable of
measuring luminosity via the detection of Bhabha scattering process. When combined
with momentum information acquired from CDC, ECL can distinguish electrons and
positrons from other charged particles by analyzing their respective energies.

The structure of an ECL unit is depicted in [Fig. T9. The energy deposited in the crystal
is collected by two pin photodiodes located behind the crystal and then transmitted to
the electronics. The overall structure of ECL, as demonstrated in [Fig. 16, has not been
modified since the Belle experiment. However, the readout electronics have been updated
in order to handle signal pileup that arises from the higher event rate and increased
background.
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Figure 16: Overall configuration of ECL.
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Figure 17: The configuration of KLM in the Belle II detector involving two distinct
component, the Barrel KLM and the End-cap KLM respectively.

3.2.4 K, and muon detector (KLM)

The K? and u detector, or KLM, functions to identify K? and p particles from other
particles. This detector is located externally to the ECL and is partitioned into two
distinct regions: the endcap region KLM (EKLM) and the barrel region KLM (BKLM).
KLM’s coverage spans an angle ranging from 20° to 155° in total, relative to the beam
axis. The overall layout of KLM is depicted in [Fig. 17.

KLM is comprised of an alternating sandwich of iron plates and detector layers. The
interaction of p with the material occurs via electromagnetic interaction, while charged
hadrons such as m experience the effects of strong interaction. Using this property, u
particles are identified through their penetration of the iron plates. On the other hand,
K, particles produce a hadronic shower within the iron plate layer, and are thus identified
by observing the resultant particles from hadronic shower.

In the Belle experiment, glass-electrode resistive plate chambers (RPC) serve as the
detector layer. However, these chambers possess a notable disadvantage in that they
exhibit a large dead time of several seconds due to the long recovery period of the electric
field following a discharge. In the Belle II experiment, a significant amount of neutrons
generated by background processes within the electromagnetic shower produces a large
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Figure 18: The structure of TOP. Cherenkov lights collected at the photon detector
located at the side of the scintillator.

dead time, particularly in the endcap region and the innermost layers of the barrel region,
thereby reducing the efficiency of particle detection.

In order to avoid this issue, a detector layer employing scintillator strips and wavelength-
shifting fibers was developed and installed specifically for the endcap region and the two
innermost layers of the barrel region. This detector layer utilizing scintillator strips has
a lower dead time compared to the Belle experiment, while also displaying a heightened
capacity to tolerate increased background levels within the Belle IT experiment.

3.2.5 Time of propagation counter (TOP)

The Time of Propagation counter (TOP) is located in the barrel region outside the CDC
and serves to identify charged particles through the use of Cherenkov light detection.
Quartz bars serve as the radiator of Cherenkov light, with 16 x 2 microchannel plate
PMTs (MCP-PMTs) attached at the side of each quartz bar, as depicted in [Fig. 18.

The Cherenkov light produced is transmitted to the end of the scintillator, where it is
detected by the MCP-PMT. Given that the angle of the Cherenkov light varies between
different particle types, the time interval required for the Cherenkov light to reach the
MCP-PMT differs across particles. Consequently, particle types are identified through
the measurement of time-of-flight (TOF). The difference in propagation time amounts to
approximately 200 ps, necessitating the MCP-PMT to possess a time resolution of less
than 50 ps.

3.2.6 Pixel detector(PXD)

The Pixel Detector, positioned as the innermost sub-detector and covering an angle of
17° < 6 < 150° along the direction of the beam, serves to measure the tracks of charged
particles and precisely reconstruct decay vertices, in combination with SVD.

The Pixel sensor is based on a pixelated DEPleted p-channel Field Effect Transistor
(DEFPET) and comprises two layers of sensors surrounding the interaction point. The
structure of DEFPET is shown in [Fig. T9. When charged particles enter the depletion
layer, the electron-hole pair produced is accumulated to the internal gate in and
then read out. Due to the large number of channels, it is impossible to read out all
channels simultaneously. Thus, data is read out for each line of the DEFPET matrix by
controlling the gate voltage of FET. It takes 100 ns to read out and clear the charge per
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Figure 19: The structure of DEFPET adopted for PXD.

Figure 20: The overview of PXD, which consists of two layers of sensors.

line, and 20 us to read out all the pixel channels. As the full data size of the PXD reaches
30 GB/s under 30 kHz trigger rate, it is not feasible to read out the entire PXD data.
Therefore, the tracks of particles are reconstructed and extrapolated to the PXD region,

and only the PXD data within the region of interest is read out in order to reduce the
data volume of the PXD.

3.2.7 Silicon vertex detector(SVD)

The Silicon Vertex Detector (SVD) is positioned externally to the PXD, and is utilized
to reconstruct the trajectory of charged particles. Comprising four layers of double-sided
silicon strip detectors (DSSDs), as illustrated in [Fig. 21, the SVD is configured with silicon
strips on both sides of the sensor in such a way that the n-side strip is perpendicular to the
beam direction. When charged particles pass through the n bulk, electron-hole pairs are
generated, and the electron and hole are collected in the n-side and p-side, respectively,
and then read out.

In order to achieve fast data readout, the SVD uses ASIC called APV25. In the Belle
IT experiment, we expect a 30 kHz trigger rate at a target luminosity of £ = 6 x 10%.
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Figure 22: The detection mechanism of DSSD. The produced electron and hole are col-
lected to silicon strips and read out by electrodes.

However, due to the limited buffer capacity of the APV25, the SVD is expected to have
a 3.4% dead time at the 30 kHz trigger rate.

3.2.8 Trigger system (TRG)

The trigger system (TRG) fulfills the role of issuing triggers. In Belle II experiment,
it is necessary to acquire data at a high trigger rate of up to 30 kHz due to the high
luminosity of SuperKEKB. Consequently, the trigger system is required to achieve a high
efficiency for physics event triggering, while simultaneously minimizing the number of
events originating from beam background. The expected cross section and trigger rate for
the dominant process, given a target luminosity of £ = 6 x 10**cm=2s7!, are presented in
Mable—T. The trigger system is subject to the following requirements:

e Maximum trigger rate of 30kHz

e Trigger distribution latency under 5us
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Table 1: Table of expected trigger rate for each process under SuperKEKB target lumi-
nosity [35]. Due to the 30kHz upper limit of trigger rate, the trigger rate from beam
background signals must be below 15kHz.

Process o (nb) | Rate (Hz)

T(45) 1.2 960

Continuum 2.8 2200

php 0.8 640

Trr 0.8 640

Bhabha 44 350

Yy 2.4 19

Two photon 12 10000

Total 67 15000
CDC TSF [ 2D Tracker [—T— 3D Tracker [—

:‘ E‘ L1 Trigger
ECL 4x4 Trigger Cell Cluster FindingI § — ; e
Energy Sum ‘_g' é:

TOP Hit '_I Pattern Matching } f: &
KLM Hit H(flusler Finding[——| Tracker [~

~ 5 U sec after beam crossing

Figure 23: The overview of trigger system [22]. Level 1 trigger is generated using infor-
mation from four sub-trigger systems.

e The timing resolution under 10ns

provides an overview of the trigger system, which comprises four distinct sub-
triggers: CDC, ECL, TOP, and KLM. Each sub-trigger system operates independently,
and the information gathered from these four detectors is transmitted to the Global Deci-
sion Logic (GDL), where the final trigger signal determination takes place. The primary
trigger decision for physics events relies on the sub-triggers from CDC and ECL. The
TOP sub-trigger is primarily used to achieve better timing resolution for triggering, while
the muon identification obtained from the KLM sub-trigger is employed in conjunction
with the CDC and ECL sub-triggers.

3.2.9 Data acquisition system (DAQ)

In Belle IT experiment, the SuperKEKB accelerator exhibits an instantaneous luminosity
that is 30 times higher than that of the KEKB accelerator in Belle. Due to the upgraded
detectors in Belle II, the data size per event is expected to exceed 1 MB/s in total, given
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Figure 24: The overview of data acquisition system [21]

the target luminosity of £ = 6 x 103 cm~2s~!. With an expected maximum trigger rate
of 30 kHz, the online data processing necessitates handling a data flow of 30 GB/s.

The overall structure of the Belle II data acquisition system is illustrated in [Fig. 24. A
common clock signal, derived from the 508 MHz radio frequency of SuperKEKB; is utilized
across all modules in the data acquisition system. This 508 MHz clock signal is divided
by four, generating a common clock of 127 MHz. The trigger signal, originating from the
GDL, is then distributed to all front-end electronics located near the Belle II detector.
The acquired data is digitized by these front-end electronics and transmitted to modules
which is responsible for receiving data from the front-end electronics, performing data
formatting, and sending the data to a readout PC. A module called Common Pipelined
Platform for Electronics Readout (COPPER) was used to be adopted for this purpose,
but these COPPERs are currently replaced with a PCIl-express-based high-speed readout
modules known as PCle40 [d0]. Optical fiber connections are employed to link the front-
end electronics with the PCIe40 modules, and the data from sub-detectors is transmitted
using an original communication protocol named Belle2link.

Each readout PC undertakes partial event reconstruction using the data collected by
the readout PC. The partially reconstructed data is then transmitted to the High-Level
Trigger (HLT). The HLT is responsible for carrying out full event reconstruction and
selecting which events to record. When combined with the PXD data, the final event
reconstruction is accomplished, and the event data is stored in the storage system.

3.2.10 High level trigger

The High-Level Trigger (HLT) is a system designed to reconstruct events and gener-
ate software triggers. By employing software triggers, only essential events are selected,
thereby reducing the data size that needs to be recorded in the storage system. Measured
data, excluding the PXD, is transmitted to the HLT from the a network switch through a
10 Gbit connection. Each HLT node consists of a multi-core PC, and event data is stored
in a sizable ring buffer and processed in parallel by multiple CPUs.

Within the HLT, particle tracks are reconstructed, enabling the selection of specific
regions in the PXD to be read. These particle tracks are extrapolated to the PXD, defining
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regions of interest (ROIs). The ROI information is then transmitted to the PXD readout
system. Only the PXD data within the ROIs is subsequently sent to EB2. EB2 receives
data from both the HLT and the PXD readout system, facilitating event reconstruction

using the entire Belle II detector. The collected data is ultimately transmitted to the
storage system.
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4 Dalitz-plot analysis

This section provides the motivation for the analysis of time-dependent CP violating
parameters using Dalitz-plot technique. Additionally, the formalism of decay amplitude
using Dalitz plane and square Dalitz plane are delivered.

4.1 Motivation and target of Dalitz-plot analysis

As explained in the section 2, the decay channel BY — ¢ K7 is suited for the search of new
physics through the measurement of CKM unitarity angle ¢;. However, the measurement
of CP violation parameters for B® — ¢(— KTK ™)K} is intricate due to the interference
arising from other modes that decay to the same B® — K+ K~ K} final state. To account
for the effect of interference among the decay modes, the Dalitz-plot technique is employed
in this analysis. Moreover, the utilization of Dalitz-plot technique allows us to measure
¢1 instead of sin 2¢; which is typically measured by a quasi-two-body approach, thereby
solving the ambiguity between ¢; and ™ — ¢;.

The resonant and non-resonant decay channels to be considered in this analysis are
presented in Mable—2, along with the respective parameters for each channel. The final
state K™K~ K2 does not generally possess a definite CP eigenvalue, as the eigenvalue
of the K™K~ K} three-body system depends on the angular momentum [ of the KK~
system. By employing the Dalitz-plot technique, the interference arising from CP-odd
and CP-even final states can be effectively addressed, thereby enabling a more precise
determination of ¢; without the dilution caused by the final state’s mixture of CP-odd
and CP-even eigenstates.

Resonance |  Parameters (MeV)  Line Shape

$(1020) | M =1019.445+0.020  RBW

I' =4.26 = 0.020

5(980) M = 990 £ 20 Flatté
Jrr = 0.165 = 0.018

fx M = 1506 £ 6 RBW
I'=112+9
Xeo M = 3414.71 £ 0.20 RBW
['=10.84+0.6
(KJrKi)NR a=0.14 e~ %0
<K+Kg)NR a=0.14 e~ ¥t
(K_Kg«>NR a=0.14 e -

Table 2: The list of all 7 decay channels included in this analysis and its physics parame-
ters. The non-resonant component is divided into three component. The parameters for
fo resonance are cited from Ref. [B], and the rest of parameters are cited from Ref. [31].
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4.2 Modeling for decay amplitude
The expression for the decay rate of the B — K™K~ KY three-body decay, involving

pseudo-scalar mesons, can be calculated as follows:
1 AP
(2m)3 32mpo

B’ - K"K Kj) = ds,ds_. (60)
Here, A denotes the Lorentz invariant decay amplitude. The quantity s, and s_ represent
the squared invariant masses of the K9 K and K2K ™~ systems, respectively. To describe
the amplitude A, we employ an isobar approximation, where A is modeled as the coherent
sum of amplitudes for each decay channel, as expressed by:

A= "dF (61)
A=) aF, (62)

The amplitude F; is dependent on the Dalitz plane and incorporates only strong dynamics,
while a} is a complex coefficient including the influence of weak phases. The index i denotes
each decay channel listed in MTahle—2.

In the analysis of B — K+TK~KY, the Dalitz-plane dependent amplitude for the
resonant decay process B — r K3, where r represents a resonance, can be expressed using
four terms as follows:

Fi(L7S+7S—> = ZL(ﬁ’(n X Xg(|]5*|) X X£(|(ﬂ) X RT(S-HS—)’ (63)

Here, L denotes the orbital angular momentum between K9 and the resonance. p* repre-
sents the momentum of K in the rest frame of the B meson, while 7 and ¢ represent the
momenta of K3 and K, respectively, in the rest frame of the resonance. The terms Z,
X, and R correspond to the angular distribution, the Blatt-Weisskopf barrier factor|I0],
and the line shape of the resonance, respectively.

The term Z represents the angular distribution, which is dependent on the orbital
angular momentum L of the resonance r. It can be expressed as

Z'(p,q) =1, (64)
Z'(p.q) = —49-q (65)

XB and X7 represent the Blatt-Weisskopf barrier factors|1] for the production and
decay of the resonance, respectively. The maximum angular momentum L is limited
by ¢ in a strong decay process, implying that slowly decaying particles have difficulty
in generating angular momentum while still conserving the spin of the resonance. The
Blatt-Weisskopf barrier factor is introduced to account for this effect and can be written
as:

Xo=1 (66)
1—|—Zo
X, = 67
! 1+ 2 ( )



Here, z = (|q]d)?, z0 = (|¢o|d)?, and ¢) represents the value of ¢ when the invariant mass
mg+r— is equal to the resonance mass m,. The parameter d corresponds to the meson
radius, which is fixed at 1 fm in this analysis.

The term R, represents the form factor of the resonance, which varies for each decay
channel. In this analysis, the Relativistic Breit-Wigner function [B8] is employed for the
B — ¢K2, B — fxK2, and B — x., K2 decay channels. The Breit-Wigner function is

parameterized as:
1

T MZ = s — iMI(s)

Here, M, denotes the nominal mass of the resonance, and s represents the invariant mass
of the K"K~ system. The mass-dependent width I'(s) is given by:

|q—1 2L+1 mo
e —X2 Z), 69
|q0|) " X2 (2) (69)

RBW (s) (68)

I(s) = I (

where m = /s denotes the invariant mass of KK~ system, and I'y corresponds to the
nominal width of the resonance.

The Flatté function[I6] is used exclusively for the B — fy K3 decay channel, where
the kinematic threshold for the creation of the resonance from the K™K~ pair is very
close to the mass of the resonance f;(890). In this analysis, the following parametrization
is adopted to describe the fj lineshape:

1
Flatté(s) = 70
4 6(8) Mg —5—1 (gwﬂ'pﬂw + QKKPKK) ( )

V1—4m2/s
o = 2 = 71
p 7 (71)
1 —4m? /s
—9oY - K/
PKK Na

(72)

Here, ¢,, and gk denote the coupling constants. For this analysis, the values of these
coupling constants are fixed to g,, = 0.165 + 0.018 GeVQ/c4 and gxr/gnr = 4.21 £0.33
[3].

For the non-resonant component, an empirical exponentially decaying model is adopted,
which parameterize the line-shape of the non-resonant component in terms of three com-
ponents as

Fnr = Fnry + Fnr, + Fnr_ (73)
Fyp, =€ (74)
Fyp, =e (75)
Fyn. = e~ (76)

The parameter « is fixed to 0.14, which is cited from a previous analysis[31].
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4.3 Parametrization of the isobar model and CP asymmetry

The coefficients for each decay channel in the isobar approximation are parametrized as:

a, = a;(1+ ¢;)e' "t (77)
a;(1 — ¢;)elbi=di), (78)

1
a;

In this notation, a;, b;, ¢;, and d; are real numbers representing the amplitude, phase, direct
CP asymmetry, and mixing-induced CP asymmetry for each decay channel, respectively.

Using these parameters, the quasi-two-body expression of CP asymmetry for each
decay channel can be calculated from the Dalitz parameters ¢; and d;. The direct CP
asymmetry is given by:

S e
op = - = , 79
e JaFrlal v e 7
Furthermore, the CKM angle ¢} for each decay channel is determined as:
~./ /*

Here, the parameter d;, which is one of the fitting parameters, is directly connected to
the CKM unitarity angle. Along with the phase term b;, the event distribution exhibits
asymmetry between d; and 90° — d;, and thus resolving the two-fold ambiguity in the
quasi-two-body approach and enable us to measure ¢; diectly.

4.4 Dalitz Plot and square Dalitz Plot

The kinematics of a three-body decay can be described using two variables, as expressed
in [Eq. 60. Therefore, the kinematics of a three-body decay can be represented by the dis-
tribution of events over a two-dimensional plane. The parametrization that uses two inde-
pendent variables as the invariant masses (s, s_), is referred to as the Dalitz parametriza-
tion. By utilizing [Eq. 69, the squared decay amplitudes for each channel, |F;(s.,s_)|?
can be visualized on the Dalitz plane, as illustrated in [Fig. 25.

As depicted in [Fig. 29, the event distribution for resonances such as ¢Ko or foK2
exhibits a sharp peak near the boundaries of the three-body decay kinematics. Both signal
and background events tend to concentrate in regions close to the kinematic boundary
on the Dalitz plane. This characteristic poses challenges in modeling the background
distribution and accounting for the reconstruction efficiency accurately. To address these
challenges and enhance the regions of interest where B® — ¢K3 events populate, the
square Dalitz plane [1] (m/,€’) is employed to describe the event distribution in this
analysis. The parametrization of the square Dalitz plane is given by:

1 . man

m' = — arccos(2 ZLM T — —1) (81)
1

0= -0 82
L, 82
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Figure 25: Distribution of |F;(m/, §")|? over Dalitz plane for each decay channels. Horizon-
tal and vertical axes represents the squared invariant mass between Kgo-K* and K2-K—,
and the z axis represents |Fy(sy, s_)[%
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max min

Here, mg™* = mpo — myo and mg"" = 2my+ represent the maximum and minimum
kinematically allowed invariant masses of the K+ K~ system, respectively. The parameter
6o corresponds to the angle between K and K in the rest frame of K and K.

The range of both m' and 6’ is defined to be within the interval [0, 1]. The Jacobian
of the transformation, denoted as det.J, can be calculated as follows:

. . Omg0dcost
det.] = 4\pK+||ng|% BI

(83)

Here, p7., and p;{g represent the momenta of K™ and K in the rest frame of K and K.
The distribution |detJ||F;(m/,6")]? is depicted in [Fig. 26. By utilizing the square Dalitz
plot to analyze the event distribution, the sharpness of the distribution is broadened,
enabling a more precise handling of histogram probability density functions (PDFs) over
the square Dalitz plane. Additionally, it make it easier to calculate the normalization of
the PDF over the entire kinematically allowed region.
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5 Event reconstruction and selection

In this section, we first deliver explanation for the flavor tagging and the measurement of
decay time difference At, then provides strategy for event reconstruction and selection.

5.1 Flavor Tagging

The flavor tagger plays a crucial role in determining the flavor of the tag-side B meson,
which is necessary to establish the flavor of the fully-reconstructed CP-side B meson.
In the process of generating BB pairs at the Y(4S) resonance, no additional particles
are expected to present. Therefore, tracks and clusters that are not used in the full
reconstruction of the CP-side B meson can be attributed to the tag-side B meson. Certain
decay channels of B mesons exhibit flavor-specific final states, such as B9 — D**[~ i,
where the information from the tracks and clusters on the tag side directly provides the
flavor of the tag-side B meson.

The flavor tagger serves as a tool that utilizes an inclusive technique with a multivariate
method to extract information about the tag-side flavor from flavor-specific signatures. It
returns two values: ¢ and r. The value of ¢ is +1 or -1, indicating whether the flavor of the
tag-side B meson is B® or B?, respectively. The parameter 7 represents the dilution factor,
which is defined as r = 1 — 2w, where w is the wrong tag fraction. The wrong tag fraction
corresponds to the fraction of incorrectly identified events among the total number of
tagged events. A value of r = 0 implies that no flavor information is available for the
tag-side B meson, while » = 1 signifies that the flavor determination is unambiguous.

The flavor tagging parameters are determined separately for each of the 7 bins defined
by the values of the flavor tagger output |gr|. These 7 bins have edges located at:

lgr| = [0,0.1,0.25,0.45,0.6,0.725, 0.875, 1]. (34)

For each bin, the performance of flavor tagger is then represented as

w=g (ngdg + wpo,,,)
AU} = (ngag — wB_Otag) (85)
EBt?ag B EB_Otag
n=

EBgag + eéotag

where w BY., and wpo,_ are the wrong tag fraction and € is the tagging efficiency defined as
the fraction of events to which the flavor tagger can assign any flavor tag over the number
of total events.

The flavor tagging parameters have been calibrated using 361.6 fb~! of real data for
the B — D™=~ decay channels [20]. The calibration results, which determine the
performance of the flavor tagger, are presented in Mable—3. These calibrated parameters
are used in the construction of the CP asymmetry fitting PDF.

5.2 At measurement

The concept of the measurement of decay time difference At is shown in [Fig. 27. The
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qr-bin

wB?ag

wB_Otag

|

i

[0, 0.1] (04770 + 0.0077) | (0.4838 % 0.0076) | (- 0.0240 + 0.0122)
0.1, 0.25] (0.4430 =+ 0.0076) | (0.4049 & 0.0078) | (0.0138 =+ 0.0123)
[0.25, 0.45] | (0.3315 =+ 0.0072) | (0.3504 & 0.0073) | (- 0.0115 + 0.0118)
[0.45, 0.6] (0.2327 + 0.0073) | (0.2397 & 0.0076) | (0.0088 =+ 0.0126)
0.6, 0.725] | (0.1774 + 0.0073) | (0.1577 & 0.0077) | (0.0368 =+ 0.0135)
[0.725, 0.875] | (0.1070 =+ 0.0068) | (0.1075 & 0.0068) | (- 0.0202 + 0.0133)
0.875, 1] (0.0286 =+ 0.0042) | (0.0262 + 0.0042) | (- 0.0123 %+ 0.0108)

Table 3: The parameters of flavor tagger calibrated for B — D®™~7~ decay channels
with 361.6fb" real data[20].

>4l ~ 130um

Figure 27: The concept of At measurement in Belle IT experiment, where At is measured
through the difference of the position of B meson decay vertices.

center-of-mass system of B meson pairs are boosted along beam axes with Lorentz boost
factor By = 0.286 due to the asymmetric energy between electrons and positrons. This
enables us to measure the difference of B meson decay time, which is typically around 1
ps and cannot be observed directly, through the difference in the decay vertex position of
each B meson. A BB pair created by T(4S5) decay is almost at rest in the center-of-mass
frame, and thus we can approximate the boost factor of each B meson to be 8y = 0.286
as same as BB system. Then the At can be measured as

lCP - ltag

At =tcp — thag = e

(86)

where tcp and ti,; denotes the decay time of CP-side and tag-side B meson, and lcp and
liag denotes the decay vertex position of CP-side B meson and tag-side B meson projected
to the direction of boost vector.
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5.3 Data set used for analysis

For the measurement of CP violating parameters in B — KK~ K$ decays, the electron-
positron collision events at Y (45) resonance are collected by Belle II experiment. The
collected events corresponds to integrated luminosity 361.6 4 3.9fb~![23], and contains
(38744) x 10% BB pairs. For analysis using Monte Carlo simulation, events corresponding
to lab™! are generated for each event type of ui,dd, s5,cé, Bt B~ and B°BO decays.

5.4 Event reconstruction and selection

In this section, the event reconstruction and selection criteria are explained. The list of
the cut criteria is shown in Mable 4. In the analysis we are only concerned with hadronic
events, and thus events originating from Bhabha scattering need to be vetoed. An event
is identified as a Bhabha event by satisfying all the following condition:

e The number of good tracks with p, > 0.2 GeV/c, |dy| < 2 cm and |z9| < 4 cm is
two or more, where p; is the transverse momentum of a track, dy is the distance
between a track and interaction point in r — ¢ plane, and z; is the z coordinate of
the closest point of a track against interaction point.

e The maximum opening angle between two charged tracks in the CMS frame of eTe~
is larger than 2.88 radian.

e The number of tracks identified as electron is one or more.

e The number of tracks with p*/Epeam > 0.35, where p* and Ejpean are the momentum
of a track and beam energy in the CMS frame of ete™, is two or more.

e The total energy of ECL clusters is more than 4 GeV.

The Bhabha events satisfying those conditions are rejected, and in addition to that we
require existence of three or more good tracks in order to identify a event to be hadronic
event.

K* selection

For K¥* selection, the selection with |dy| < 0.5cm and |zp] < 2.0cm are applied. For
particle identification, tight requirements are set for K* as kaonID > 0.6, where kaonID
is the particle identification for each particle to be K*, in order to reject possible peaking
background from BB background due to mis-identification of K* from ohter particles,
especially 7%. The kaonID is defined as

kaonlID = L ) (87)

zi:e,u,mK,proton,deuteron ‘CZ

where £; is the likelihood of a particle to be each charged hadron and lepton [G]. The
K* selection efficiency against the mis-identification rate of 7% to K¥ is evaluated using
MC dataset as shown in [Fig. 28. For the cut with kaonID > 0.6, we have 76.8% selection
efficiency with 1.3% mis-identification rate of 7% to K*.
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Figure 28: The K¥ selection efficiency against the mis-identification rate of 7% to K+
evaluated with MC simulation.

K? reconstruction, selection

K is reconstructed from Kg — 77~ decay with conditions of 0.485 < myg < 0.515GeV /c?
and the flight length of KJ to be larger than 0.05 cm. Additional cut for K2 candidates
is applied based on a multivariate classification technique known as FastBDT[25]. In
order to achieve higher performance for selecting K9, mva-based selection method called
KsSelector is developed. The KsSelector consists of two FastBDT: VOSelector and Lamb-
daVeto. The VO0Selector FastBDT discriminate long-lived true K3 from mis-reconstructed
fake K2 which tend to originate from interaction point. The LambdaVeto FastBDT dis-
criminate true K2 from A using variables including different mass-hypothesis for K9
daughter 7%. The full list of variables for those FastBDT training is listed in Tabhle_4
and Table H. The distributions of the multivariate analysis output for VOSelector and
LambdaVeto in 1ab™! training MC dataset are shown in and [Fig. 30. The cut
condition mva(VO0Selector) > 0.90, mva(LambdaVeto) > 0.11 are then applied so that the
figure of merit in terms of the number of true K against the number of remaining fake K3
is maximized. As a result of those K§ selection, we obtained 89.0 % signal K2 selection
efficiency with 0.45 % background K efficiency for the selection using ksSelector.
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Figure 29: The output distribution of the VOSelector algorithm for true K3 (Blue) and
mis-reconstructed K9 excluding A (Red).
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Figure 30: The output distribution of LambdaVeto algorithm for true K% (Blue) and A
which is mis-reconstructed as K3 (Red).

CP-side B° reconstruction and selection

CP-side B candidates, or Bep, are reconstructed from B — K2K K~ decay with vertex
fitting method called TreeFitter [28], where B decay vertex is constrained to IP. Here we
require tracks which are used for vertex fitting to have VXD hits sufficient for TreeFitter
requirement. The decay vertex of a Bgop is constrained to the region extrapolated from
interaction point region along the momentum of Bep. The concept of vertex fitting for
Bep is shown in [Fig. 31, where pp,, is the momentum of Bop. All the kinematics of
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Variable Description

cosVertexMomentum The angle between K§ vertex and K§ momentum
FlightDistance Flight Distance of K
significanceOfDistance Significance of the distance between K9 vertex

and interaction point

cosHelicity AngleMomentum

The angle between
momentum difference of 7% in K2 rest frame
and K9 momentum in lab frame

ImpactXY

The distance between K2 vertex and IP in the xy plane

decayAngle(i) (i=0,1)

The angle between momentum of daughter 7= and K9
in K2 rest frame

daughter AngleDiffInMother

The angle between 7% and 7~ in K rest frame

daughtersDeltaZ The difference of z position between 7+ and 7~
dr .+ Track parameter of 7+ and 7~

nSVDHits, + The number of hits in SVD for 7™ and 7~
nCDCHits .+ The number of hits in CDC for 7% and 7~

Table 4: Variables used for VOSelector algorithm, which mainly discriminate true K9
from mis-reconstructed K2 originating from IP.

Variable Description
protonlID_. | Particle identification of 7= for proton
My The mass of K3 assuming proton mass hypothesis for 7
My The mass of K3 assuming proton mass hypothesis for 7~
Pt The momentum for each 7=
cosTheta,= | The cos@ for each 7% defined as the polar angle of momentum

Table 5: Variables used for LambdaVeto algorithm, which mainly discriminate true K79
from A.

daughter particles are updated using the fitting result for vertex position. CP-side B
candidates satisfying |[AE| < 0.2GeV and 5.2 < M. < 5.3GeV/c? is then adopted,
where M;. and AFE are defined as

Mbc = \/ Egeam - p*BQ’ (88)
AE = E% — Eyeam. (89)

Here Eyeam and pj; is the beam energy and momentum of CP-side B meson in the center-
of-mass frame, and E7 is the reconstructed B meson energy in the center-of-mass frame.
Each candidate is ranked by B vertex quality x? and used for selecting best B candidate
when there exists multiple candidate for CP-side B meson within one event.

In this analysis, the region |[AE| < 0.05GeV and 5.27 < M, < 5.29 GeV/c? is defined
as a signal region, and the region |AE| < 0.2 GeV and 5.2 < M. < 5.26 GeV/c? is defined
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PBiqg = Pbeam — PB¢p

Figure 32: The concept of vertex fitting for the tag-side B candidates.

as a side-band region.

Tag-side B° reconstruction

Tag-side B meson, or By,,, are reconstructed using remaining tracks and clusters which
are not used for the reconstruction of CP-side B meson. The condition |dy| < 0.5cm, |z| <
2.0cm, p 2 0.05GeV/c and the existence of hits in CDC and SVD are required for tracks
to be used for vertex fitting of Bi,s. The Bi,g is then reconstructed using KFit algorithm
with tube constraint. The concept of vertex fitting for B,,, is shown in [Fig. 37. In the
fitting with tube constraint, the By, vertex position is constraint to the tube region along
the Bi,ag flight direction extrapolated from the intersection region of interaction point and
Bcp vertex.

Additional tag-side vertex quality cuts are applied as oa; < 2 ps, TagVpValue > 0 and
TagVNDF > 0.5, where oa; is the error in the estimation of decay time difference between
Bep and By, TagVpValue and TagVNDEF is the p-value and the degree of freedom of
the By, vertex fitting.

Flavor tagging

The flavor of By, is determined by identifying signatures through flavor-specific final
states, as briefly mentioned in Sec— 5. In this section, we elaborate on the particle
reconstruction process used for flavor tagging. To determie the flavor of B mesons, we
employ multivariate algorithms utilizing a category-based flavor tagger [d] in this analysis.
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Figure 33: The list of tagging categories along with their corresponding targets (left) and
the considered decay modes for each category (right) [d]. The parameter p* represents
the momentum in the center-of-mass frame, [* corresponds to charged leptons, and X
denotes other potential particles involved in the decays.

This involves first categorizing the information related to the decay products of the B
mesons and subsequently combining it to determine the flavor.

In the initial stage, kinematics, track hits, and Particle IDentification information
(PID) are utilized as input values for each track. These are employed to identify particles
among the candidates for the tag-side decay product, as listed in [Fig. 33. For all categories
except for the Maximum-p* category, PID variables are employed. In the case of the
Maximum-p* category, PID variables are determined based on PID likelihoods for charged-
particle hypotheses.

In the subsequent step, the category information obtained in the first step is integrated
using the schematics presented in [Fig. 34. The multivariate algorithm employed is based
on FastBDT [25] classifiers. For each event, the decay products are categorized according
to flavor signatures such as e, u, K, m, and A, denoted by the green box in [Fig.34.
The FBDT classifier calculates the ¢r value for each event, with the category information
serving as input variables.

5.5 Charmed Veto

The contribution of the charmed decay of B mesons through the b — ¢ transition adds
to the background component originating from BB background. Consequently, it is nec-
essary to reject this contribution in the analysis by applying cuts on the invariant mass
of KTK~, KTK?2, and K~ KY. Mable 4 illustrates the charmed decays that are vetoed
in this analysis through the application of the invariant mass cut. The B° — . K&
decay channel, however, is not vetoed in this analysis due to the substantial width of x,.
Instead, it is included in the CP fitting procedure, with the CP asymmetry parameters
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Figure 34: A schematic representation illustrating the second stage of the category-based
flavor tagger [4].
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of B — X, Kg fixed to the Particle Data Group (PDG) value [I7] in the CP fitting.
The potential BB background resulting from the mis-identification of B meson daughter
particles is rejected by applying stringent kaonID criteria and therefore not vetoed in this
analysis.

Mode Vetoed Mass
BY = D™ (= KgK )K" | [mg+gg —mp-| < 15MeV/c?
B = Dy (= KgK )K" | [mgxgg —mp-| < 15MeV/c?
BY — DY(— KTK)KY | Img+x- —mpo| < 15MeV/c?

Table 6: Charmed decays to be vetoed in this analysis by applying cut to the invariant
mass between two of the B meson daughters.

5.6 Continuum suppression

In order to reject contribution from gg background events, FastBDT is trained using
variables representing event shape. The following variables are used for training :

o KSFW variables [9] : R2,M2,, B, H?(i = 0,1,2: j = 0,2,4), H?(i = 0,1,2,3,4).

The definition of these variables are given in Appendix B.
e cosTBTO : Cosine of the angle between Bop and Bi,e thrust axes
e cosTBz : Cosine of the angle between Bep thrust axis and z axis
e thrustOm : the magnitude of By,, daughters thrust

The thrust axis is defined as a unit vector t maximizing the thrust magnitude T defined
as

)

> Pi

where p; is a momentum of a daughter track of Bop or B, and i denotes all daughter
tracks of Bep or Biag. The FastBDT is trained with a sample consists of 20000 true
samples from signal MC Dalitz events and 40000 false samples coming from ¢g continuum
event. The checking of over-training is checked using independent sample than the sample
used for FastBDT training. The result of training and over-training check is shown in
Fig. 39 and [Fig. 36. The cut threshold for the FastBDT output Ocg are calculated to be
0.55 as a value which maximize ngg/ \/Nisig T Nbkg.

(90)
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Figure 35: The result of continuum suppression FastBDT along with over training check
and the distribution of multivariate output for signal event (Blue) and ¢g background
events (Red).
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Figure 36: The plot of efficiency and purity of the continuum suppression FastBDT (left),
and the true/false positive rates (right).
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Figure 37: The relation between the threshold of continuum suppression FastBDT output
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5.7 Summary of event selection and reconstruction

The summary of all the cut criteria is shown in Mable 4. The breakdown of selection
efficiency for each cut criteria are shown in Mable—8. The remaining number of event
after all the cut in this section is listed in Mahle 9, and the selection efficiency for signal
events is estimated to be 14.25 + 0.04 %. The tracking efficiency of charged particle
including detector acceptance is expected to be 0.85 ~ 0.9 for high momentum region
with pr > 1GeV and 0.7 ~ 0.8 for low momentum region with pr < 1 GeV [39], where pr
is the transverse momentum of a track. We need all the daughter particles of Bep to be
reconstructed, leading to the dominant contribution to the signal reconstruction efficiency
for the pre-selection step in able—3.
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Pre-selection

K* |d0| < 0.5cm
|20| < 2.0cm
kaonID > 0.1
K? 0.485 < myg < 0.515 GeV/c?
flightLength > 0.05cm
Bcp 5.2 < M. < 5.3 GGV/02
|AFE| < 0.2GeV
X2 >0
Biag TagVpValue > 0
TagVNDF > 0.5
Selection
Vertex quality oar < 2ps
ksSelector mvayoselector > 0.90
MVAaLambdaVeto 0.11
K* kaonID > 0.6

Charmed Veto

Mgy —mp-| < 15MeV/c?

Mg ko —mD§| < 15MeV /¢
|mpc+x- —mpo| < 15MeV /c?

2

Best Candidate Selection

largest 2

Continuum Suppression

O > 0.55

Table 7: List of selection criteria applied for the reconstruction of event candidates in this

analysis.

Signal Dalitz MC | Background MC | Real Data
Pre-Selection 100.00 100.00 100.00

oar < 2ps 98.23 (98.23) 08.42 (98.42) | 98.35 (98.35)
K Selection 04.81 (96.52) 8274 (84.07) | 78.13 (79.44)
KaonID > 0.6 78.95 (83.27) 53.93 (65.18) | 45.65 (58.43)
Charmed Veto 75.99 (96.25) 52.10 (96.61) | 44.13 (96.67)
Best Candidate Selection 74.75 (98.37) 50.71 (97.33) | 43.18 (97.85)
Continuum Suppression 58.90 (78.80) 6.13 (12.09) 7.37 (17.07)
Signal Region Cut 53.09 (98.62) 0.23 (3.75) 0.52 (7.06)

Table 8: The breakdown of the selection efficiency for each cutting criteria for signal
MC, generic background MC and real data in the unit of %. The number in a bracket
represents the selection efficiency for each cut criteria.



Selection Criteria | 1ab~" background MC | 1M signal Dalitz MC
PreSelection 763043 245229
All the cuts 1755 142454

Table 9: The remaining number of event after all the event selection for 1 ab™! background
MC and 1M signal Dalitz MC. The criteria for Pre-selection is shown in [abhle .
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6 Signal Extraction Fitting

After all the event selection and reconstruction explained in Section.5, there still exists
background events originating from gg or BB decays in addition to signal events. In
order to calculate expected number of yield for each ¢g, BB and signal event, the signal
extraction fitting is performed. In this section, the method to estimate signal yield and
event-by-event fraction is explained, which is used in the CP fitting procedure later in

Sec™1 .

6.1 Method to extract event fraction

In order to obtain event-by-event fraction and the yield of signal, ¢¢ and BB events,
simultaneous fitting to M., AE and qr-bin are performed. The event distributions for
the M,. and AFE before or after event selection are shown in [Fig. 38. The simultaneous
fit is then executed by extended maximum likelihood fit with the following PDF,

Mbc Mbc
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Figure 38: Distribution of M, or AFE for 361.6 fb™' real data. The left figures represents
distribution with only pre-selections, and the right figures represents distribution with all
cuts including continuum suppression.

PEE D) = Nug far "PEUE) + Nogfsn " PEN) + Nppfog Pos () (91)

sig
where ¥ = (M., AE), [ is the qr-bin determined by flavor tagging, N, Nyg, Npp is the
total number of yield for each event type, and f:i?’l, ;gt’l, ;’%’l is the fraction of the
number of event in qr-bin [ for each event type. The individual yield of each event type
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for qr-bin [ is then given as
= N, o (92)

where z = sig, ¢g, or BB. The PDF modelling of (M., AE) is common for all the qr-bin
[0-6] in this analysis.

6.2 Models of PDF

In this subsection, PDF modelling for each event type are described. The summary of
the (M., AF) modeling is listed in Mable 10

Argus+Gaussian | Second Order Polynomial

‘ Mbc ‘ AFE
Signal \ Double Gaussian \ Double Gaussian
ch ‘ Argus ‘ First Order Polynomial
B_| |

Table 10: PDF models of signal, ¢ and BB, which is used for signal extraction fit.

Signal events

For signal event, PDF is defined as

Pext(f) (GMbc ( My, Mbc )+ becGMbc(MbC’Ni\gflc70%3c))

sig main bes :umaz’m main ail ~tail

(93)

where both M. and AFE are modeled as a double Gaussian. The parameters for tail
fraction and tail Gaussian are fixed to the values obtained by fitting to 1M signal only
Dalitz MC samples. The main Gaussian parameters are obtained in the simultaneous
fitting to the real data.

qq background events
For ¢qq background events, PDF is defined as
P;gt(f) = Argus(Mye; myg, kqg) X Poli(AE;plyg) (94)

where M, is modeled as an Argus function [5] and AE is modeled as a first order poly-
nomial. The Argus function is defined as

Argus(m;mo, k) =N -m - 1_(7%)2-9,@ <k<1—(mﬁ)2>> (95)

The shape parameters for q¢g background are determined by the simultaneous fitting to
the real data.
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BB background events
For BB background events, PDF is defined as

77%’%( r) = (Argus(Mye; mpp, kpp) + fBBGM“(Mbc,ug};ﬂ Mbc)) x Poly(AE; plBB7p2(BB))

96

where My, is modeled as the sum of Argus function and Gaussian, due to the peaking

BB background component. AE distribution is modeled as a second order polynomial.

The parameters for BB background shapes are fixed to the value obtained by fitting to

lab™! MC dataset due to the small statistics of BB background events in the real data.
ext,l .

In addition to the PDF parameters, the event fraction fz" is fixed to the value obtained
from lab™! background MC dataset.

PDF parameters from fitting to MC samples

In order to determine part of PDF parameters, fitting to (M., AE) distribution with 1M
signal MC samples and 1ab~' background MC are performed. Here free parameters to
be fitted is Ny, .z 55 fsez; ;q in addition to Pﬁf; 47 Parameters. The comparison between

(My., AE) distribution and fitted PDF for all qr-bin region is shown in [Fig. 40, and the
fitted PDF parameters are listed in [abhle _TTI.

6.3 Validation of signal extraction fit with Toy MC

The signal extraction fitting is then performed using unbinned maximum likelihood by
minimizing log-likelihood defined as

—2log £ = —2ZIOg (Poe() (97)

The fitting procedure of signal fraction is validated using Toy MC study. 150 Toy
MC datasets are generated based on the PDF described above. The mean and sigma of
the pull distrlbution of the fit result of f;’gl and fle” from nominal values are shown
in [Fig. 39. For all the event fractions to be fitted in the simultaneous fitting, the pull

distribution of the fit result are consistent with normal distribution.

6.4 Signal extraction fit to real data

The simultaneous fitting are performed to the real dataset with 361.6fb~!, where part of
the PDF parameters is fixed to the value obtained by fitting to MC dataset as mentioned
in Bec 6. The result of the fitting parameters and parameters fixed from MC is shown
in Mable—T2. The yield of each event type is shown in MTable T3 and Mable—T4. The
comparison between event distribution and fitted PDF are shown in [Fig. 47], Fig. 42, and
Fig. 43. The comparison of the event distribution in signal region and the PDF shapes
projected to signal region is shown in [Fig. 44. As seen in [Fig. 44, no bias between event
distribution and projected PDF was observed in the signal region, and thus event fractions
in the signal region is correctly estimated by fitting to all the events including side-band
region.
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Figure 39: The result of the linearity check of signal extraction fitting procedure using
Toy MC study. The left (right) figures shows the mean (o) of the pull distribution of the
fitted event fraction fsei’g’l and fqegt’l obtained by Gaussian fitting to the pull distribution.
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Parameter Fit result

Signal Event
e 5.2797+0.0000 GeV/c?
ot 0.002540.0000 GeV/c?
[inbe 5.2775+0.0030 GeV/c?
o pbe 0.002940.0005 CeV /c?
M 0.2403+0.0500
pusE -0.001340.0002 GeV
oE 0.021440.0004 GeV
sk -0.001040.0003 GeV
ohE 0.0245+0.0004 GeV
A 0.271040.0420

qq Event
Mg 5.289840.0005 GeV/c?
kga -19.8969+0.9557
Pleg -0.816340.0730

BB Event
G 5.27945£0.0004 GeV/c?
op 0.003940.0005 GeV/c”
kpp -54.4695+4.9340
plps -5.19385+0.3704
255 19.8175+3.4388 (GeV/c?) T
5b 0.80860.0236

Table 11: The list of parameters describing PDF for signal extraction fitting, calibrated
with 1ab™' MC dataset for ¢ and BB background, and 1M signal MC for signal event.

extended ML fit : Mbc extended ML fit : deltaE
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Figure 41: Distribution of My, and AE summed over all qr-bin and including both signal
region and side-band region. The dot, dashed and solid line represents qq,B B, and signal

yield respectively. The bottom plot represents pull of the event distribution from fitted
PDF.
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Parameter Fit result
Signal Event
pe —15.279740.0001 GeV/c?
o 10.002440.0001 GeV/c?
fipbe 5.2775 GeV/c?
e 0.0029 GeV/c?
M 0.2403
puae 0.0027+£0.0053 GeV
ohE 0.0289+0.0049 GeV
paE -0.0010 GeV
ol 0.0245 GeV
A 0.2710
qq Event
Mg 5.288940.0005 GeV/c?
kqa -15.3462+1.2870
pleg -0.77920.0840
BB Event
o 5.27945 GeV/c?
o 0.0039 GeV/c?
kpp -54.4695
plps -5.19385
255 19.8175( GeV/c*) ™!
5B 0.8086

Table 12: The list of shape parameters used for signal extraction fit obtained by simulta-
neous fitting to the 361.6 fb ! real data. The errors is statistics. Values without statistical
error is fixed to the value calibrated using MC sample as listed in [abhleTT1.

All Region Signal qq BB
qr-bin 0 95.1+11.7 | 3077.5£57.1 154.1+37.2
qr-bin 1 82.5+10.8 | 3018.2+£56.4 | 136.3+32.9
qr-bin 2 | 106.6£12.2 | 2887.44+55.2 | 137.64+33.2
qr-bin 3 90.9+11.1 | 2220.2+48.5 | 110.2+26.6
qr-bin 4 75.3+10.2 | 1813.5+43.9 95.5+23.1
qr-bin 5 63.44+9.3 1365.7£38.3 91.7+22.2
qr-bin 6 | 119.3£11.6 | 513.9£25.2 123.5+29.9

Total 633.2£29.2 | 14896.54+-126.0 | 848.94205.1

Table 13: The number of event yields for each event type obtained by signal extraction
fit to 361.6fb~* real data. This table includes both signal region and side-band region.

o8



Signal Region Signal qq BB
qr-bin 0 92.9411.4 | 98.3£1.9 | 11.742.8
qr-bin 1 80.6£10.6 | 97.841.8 | 10.442.4
qr-bin 2 104.1£11.9 | 93.6+£1.8 | 10.5+25
qr-bin 3 88.8£10.8 | 72.0£1.6 | 8.5+2.0
qr-bin 4 73.6£10.0 | 58.8£14 | 7.3£1.7
qr-bin 5 61.949.1 | 44.3£1.2 | 7.0£1.6
qr-bin 6 118.6+£11.3 | 16.74£0.8 | 9.4+2.2

Total | 620.5428.5 | 481.444.1 | 64.8+15.2
Expected from MC | 7085 | 600.0 [ 35.1

Table 14: The number of event yields for each event type obtained by signal extraction
fit to 361.6fb~* real data. This table includes only signal region.
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Figure 42: Distribution of M. and AE for qr-bin 0-3 including both signal region and
side-band region. The dot, dashed and solid line represents qgq, BB, and signal yield
respectively. The bottom plot represents pull of the event distribution from fitted PDF.
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Figure 43: Distribution of M. and AFE for qr-bin 4-6 including both signal region and
side-band region. The dot, dashed and solid line represents qq, BB, and signal yield
respectively. The bottom plot represents pull of the event distribution from fitted PDF.
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Figure 45: Distribution of M. and AF for qr-bin 4-6 projected to signal region. The dot,
dashed and solid line represents ¢¢, BB, and signal yield respectively. The bottom plot
represents pull of the event distribution from PDF.
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7 CP Fitting

In this section, we first provide the modelling of At distribution for each signal, ¢q and
BB event type, which is critical for the measurement of CP asymmetries through At
distribution. Then the full PDF to extract CP violating parameters is introduced.

7.1 At modeling
Signal event

For signal resolution function, we adopt the At resolution function which is developed
and calibrated for B® — D®~7~ and B® — J/¥ K9 decay channels [20]. The resolu-
tion function consists of a double Gaussian with exponentially decaying tails and outlier
Gaussian, which is written as

Rsig<5At; UAt) = (1 - fOL)Rcore(éAt; aAt) + fOLROL((SAt; UAt) (98)

where 0At is defined as the difference between measured At and true At defined as
0At = At — At', and for, is the fraction of outlier. Ry is expanded to

Reore(0AL; 0a1) =(1 — frait) G(OAL; fhmainOA¢, SmainTA¢)
+ (1 — fexp) frait G (OAL; feait O AL StaiOAL)
+ foxp frait G(OAL; fhain O A Stail O AL)
® (1 = fr)exp_(0At/(coar)) + frexp (—0At/(coat))

(99)

where o4, is the uncertainty of At measurement from vertex fitting quality and exp, (z) =
exp(z) where x > 0, and similar for exp_(x). The tail fraction fi,; is a function of oa; as

o (0805 Foss o f) = 5 <erf( ff@?) ~ orf (f“f_—};)) . (100

where the error function erf(x) is defined as

erf(z) = % /Ox et dt. (101)

The outlier of the resolution function Rop(0At; oa,) is described as a Gaussian with
mean 0 and width independent of o, as

Rou(0At;0a) = G(6AL;0,001) (102)

All the parameters for the resolution function are common for qr-bin = [0, 5] region,
expect for the qr-bin = 6 region where ¢, fexp, fr, hmain a0d f14ai are allowed to be indepen-
dent from parameters for qr-bin = [0, 5] region. The list of resolution function parameters
calibrated for B — D®)~7~ decay channels with 1ab™' MC dataset and 361.6fb™* real
data is shown in Mable"T3.
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Parameter | MC15ri [lab™'] | Data [361.6 fb™']

[lmain (-0.1561 + 0.0271) | (-0.0658 + 0.0389)
. (-0.0756 + 0.0586) | (-0.0263 + 0.0854)
[t (-0.7940 + 0.1036) | (-0.7604 + 0.1887)
. (-0.7280 4 0.1975) | (-0.5369 + 0.3238)
Ormain (1.1875 & 0.0335) | (1.0588 + 0.0544)
Otail (2.4129 + 0.1318) | (2.4328 + 0.2466)
funax (0.3074 & 0.0251) | (0.2868 + 0.0432)
c 4.2767 4.2767
8 3.9239 3.9239
fr 0.2478 0.2478
18 0.2454 0.2454
Foxp 0.2097 0.2097

S 0.2216 0.2216
fu 0.2361.6 0.2361.6
s 0.0934 0.0934
for 0.0001 0.0001

Table 15: Resolution function parameters calibrated for B — D™ =7~ decay channel
[20]. The fitting parameters without uncertainty is fixed from the fitting to At residual
fit.

qq background event

For ¢ background event, the following function is used to describe At distribution :

P = ((1— f3) o exp(- 28 4 g(ar— )

® ((1 - ftail)G(At; 07 SmaindAt) + ftailG(At; 07 Stail(SAt))

(103)

where the double Gaussian is convoluted with the sum of exponentially decaying term and
delta function. In this parametrization, fs, fiail, [, T, Smain and S¢ay is floated, and fitted
to 1ab™* MC or At side-band region of 361.6fb™" real data. The comparison of fitted
PI9(At) against event distribution for MC and real data are shown in [Fig. 46. The fitting
result of 6 parameters are shown in [[able TG and Table_T7.

BB background event

For BB background event, the same resolution function as signal events is adopted, but
with smaller lifetime as

5 1 At
PEB(AL) = 5 exp(—%) ® Rsig(6AL; oAL) (104)

where 7 is a parameter to be fitted to 1 ab™! MC. Due to low statistics in data, the At
modeling for BB background is fixed to the value obtained by fitting to MC. The fitting
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Figure 46: Fit result of At distributions to ¢g continuum events for 1ab™" MC dataset
(left) and 361.6fb™" side-band data(right). The upper figures shows the comparison
between event distribution and fitted PDF, and bottom figures shows the pull distrubiton
of event distribution from PDF line shape.

‘ Fit result
fs 0.973 + 0.004
Jail 0.190 £+ 0.011
1 [ps] -0.006 £ 0.003
7 [ps] 2.164 + 0.141
Omain [PS] | 1.243 £ 0.014
Ol [PS] | 3.265 £ 0.111

Table 16: The parameters of At distribution function for ¢q background events calibrated
for 1ab™* MC15 data sample.

to MC dataset is done for B°B° mixed MC and Bt B~ charged MC respectively, and the
fitting parameter 7 is obtained to be Tmixea = 1.29 £ 0.03 ps and Tcharged = 1.31 £ 0.03 ps
respectively as shown in [Fig. 47.

7.2 Lifetime fitting

For the lifetime fitting including background events, PDF for maximum likelihood is
expressed as

exp(—%) + féqqu(At) + f]lSBPBB(At) (105)

1
P(At;oa,l) = fsﬁgRsig(At; OAt) ® 5

7RO

where 7o is the fitting parameters representing the lifetime of B?, [ is the qr-bin for each
event, and f!(x = sig, q7, BB) is the event fraction obtained by signal extraction fit. The
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\ Fit result

s 0.935 + 0.007
Jtail 0.160 £+ 0.017
1 [ps] -0.004 + 0.003
7 [ps] 1.896 4+ 0.104
Omain [PS] | 1.210 £ 0.019
Ol PS] | 3.086 £ 0.201

Table 17: The parameters of At distribution function for ¢q background events calibrated
for 361.6fb™" real data.
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Figure 47: Fit result of At distributions to mixed(left) or charged (right) background
events for 1ab™' MC dataset. The upper figures shows the comparison between event
distribution and fitted PDF, and bottom figures shows the pull distrubiton of event dis-
tribution from PDF line shape.

event fraction fL and are calculated for each event as
sig’ qq BB

fl B NiPeXt(Mbc,AE,l)
T zac sig,q7, BB NlPeXt(MbcaAE7l)

(106)

where N! is the number of event of each event type in the given qr bin and calculated
using the result of signal extraction fitting.

7.2.1 Validation using ToyMC

In order to check the validity of the resolution function for this B — K+ K~ K2 analysis,
lifetime fitting using the signal resolution function to a signal only Dalitz MC samples
are performed with resolution function parameters calibrated for MC dataset as shown in
[Mable TH. Here only the B lifetime 78 is floated as a ﬁttmg parameter. Then B lifetime
is fitted to be Tg‘é = 1.490 £ 0.033 ps as shown in [Fig. 48, which is consistent with MC
input value 750 = 1.519 £ 0.007 ps.
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Figure 48: The result of lifetime fitting to signal only MC samples. The line and point
represent fitted PDF and event distribution in MC dataset respectively.

Then we also checked lifetime fitting procedure including ¢ and BB background using
Toy MC. 500 datasets corresponding to 361.6fb~! are generated based on the lifetime
fitting PDF in [Eq. 109, and for each dataset residual and pull distribution of the fitted
lifetime 7po is calculated as shown in [Fig. 49. Those distribution is consistent with MC
input values within statistical errors from fitting, and thus the resolution function and At
modeling is describing distribution of At correctly.

n ,, At residual 24 At pull
Q— 2 Entries 500 25 Entries. 500
M -0.01042 M -0.171
\D 20 lean 1 w 20 lean
o Std Dev 0.07499 Std Dev 0.9694
O 18 Constant 14.74 £ 0.92 - 18 Constant 1538 +0.97
- 16 Mean  -0.01058 +0.00367 O Mean  -0.1123 +0.0474
14 VRN Sigma  007429£0.00330 | S~ 14 | \ Sigma 0.953 £0.045
-~ J \ \ h
12 / K o 12
$ 10 | Cl__) 10,
Fu sos
o C o6
g &
2 2
%% o2 01 o 01 02 03 % % 2 4 o0 1 2 3 4

Figure 49: The result of Toy MC study of lifetime fitting including background events.
The left figure shows the residual distribution of the lifetime fitting result, and the right
figure shows the pull distribution. The red line represents Gaussian function fitted to

each distribution.

7.2.2 Lifetime fitting to real data

Lifetime fitting to 361.6fb™! real data is performed, where signal resolution function or
qq distribution is calibrated for data or data side-band respectively. The result of lifetime
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fitting is shown in [Fig. 50 and Mabhle_I8. The B lifetime is obtained to be 1.48 +0.09 ps,
which is consistent with PDG average value of BY lifetime.

‘ Fit Result ‘ MC
Tpo[ps] | 1.48940.093 | 1.519

Table 18: Lifetime fitting result using 361.6 fb™! real data

7.3 PDF for CP fitting

The event-by-event PDF for extracting CP asymmetry parameters is defined as following:

Ptotal = fﬁig(Mbw AEa qr)Psig (mla 9/7 Ata (]7’)4‘
fro(Mye, AE, qr)Pyg(m’, 0, At, qr)+
fhg(Mye, AE, qr)Pgg(m/,0', At, qr). (107)

where [ is the qr-bin, and fslig, éq and fle 5 18 defined as the same way with [Eq.T06.

7.3.1 Signal event

For signal events, PDF is written as

Py (m/, 0, At, qr)

/ / dF dF
= €<m 79 )|d€tJ| ((1 - wl) m (Ata Qtag) + wlm (Ata _qtag))
® Rsig(At)
P e_‘AtVTBO 9 -
= el et I| = (1 = gy ) (IAP + |AP) =

Gtag (1 — 2wy) (JA]? = |A?) cos AmgAt+
2tag (1 — 2w;) Im (AA*) sin AmgAt) ® Ryig(At) (108)

where decay amplitude |A|? is defined using isobar model as [Eq. 62. The term e(m/,6’)
represents the reconstruction efficiency of signal events over square Dalitz plane defined
as

recon

n

e(m',8') = (109)

neen

where e(m/,¢') is implemented as a histogram PDF over square Dalitz plane, and cali-
brated using 1M Dalitz signal MC samples. The MC samples are generated to be dis-
tributing flatly over square Dalitz plane. The square Dalitz plane is then divided into 50
bins for both m’ and @ direction, and the ratio of the number of reconstructed events 7,econ
against the number of generated events nge, is calculated for each bin. The calculated

e(m’,0") is shown in [Fig. 51
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Figure 50: The lifetime fitting results of B° lifetime to 361.6 fb™" real data for qr-bin [0-5]
(a) and qr-bin [6] (b). The upper figures show comparison between event distribution and
fitted At PDF, while bottom figures represent pull distribution of event distribution from
fitted At model.
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Figure 51: The result of e(m’,§') calibrated using 1M Dalitz signal sample. The whole
square Dalitz plane is divided into 50 bins for both m’ and ¢ and implemented as a
histogram PDF.

The signal PDF is normalized over square Dalitz plot and Atf, where normalization
factor \V is calculated as

1
N = / / §(Psi9(m/, 0, At, qr = +1) + Pyy(m', 0", At, qr = —1))dm/df'dAt  (110)
sDP J At

where the normalization for giae = +1 or gray = —1 event are set to be equal in order to
enhance the sensitivity of PDF against the direct CP asymmetry. In order to calculate
the normalization factor efficiently, part of the PDF integration in [Eq. 110, which is
independent of CP fitting parameters, is calculated beforehand for each event numerically
before CP fitting as
o1/ 50 _
I, = / / (', 0)|det.]| S (!, 0 Fy (', 0) @ Roio(At)dm/d0'd AL, (111)
spP J At 47po

where ¢ and j represents decay channels. Using the result of pre-calculation, the normal-
ization factor N is then calculated by just linearly combining I;; with CP asymmetry
parameters a, which is explained in [Eq. 62.

7.3.2 qq¢ background event

The PDF for continuum background events are implemented as a histogram PDF written
as

Py = qu(mla 0')qu(At), (112)

where H,z(m/',6) is the histogram PDF of the distribution of events over square Dalitz
plane with 50 bins each. Hgz(m/, ') is calibrated using event distribution in the Dalitz
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side-band region of the real data defined as (5.24 < M. < 5.29GeV/c?) A (JAE| <
0.1 GeV), which is defined apart from the side-band region used for signal extraction and
At calibration. The histogram PDF obtained by the side-band data of 361.6fb~" real
data is shown in [Fig. 52.

o

[e] 0.1 0.2 03 04 05 06 07 08 0.9 1

Figure 52: The H,;(m',0')P,; distribution obtained from 361.6fb™" real data in the re-
stricted side-band region defined as (5.24 < M. < 5.29GeV/c?) A (JAE| < 0.1 GeV).

The Dalitz side-band is defined as the narrow range closed to the signal region due
to the difference in the event distribution on square Dalitz plane between signal region
and normal side-band, which is defined as M. < 5.26 GeV/c®. The m’ distribution
sliced by AE is shown in [Fig. 53, and there exists large discrepancy of m’ distribution
between |AE| > 0.1 GeV region and |AE| < 0.1 GeV region. The m’ distribution is also
analyzed with real data as shown in [Fig. 54, where m’ distribution is compared between
Dalitz side-band region and normal side-band region. We observed large discrepancy of
m/ distribution between those two regions especially at m’ region where non-resonant
component populates, and thus determined to model ¢ background events from only
Dalitz side-band region.

7.3.3 BB background event
The PDF for BB background events are defined as a histogram PDF written as

1+ GragAly+ - (0')
2

Ppg = fp+p-Hp+p-(m',0") Pp+p-(At)

1+ QtagAlBOB'o (0")
2

+ fpogoHpogo(m', 0) Ppogo(At), (113)

where Hp+p- or Hpopgo is the histogram PDF of the background event distribution orig-
inating from B+ B~ charged pairs or B°B° mixed pairs. The histogram PDF is divided
into 20 bins in each m’ and @’. The events distributions from lab™! MC dataset are shown
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Figure 53: The scaled m' distribution for ¢q background events in MC dataset sliced by
AFE, where each color represents scaled m’ distribution within each of AF region having
edge at AE =[—0.2,0.1,0,0.1,0.2] GeV.
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Figure 54: The scaled m’ distribution for Dalitz side-band (blue) defined as (5.24 < M, <
5.29GeV/c?) A (JAE| < 0.1GeV) or At side-band (red) defined as My, < 5.26 GeV/c? in
real data.
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in and [Fig. 568. The histogram PDF for the CP fitting is then implemented as
Hpp(m',0') = HYS (m! 0') + HYS (m/, 1 - ¢ (114)

in order to compensate for low statistics and to have the distribution over square Dalitz
plot symmetry over ', because the asymmetry along 6" is taken into account by the
parameter A%, o and AL 2 in[EQ_IT3. fp+p- or fgogo is the fraction of charged or mixed
background component respectively, and is fixed to fg+p- = 0.5724 or froge = 0.4276,
which is obtained from lab™" MC sample. Ap+p- or Agoge describes the asymmetry of
event distribution over square Dalitz plane according to the qr bin, and calculated as

n —n
AL (9)) = —ar=>0 "~ "lar<0. 115
BB( ) nqr>0 + nqr<0 ( )

The ¢ distribution in each qr bin of B¥B~ or BB background component is shown in
Fig- 57 and [Fig. 58, and each distribution is fitted by a linear function as AL5(0) =
x;(20' — 1) . Events for high qr bins tends to show large ¢ distribution asymmetry due to
BB background such as particle mis-identification of 7% to K*. The effect of the small
statistics of BB background on the determination of PDF parameters will be taken into
the systematic uncertainty. Those PDF parameters for BB background is fixed to the
values obtained from lab™! generic MC sample due to the low statistics in the 361.6fb™*
real data sample.

Meanx  0.552

Mean y

Std Dev x 0.1876

StdDevy 0.2816

o 0.1 02 03 04 05 06 0.7 08 09 1

Figure 55: The Hp+p-(m’,#) distribution obtained from 1ab™" generic MC dataset.
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Figure 56: The H o (m’,0") distribution obtained from 1ab™" generic MC dataset.
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Figure 57: The Ag+p-(m’,#') distribution for each qr bin obtained from 1ab™' generic
MC dataset. Each figure shows the raw asymmetry of the number of events with flavor
tagging qr > 0 or ¢gr < 0 in each ¢’ bin. Each figure is fitted by a 1 dimension polynomial
and used for CP fitting PDF.
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Figure 58: The Agopo(m/,#) distribution for each gr bin obtained from 1ab™' generic
MC dataset. Each figure shows the raw asymmetry of the number of events with flavor
tagging qr > 0 or ¢gr < 0 in each ¢’ bin. Each figure is fitted by a 1 dimension polynomial
and used for CP fitting PDF.
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7.4 CP fitting procedure

In the full PDF as written in [Eq. 107, there exists 4 x 7 = 28 parameters describing
decay amplitude and event distribution over square Dalitz plane and At, as described
in [Eq. 7. Among those parameters, Dalitz CP asymmetry parameter ¢; and d; for four
decay channels, for fx Ko, KQ(KTK ™ )ygr, K (KTK2)nyg and K (K~ K2)ng respectively,
are merged into one parameter denoted as Cotners and dothers: CP asymmetry parameters
for x., K9 is fixed to the world average of PDG value where ¢; = 0 and d; = 21.5deg. The
amplitude a; and the phase difference b; is relative parameters, and thus K0 and by K9 18
fixed as a reference for amplitudes and phases for other decay channels. The list of fixed
or floated parameters are shown in [able_T9.

The CP fitting is then performed using unbinned maximum likelihood by minimizing
log-likelihood —2In £ = =2 . In(Pioai(Z)), where i runs over all event candidates in the
signal region.

Due to the overlapping of multiple resonances over square Dalitz plane , there are
expected to be multiple local minimums obtained by CP fitting. In order to find best
local minimum, fitting to a single dataset is performed from random initial values of Dalitz
fitting parameters repeatedly, and adopt local minimums to where fit result is converged
from multiple random initial values of fitting parameters.

[ a [ b | o | d
PKY, fix | fix | float | float
foK§ float | float | float | float
Xeo K2 float | float | fix | fix
fx K3 float | float | float | float

KY(KTK ™ )yg | float | float
KT (KYK )ng | float | float
K- (KYK")ng | float | float

Table 19: The list of parameters used for CP fitting.

7.5 CP fitting validation using Toy MC

In order to validate the CP fitting procedure described above, validation of fitting proce-
dure using Toy MC dataset are performed. In order to check the linearity between input
value of a Dalitz fitting parameter ;"™ d"™™"* and fit result i, d*, toy MC dataset are
generated based on the CP fitting PDF.

In the Toy MC dataset, the set of Dalitz CP violating parameters for B® — ¢K?
decay channels (cyx0,dyg) are set to (cgxo = 0,dgxo = [0,22.5,45.0,67.5,90]) for dyxo
linearity test, and (C¢Kg = [-0.5,—-0.25,0,0.25,0.50 cdyry = 32.2°) for Cprcg linearity
test. Here the value of d¢Kg = 32.2° is quoted from the result of previous Belle analysis
[B1]. For each set of (c4x,dgrg), 1000 individual datasets corresponding to 361.6fb!
integrated luminosity are generated, and the CP fitting is performed to obtain the fit
result distribution of (cyxg, dyxo).
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The same linearity check is also conducted for both (cy, K9 dy, Kg) and (Cotherss dothers) s
where d, K9 is fixed to 30.5° for ¢y, K9 linearity test and dgipers is fixed to 24.4° for coipers
linearity test quoted from the previous analysis.

The result of the linearity check using toy MC is shown in [Fig. 59, and no obvious
deviation of the fit result of CP violating parameters from input value are observed. The
possible fit bias due to the CP fitting procedure or low statistics in real data will be
discussed in the systematic uncertainty section.
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Figure 59: The result of linearity validation using toy MC datasets for ¢K3, fo K% and
other. Horizontal and vertical axes represents Dalitz CP violating parameters use for the
generation of Toy MC dataset and fitted value of CP violation parameters respectively.
Each point represents the mean and its error of the fit result distribution obtained by
Gaussian fitting.

78



8 Systematic Uncertainties

In this section, the possible systematic uncertainty is discussed. In the discussion below,
the systematic uncertainty of the measurement of Dalitz CP violating parameters c¢;, d; is
discussed first, and then the uncertainty of ¢; and d; is converted to that of ¢;(7) and Acp(i)
followed by the relation as shown in [Eq. 79 and [Eq. 80, where ¢ = qi)Kg, foK g, and other.

The expected sources of systematic uncertainties are listed in [able_20. The total
systematic uncertainty is calculated as the square root of the squared individual systematic
uncertainties.

Parameter Yol 0Acp

Decay Mode OKY  foKY others | ¢ K2  foK2 others

Analysis Model
Fit bias 0.74 0.64 027 |0.015 0.021 0.005
Observable correlation 0.15 0.24 0.13 | 0.007 0.006 0.006
Fixed Parameters 0.82 0.98 0.75 |0.019 0.021 0.014
Ta, Amyg 0.44 040 0.35 | 0.008 0.007 0.009
BB background 0.17 046 038 |0.011 0.022 0.015
qq background 0.10 0.21 0.19 | 0.004 0.006 0.009
Multiple Candidate 0.15 0.12 0.12 | 0.004 0.003 0.003
Tag-side interference 0.54 0.27 0.42 | 0.004 0.005 0.005

At measurement
Detector misalignment 0.19 0.21  0.17 | 0.009 0.008 0.006
Momentum scale 0.02 0.02 0.02 | 0.001 0.001 0.001
Beam spot 0.09 0.09 0.09 |0.002 0.002 0.002
Kinematic Approximation | 0.33 0.27  0.30 | 0.007 0.006 0.006

Dalitz Model \
Non-resonant modeling 0.79 1.22 1.16 | 0.013 0.019 0.021

Possible resonance 0.50 204 0.68 |0.004 0.033 0.010
PDF binning 0.18 0.20 0.16 | 0.005 0.004 0.003
Reconstruction Efficiency | 0.03 0.02  0.02 | 0.000 0.000 0.000
Total [ 169 279 1.76 ]0.035 0.055 0.036

Table 20: Summary Table of all the systematic uncertainty expected in this analysis.

8.1 Systematic for analysis models
8.1.1 Fit bias

The systematic uncertainty due to the CP fitting procedure is estimated using Toy MC
study conducted in the Section 7.5. In order to take the possible fit bias due to the
low statistics into account, the statistics of each Toy MC dataset was set to be equal
with 361.6 fb! integrated luminosity. For each plot in [Fig. 59, the mean of the fit result
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residual p; is calculated by Gaussian fitting. Then p; is fitted by a linear function as
shown in [Fig. 60. The systematic uncertainty due to the fit bias is then estimated as the
largest deviation of the linear function from zero within the definition range of each fitting
parameters, where the definition range of Dalitz CP violating parameter is ¢; = [—1, 1]
and d; = [—45°,135°] in this case.

8.1.2 Observable correlation

The systematic uncertainty due to the correlation between observable is estimated. In
the parametrization of observable distribution in signal extraction fitting and CP fit-
ting, there exists possible correlation between observable which is not included into PDF
parametrization as shown in Appendix Al. In order to estimated the possible effect of
observable correlation such as M. — AFE correlation in the signal event, fully generated
signal MC dataset, where possible correlation between observable are simulated, are gen-
erated 500 times and signal extraction fitting and CP fitting procedures are performed
again. The systematic is then estimated as the mean of the residual distribution for each
CP violating parameter.

8.1.3 Fixed parameters

The following parameters are fixed by MC datasets or fitting to side-band data, in the
process of signal extraction fitting and CP fitting.

e Signal extraction fit : M., AE shape for ¢§ and BB background events, M., AE
for signal event.

e At modeling : At shape for ¢¢ and BB background events, the resolution function
for signal event.

e Wrong tag fraction : w, Aw

Those fixed parameters are divided into three category as signal extraction fit parame-
ters, At modeling parameters, and wrong tag fraction parameters. In order to estimate
uncertainty due to fixed parameters, the parameters for each category are fluctuated
simultaneously based on the covariance matrix of the fitting result for real data. We re-
peated signal extraction fitting and CP fitting procedure with different fixed parameters
against a same toy dataset, and took a standard deviation of the fitting result ¢;,d; as a
systematic uncertainty due to fixed parameters. The result of systematic uncertainty for
each category is shown in [able 2Tl

8.1.4 75, Amy

The systematic uncertainty due to the uncertainty of the lifetime and mixing frequency
174 and Amyg, which is fixed to the PDG average value in the CP fitting procedure, is
taken into consideration. 500 datasets are generated with different 75 and Amg, which is
fluctuated from PDG average by the statistical error of PDG values[B37], and CP fitting
is performed for those datasets with the nominal 7; and Amy, values. The systematic
uncertainty is estimated by the standard deviation of the distribution of fitted ¢; and d;.

80



0.05

0.04

c fit - ¢ input

0.03}
0.02}

0.01

-0.01
-0.02
-0.03}

-0.04

%6

0.05

0.04/

c fit - c input

0.03}

0.02

-0.01
-0.02
-0.08]

-0.04

004

0.05

0.04

c fit - c input

o 9 9

P o 9

2 8 &
R T SRR

=

-0.4

Linearity ¢ Linearity d

d fit - d input

=
u

po 0.001563 + 0.002871 pO 0.444 +0.4701
-2
pi 0.005763 + 0.007466 p1 -0.006629 + 0.008129
02 0 02 04 06 -0 20 40 60 80
cinput d input
o
a) Cyp0 b) dyxo
(a) Corn (b) g [°]
Linearity ¢ Linearity d
5 3
Q
£
el
= 2
o
1
i .
T B B
™ . 0 e
. — T [}
-1
pO 0.002221 + 0.004362 PO -0.3265 + 0.7605
-2
pl -0.00848 +0.01243 p1 0.006998 + 0.01371
a3l L L L
02 0 02 04 06 % 20 40 60 80
cinput d input
[¢]
(¢) ¢y (d) dyy 0 [°]
Linearity ¢ Linearity d
5 3
Q
£ m
= L
z 2
Eq

PO 0.0005551+0.001571 [ po -0.0301+ 0.3985
72;
Pl 0.002058 +0.004417 i p1 0.002307 +0.00704
02 0 0.2 04 06 gl .
cinput 0 20 40 60

d input

o

(e) Cother (f) dother[ ]

Figure 60: The result of the fit bias estimation using toy MC datasets for ¢K2, foK%
and other. Horizontal and vertical axes represents CP violating parameters use for the
generation of Toy MC dataset and the residual of CP violation parameters respectively.
Each point represents the mean of the residual distribution and its error estimated by
Gaussian fitting.
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Parameter oc; od;

Decay Mode OKY  foKY others | oK% foK2 others
Signal Extraction Fit | 0.30 0.33  0.30 | 0.005 0.005 0.003
At modeling 0.49 0.65 040 | 0.006 0.006 0.004
Wrong tag fraction 0.59 0.66. 0.56 | 0.006 0.008 0.004
Total \ 0.82 098 0.75 \ 0.009 0.011 0.007

Table 21: The systematic uncertainties for each category of fixed parameters and total
systematic uncertainty in terms of Dalitz CP violating parameters ¢; and d;.

8.1.5 BB background

The systematic uncertainty due to the modeling of BB background are estimated. In the
PDF modeling of BB background, the ¢r bin dependency of square Dalitz plane distribu-
tion is modeled using 1ab~' MC dataset, but mis-modeling of CP characteristics might
lead to the bias in the CP fitting result. CP fitting to a lab™* dataset are performed 500
times with fluctuated CP asymmetries parameters for BB background modeling described
in [Eq. T19. The systematic uncertainty is then estimated by the standard deviation of
the fitting result distribution.

8.1.6 ¢q background

As stated in Bec 737 the g background is modeled by only events in Dalitz side-
band region, but ¢g background modeled by other region might results in the difference
in the CP fitting result, and thus we included ¢ background modeling into systematic
uncertainty. To estimate the systematic uncertainty, we performed CP fitting to the real
data with different gg model constructed from region (5.20 < M. < 5.29GeV/c?) A
(JAE| < 0.1GeV), where only M,. region is enlarged from the Dalitz side-band. The
systematic uncertainty is then estimated as the difference in the CP fitting result.

8.1.7 Multiple Candidate

In order to estimated the effect of best candidate selection, CP fitting for the real data
with or without multiple candidate selection are performed. The systematic uncertainty
is estimated by the difference of CP fitting result.

8.1.8 Tag-side interference (TSI)

The interference between CKM-flavored decay and doubly-CKM-suppressed decay affect
the measurement of CP violating parameters when flavor tagging is performed against
coherent B meson pairs originating from Y(45)[30]. The systematic uncertainty due to
the TSI is estimated by assuming all the By, being tagged from hadronic decay modes,
where the effect of TSI on the measurement of CP violating parameter is maximized|TY].
We first calculated the systematic uncertainty of Scp and Acp in the quasi-two-body
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approach, and then converted the uncertainty of Scp and Acp back to the uncertainty in
terms of ¢; for each of pK Y, fy K2 and other component respectively.

8.2 Systematics for At measurement
8.2.1 Detector misalignment

In order to estimate the effect of possible detector alignment, 1M signal MC samples
with the nominal detector alignment and 4 possible misaligned scenario are generated
respectively. CP fitting are performed to those 5 signal only datasets. The systematic
uncertainty is calculated as the maximum deviation of the CP fitting result for mis-aligned
scenarios from the nominal detector alignment.

8.2.2 Momentum scale and Beam spot

Momentum of the reconstructed tracks are calibrated for every bucket, and the variation of
momentum is covered by +0.1% envelope. However, it is possible that those momentum
have shift from truth value, and thus systematic uncertainty due to the shift in track
momentum is taken into account.

Apart from that, the beam spot parameters are also measured periodically, but there
exist several sources for systematic uncertainty due to beam spot:

e Statistical uncertainty of beam spot measurement with ee — pp events
e Fluctuation of the beam spot within the interval of beam spot calibration
e Systematic uncertainty due to the beam spot calibration method.

As a systematic uncertainty for the momentum scale and beam spot, the evaluation of
those systematics in BY — J/¢ K9 analysis [14] is quoted to this analysis.

8.2.3 Kinematic approximation

The effect of the conversion from At to Al is taken into the consideration using MC
study. CP fitting to a signal only MC dataset are performed with or without At — Al
approximation as described in [Eq. 86, and the difference of CP fitting result are calculated
as the systematic uncertainty:.

8.3 Systematic uncertainty from Dalitz modeling
8.3.1 Non-resonant modeling

In the current analysis, the distribution of non-resonant B® — KK~ KJ component are
empirically modeled with exponentially decaying model[3T], but the possible difference
between modeling of non-resonant component and real data lead to a bias in the CP
fitting result. In order to estimate the effect of non-resonant component modeling onto
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CP asymmetries measurement,, the different non-resonant component modeling are im-
plemented into CP fitting. The parameters for the modeling are quoted from the previous
BaBar analysis [29] where non-resonant component is modeled as :

Agﬁ(slg, So3) = (as, + ag,x + a52x2) + (ap, +ap,x + aPQxQ)Pl(cos 0s), (116)

where £ = mqy —  and 2 is an offset defined as

1
Q= —=(mpo+ g(mKO + 2myc+)) (117)

N | —

and P, is the first Legendre polynomial. The s;5 and so3 denotes the squared invariant
mass of two Kaons. The fitting to the real data is performed with those 2 different
non-resonant component, and the difference of CP fitting result are accounted for as the
systematic uncertainty due to the non-resonant component modeling.

8.3.2 Possible resonance

OKY, foK2, fx K3, and x., K¢ are included as resonances for this analysis, but there exist
possible resonances as is listed in Mable_22, which is expected to overlap against foK2
resonance and non-resonant component in the square Dalitz plane. In order to estimate
the effect of the minor resonances which is not included in this analysis on the CP fitting
result, fo(1710)KY and f}(1525) K2 are additionally considered into the CP fitting pro-
cedure. The systematic uncertainty is calculated as the difference of CP fitting result to
the real-data with or without the additional minor resonances.

Resonance \ Parameters (MeV) Line Shape

fo(1710) | M = 1704 + 12 RBW
I =123+ 18
f5(1525) | M =15174+25  RBW
I =86+5

Table 22: Possible Resonances to be included in the estimation of systematic uncertainty.
The parameters for those resonances are cited from Ref. [31]

8.3.3 PDF binning

qq and BB background distribution are implemented as PDF histograms over square
Dalitz plane. The number of binning of those histogram PDF will affect CP fitting
result, and thus need to be taken into systematic uncertainty. In order to estimate this
uncertainty, the number of binning for ¢g and BB background are changed from 50 to
20 for ¢g histogram PDFs, and BB from 25 tol0 respectively. Then CP fitting for a
MC dataset are performed and the systematic uncertainty is calculated as the maximum
difference of CP fitting result between different binning of histogram PDFs.
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8.3.4 Reconstruction Efficiency

The systematic uncertainty due to the different K selection efficiency between MC and
real data needs to be included due to the efficiency term ¢;;(m’, '), which is a component
of signal PDF. For K* systematic uncertainty, the K* selection efficiency €3%1(p),eX¢ (p)
for cut condition kaonID > 0.6 are calculated for both real data and MC, and the ratio of
the selection efficiency ry+(p) = €%4%(p)/eX¢ (p) are calculated. The selection efficiency
and the selection efficiency ratio for K* is shown in [Fig. 61

For K systematic uncertainty, the Ko selection efficiency efé‘é“,e%gc using KsSelector
with mvaV0 > 0.90 and mvaL.ambda > 0.11 cut criteria are calculated using the real data
and 1ab™' MC samples, and the ratio of the K selection efficiency between data/MC
is also calculated as rxo (p). The selection efficiency and the selection efficiency ratio

between data and MC for K is shown in [Fig. 62.

K efficiency table for cut "kaonID > 0.6"
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Figure 61: The upper figure shows the relation between K* momentum and K recon-
struction efficiency for MC (blue) and data (orange). The lower figure shows the ratio of
the reconstruction efficiency data/MC for each momentum bin.

Those K selection efficiency ratios depends on its momentum, and thus each bin value
of histogram PDF ¢;;(m/, §') is fluctuated by Gaussian distribution with standard devia-
tion o;; given as

715 = (1= ries (pree) 2 + (1= race ()2 + (1= 7y (pig))? (118)

where PK+,PK-,PKY are the momentum of K with the given square dalitz parameters
(m/,0"). CP fitting is performed to a same dataset with fluctuated efficiency term ¢;;(m’, §')
500 times, and the standard deviation of the CP fitting result are calculated as the sys-
tematic uncertainty.
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Figure 62: The left figure shows the relation between K9 momentum and K2 reconstruc-
tion efficiency for MC (blue) and data (red). The right figure shows the ratio of the
reconstruction efficiency data/MC for each momentum bin.
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9 Result and Discussion

In this section, we discuss the result of CP fitting result applied for real data and show
constraint on new physics and future prospect of the measurement of CP asymmetries in
BY — KT K~ K? three body decay.

9.1 Procedure for CP fitting

In order to find best solution, we performed CP fitting multiple times, with each of
CP fitting starting from random initial values for the fitting parameters. The range of
random values are floated within a; = [0.1,10], b; = [-180°,180°], ¢; = [—0.5,0.5] and
d; = [0°,180°] respectively. Then a local minimum to which CP fittings converge multiple
times are chosen to be a solution. As a result of 500 successful CP fitting from different
initial parameters, we found a best local minimum in terms of log-likelihood, which is 9
unit better in terms of —21In £ than the second best local minimum. We also found 2nd,
3rd and 4th best solution. We compared —21n £ of each local minimum to determine best
fitting result among multiple local minimums and to observe discrepancy between local
minimums.

9.2 Result of CP asymmetries fitting

The result of the best CP fitting result is shown in Table—23. Results of the 2nd, 3rd
and 4th best local minimums found in this analysis is also summarized in [Appendix O.
In terms of the amplitude term a; in the CP fitting, the four solutions are consistent for
B — ¢K?, B° — x, K% and B® — (K*K3)ypKT amplitude, but the large fluctuation
in the a; for B — fyK2, B® — fxKY and B® — (K"K~ )ygpKy is observed due to the
large overlapping of the event distribution for those three channels in square Dalitz Plane.
In particularly, the amplitude a(g+ gy, K9 varies from 2.51 to 7.29 between solutions.
For the direct CP violating term ¢;, Cox0 18 close to zero for all solutions, but cy, K9 and
Cothers Showed different fitting result for each local minimums due to the interference.
For the mixing-induced CP violating term d;, the result of CP fitting result is consistent
between four solutions due to the large statistic error, and all showed preference of ¢,
against 90° — ¢,.

9.2.1 The difference of log-likelihood between minimums

In order to analyze the discrepancy and significance of local minimums found in this
analysis, a study with ToyMC is conducted. We generated 1000 datasets corresponding
to current statistics or 10 times larger statistics respectively based on the CP fitting
PDF with parameters fixed to that of the best local minimum. Then we performed CP
fitting with initial values of fitting parameters set to the values for 1st, 2nd, 3rd and 4th
local minimum respectively, and compared the difference of —21n L. shows the
difference of —21In £ between local minimums for the current statistics, with Gaussian
fitted for each distribution as shown in Mable—24. From the fitted parameters for the
likelihood difference between 1st and 2nd local minimum, 1st minimum is estimated to
be distinguished from 2nd minimum with over 2¢ significance, and thus we selected 1st
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Parameter Fit result

a fo K9 3.438 £ 0.506
A 1.000

Ay KO 0.425 + 0.0612
Oy KO 0.245 £ 0.022
a(K+K7)NR 7.294 £ 0.544
UKIK+) N 4.200 £ 0.224
AUKLK)wr 3.630 £ 0.217
beKg [°] 92.05 £+ 9.73
by [°] -33.48
beKg[o] 66.91 £ 9.08
bxcng [°] 120.53 £ 9.57
bix+r-)nel’] | 110.51 £ 5.18
b(Kg'K+)NR [°] | -123.37 £ 5.52
ok yyell | 12:25 & 5.94
CfoKY 0.177 £ 0.146
CHKD -0.034 £ 0.092
Cxeo K 0

Cothers 0.078 +£0.046
dngg °] 29.49 + 13.71
d¢Kg [°] 28.89 + 10.12
dxcng [°] 21.9
others|°] 30.67 4 9.04

Table 23: Summary of the CP fitting result for the best minimum obtained using 361.6fb
data, where the errors is statistical only.

local minimum as the result of this analysis.[Fig. 630 also shows the expected likelihood
difference with 10 times larger statistics, where we expect almost no overlap of likelihood
between 1st and 2nd minimum.

9.2.2 Fit Fraction

In addition to the discussion of —21n £ difference in Bec_92771, we defined fit fraction to
compare the fit result with other analysis and branching ratio. Here the fit fraction of
each decay channel F'F; is defined as

stP(‘a;'FiF + |ai Fy|?)dm' de’

FF, = . ,
stP(\AP + |A|]2)dm/do’

(119)

where the A and F; is defined in [Eq. 62, and ¢ denotes each decay channel. The sum of
those fit fraction ), F'F; is not 1 due to the interference between decay channels. We
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Figure 63: The likelihood difference between local minimums, evaluated using ToyMC
with the current statistics (left) and 10 times larger statistics than the current statistics
(right). The blue, red or green point represents the distribution of difference in —21n £
between the 1st minimum and 2nd, 3rd or 4th minimum respectively. The dotted line
represents the Gaussian fitted to each distribution.

—2In £ difference 0 o
2InLy —2InLy [ 183 +04 |89 +0.3
2InLy —2InL3 [40.0+04 | 11.7£ 04
2InLy —2InLy [ 420+ 04 | 19.7£ 0.5

Table 24: The summary of the mean y and width o of the Gaussian fitted to the likelihood
difference between local minimums. The £; denotes log-likelihood for i-th local minimum.
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additionally define the interference term of fit fraction F'F}; as

[.ppldid; FiFy + aja> FiF)dm/do’

J

Lo (AP + [A]2)dmy der

FF,; = 2Re (120)

Then F'F; and F'Fj; sum to 1 by definition. The fit fractions calculated from the best
fitting result is shown in Mable—2H. The sum of the diagonal element of Mable—23 is
calculated to be 213+£20 %, and the fit fraction of other solutions are also summarized in
Appendix 0. For the fit fractions F'F, KO and F'F KO where we expect larger fit fraction
for F'Fy ko against F'Fygo due to the large branching fraction of B® = fo(— KTK™)K?
against B® — ¢(— KTK~)K2, 1st, 3rd and 4th minimum is consistent with the branching
fraction. For the fit fraction of B® — y., K9, we expect small fluctuation in the amplitude
Oy KO due to the fixed CP violating parameter in the CP fitting and its m’ peak position
apart from other resonance decays. The Belle [31] and BaBar [29] analysis measured
F FXCO K9 o be 3.4 and 3.8 respectively, and thus 1st and 2nd minimus is consistent with
previous results. Thus the best local minimum, which have the smallest —21n £ among
local minimums, is also most consistent with external measurements.

9.2.3 Interpretation of the best fitting result

The following discussion focus on the best local minimum. To validate the fitting result
and error estimation, the log-likelihood scan is performed for the best CP fitting result as
shown in [Fig. 64, where the one fitting parameter is fixed to a value and other parameters
are re-fitted. The result of the log-likelihood scan is consistent with the errors obtained
by the CP fitting process. The comparison of the distribution of m(K~KY), m(K+KY),
and m’ between the data and fitted PDF is shown in [Fig. 65, and observed no significant
deviation of PDF from data, while there exist slight underestimate in the event yield for
B — foKY channel.

The CP fitting result is converted to the quasi-two-body approach CP asymmeties,
Scp and Acp. The result is shown in [able 26, where the statistic and systematic error
is calculated from the errors for dalitz CP parameters ¢; and d; for each decay channels.

Fraction [%] FOKD OK? Fx K9 X KO | (K"K )pKY | (KTKD K~ | (K KO npK ™
JfoKS 15.26 £5.87 | 0.00 £0.00 | -0.01 £0.84 | 0.06 £0.05 | -48.89 +19.75 15.33 £1.57 -4.09 £2.17
PKY 14.89 +0.81 | -0.00 £0.00 | -0.00 £0.00 | -0.00 £0.00 -0.00 £0.01 0.00 £0.01
fxK2 2.67 £0.79 | 0.03 £0.01 4.02 £0.25 2.85 £0.68 -2.62 £0.52
Xeo K9 3.14 £0.54 | -0.15 £0.09 1.27 £0.18 -1.18 £0.14

(KTK~)nrKY 112.33 £18.54 | -44.02 £6.71 | -9.27 £0.69

(KTKY)nrK~ 37.12 £4.64 | -26.47 £3.68

(K-Kg)npK™ 27.72 +3.88
Table 25: Values of the fit fraction F'Fj; calculated from CP fitting result in the unit of

%.
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Figure 64: The result of log-likelihood scan for the best local minimum found in this
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Acp SCP

K% | 0.07+£0.18+0.04 | 0.847057 00
foKO | —0.34 4 0.26 4 0.06 | —0.81031+005
others | —0.16 & 0.09 = 0.04 | —0.87+3-19+0.03

Table 26: Summary of the the quasi-two-body CP violating parameters delivered from
Dalitz CP fitting result, where the errors is statistical and systematic respectively.

9.2.4 Raw asymmetry distribution

The At distribution is compared between data and PDF to visualize the CP asymmetries.
Events are divided into two regions: ¢ mass region defined as 1.01 < m(KTK~) <
1.03 GeV and not-¢ mass region defined as the rest of region excluding ¢ mass region.
We also compared distribution for only high qr-bin events defined as qr-bin = 4,5 or
6, which mean |gr| > 0.6. Here a raw asymmetry for each At interval is defined as
(Ny — N_)/(N; + N_), where Ny is the number of event candidates with ¢ = £1. The
comparison of At distribution between all the event in the signal region and the full CP
fitting PDF is shown in for ¢ mass region and not-¢ mass region respectively, and
the raw asymmetries are shown in [Fig. 67. The distribution of signal event and signal
component of PDF is also compared by adopting sPlot technique [33] as shown in
and [Fig. 69. As shown in Figures, CP-odd events are dominant in ¢ mass region, and
CP-even events are dominant in not-¢ mass region.

9.3 Summary of CP asymmetries and significance

We obtained CP asymmetries to be

o1(o K
ACP(¢
O1(foK2) =29.5 £ 13.7+2.8°

%) =28.94+10.1+ 1.7
s)
)
Acp(foK3) = —0.34 £ 0.26 £ 0.06
)=
) =

= 0.07 4 0.18 +0.04
(121)

¢1(others) = 30.7 £ 9.0 £ 1.8°

Acp(others) = —0.16 £ 0.09 £ 0.04

where the errors is statistical and systematic respectively.

The log-likelihood scan shown in is used in order to estimate the significance of
CP violation measurement. The likelihood is convoluted with Gaussian with its width set
to the systematic uncertainty in order to take both statistical and systematic uncertainty
into consideration, then the significance is estimated from log-likelihood distribution. For
¢1 measurement with B® — @K channel, we observed 2.8¢ deviation from no CP viola-
tion hypothesis ¢; = 0, and the result is consistent with SM prediction within 0.60. For
the direct CP asymmetry Acp with B — @K channel, we observed consistent result
with SM prediction Acp = 0 within 0.40.
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Figure 67: Comparison of raw asymmetries in each At region between data and PDF for
all event. The ¢ mass region is defined as 1.01 < m(KTK~) < 1.03GeV/c?, and the
good bin is defined as qr-bin = 4,5 or 6. The red line and black points represent raw
asymmetry calculated from PDF and raw asymmetry in the event candidates respectively.
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Figure 68: Comparison of At distribution between sWeighted data and signal component
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96



Raw Asymmetry

Raw Asymmetry

+
%

0.5

=)

|
|

il
L
IS

AT [ps]

(a) ¢ mass region, including all bin

0.5

=)

==

.
4

ST 11

P I
4 6

AT [ps]

(¢) ¢ mass region, including only good bin

Figure 69: Comparison of At raw asymmetries between sWeighted data and signal com-
ponent of PDF. The ¢ mass region is defined as 1.01 < m(KTK~) < 1.03GeV/c?, and
the good bin is defined as qr-bin = 4,5 or 6. The red line and black points represent
raw asymmetry calculated from signal component of PDF and raw asymmetry in the

sWeighted event candidates respectively.

Raw Asymmetry

AT [ps]

(b) not-¢ mass region, including all bin

Raw Asymmetry

1

0.5

=)

+
+

-0.!

o

A=

ST T T T
L
EN
|
)

IN=
[

AT [ps]

(d) not-¢ mass region, including only good

bin

97



9.4 Comparison with previous experiments

Belle and BaBar experiment previously measured CP asymmetries in B® — K™K~ KJ,
three body decay with time-dependent Dalitz plot analysis [31] [29].

Belle experiment measured CP asymmetries with 657 x 105 BB pairs. The most
preferable solution from the Belle experiment is

P1(pK2) = 32.0755 £2.0°

Acp(9Kg) = 0.04 + 0.20 +0.10
O
P1(foKs s * (122)

)
)
) =30.578% 4+ 3.8°
s)
)=

¢1(others) = 24.47%2 4 3.3°
Acp(others) = —0.14 £ 0.11 4 0.09,

where the error is statistical and systematic respectively. When comparing the result
from Belle experiment and this analysis, the measured CP asymmetries in this analysis
is consistent with the previous result within its uncertainties due to the large statistical
erTors.

In terms of the statistical uncertainty, the statistic error in this analysis is consistent
with that of Belle experiment analysis when take the effect of small statistics in this
analysis consideration. On the other hand, the systematic uncertainty is estimated to
improve from the previous analysis. The major contribution for this improvement is
expected to be the good At resolution in Belle II experiment. The vertex reconstruction
and At measurement was one of the major systematic uncertainties in the Belle analysis,
but in this analysis the systematic uncertainties from those components are estimated to
be small compared to that of Belle experiment, leading to better systematic uncertainties.

9.5 Future prospect
9.5.1 Improvement of uncertainties

The uncertainties for CP asymmetry measurement are currently dominated by statis-
tic uncertainty in this analysis. With the increase in the integrated luminosity, part of
systematic uncertainties are expected to become smaller along with the statistical uncer-
tainty. Notable improvement in the systematic uncertainties expected in the future is as
follows:

e Fit bias : The uncertainty due to fit bias include the possible effect of data statistics
itself being small, and thus expected to be reduced with the increased statistics.

e BB background : The uncertainty from BB background modeling arise from the low
statistics of background events from BB events. It will also be possible to calibrate
BB background from data side-band with BB background enhanced region such as
(M. > 5.26GeV/c?*) A (AE < 0GeV) as shown in [Fig. 40.

e ¢q background : The uncertainty from ¢q background modeling arise from possible
difference of m’ and #" distribution for ¢g background events between signal region
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and side-band region. In this analysis we adopt narrow Dalitz side-band conserva-
tively as stated in Bec_7-392 but with more statistics we can investigate m’ and 6’
distribution for ¢q events in more detail to enlarge Dalitz side-band and might be
possible to model g background precisely.

e Fixed Parameters : The uncertainty due to fixed parameters include the effect of
uncertainties from flavor tagging and resolution function. The uncertainties for
those parameters are currently dominated by the statistical uncertainty due to the
small statistics used for calibration, and thus expected to improve in the future with
large statistics, although the systematic errors are irreducible.

e Non-resonant modeling : The current non-resonant component modeling and its
shape parameter follows the empirical modeling from the previous analysis[31]. With
increased statistics, it should become possible to include the line-shape parameters
of non-resonant modeling itself into the fitting procedure, which will greatly improve
the uncertainty deriving from the discrepancy between non-resonant modeling and
data distribution.

e Possible resonance : In the current analysis, the minor resonances are excluded
from CP fitting PDF to avoid possible affects from the number of event for minor
resonances being too small. With increased statistics, it will become possible to cor-
rectly handle those resonances and include in CP fitting PDF, leading to reduction
in the systematic uncertainty.

Along with those improvement, systematic uncertainties for fit bias, BB background,
qq background, and part of fixed parameters are expected to be reduced proportional
to 1/ VL, where £ is the integrated luminosity. Under this assumption, the relation
between the integrated luminosity and uncertainties for the measurement of ¢; through
B — ¢K? mode are shown in along with the uncertainty in Belle analysis and
this analysis. The total uncertainty for ¢; measurement is expected to be improved
from Belle experiment result when we collect the same statistics as Belle experiment. In
the Belle experiment, the most dominant systematic uncertainty arose from the vertex
reconstruction, while we expect smaller systematic uncertainty due to the misalignment
of detector and At measurement owing to the larger and more precise vertex detector in
Belle 1T experiment. We also expect higher K9 selection efficiency in this analysis. For
the K9 selection method in Belle experiment, K2 selection efficiency was 86.9% with K2
purity 94.0% [32], and thus we expect higher K selection efficiency and better background
rejection in this analysis compared to the previous analysis.

As shown in [Fig. 70, the statistical uncertainty will be comparable against systematic
uncertainty at about 20ab ™" if we adopt the same analysis method due to the large sys-
tematic uncertainty originating from Dalitz modeling. Above this integrated luminosity,
it will be necessary to improve Dalitz model with more precise non-resonant handling and
additional minor resonances to achieve further precise measurement of ¢;.
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9.5.2 Improvement of analysis method

In this analysis we adopt analysis strategy with low signal yield and high purity close
to the Belle analysis, but the other approach as BaBar adopted is possible for future
analysis.

They included f5(1525) and fy(1710) into CP fitting, and also they are adopting
different non-resonant component modeling as mentioned in Bec—873T in exchange for
the loose cut criteria for event selection and much larger background events. They found
1579 signal events against 6881 continuum events and 116 BB background. The purity of
signal event in BaBar is 0.18 and this is much worse than Belle and this analysis, while it
is possible to make use of the large statistics to construct proper model for non-resonant
component and to include minor resonances which cannot be used for this analysis due
to too small signal yield. The possible disadvantage of this approach is the large affect
of background events onto non-resonant component modeling, but there is possibility
to improve systematic uncertainty by construct detailed background and non-resonant
modeling with large statistics in the future.

The another possible improvement is to include K2 — 7%7% decay mode in addition
to the current K2 — 777~ decay channel. BaBar found 160 signal events through K9 —
7970 decay in compensate for 2751 background event. In order to improve sensitivity by
including K3 — 7°7" we need more precise modeling of background event distribution
and development of K2 reconstruction method through K2 — 7°7% nevertheless this
have possibility to reduce statistic uncertainty after collecting full data set in the future.

The flavor tagging is also expected to improve in the near future. Apart from the
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category-based flavor tagger, a flavor tagging method with deep-learning neural network
is currently developed [4]. In this flavor tagging method, the B flavor is directly de-
termined using Graph-Neural-Network (GNN) technique without pre-categorisation of B
meson decay products. The effective tagging efficiency for GNN flavor tagger is expected
to be improved from current category-based flavor tagger [34], and thus we can expect
improvement in the statistical uncertainties for CP asymmetry measurement in the near
future.

In this analysis, we adopted isobar model to describe interference between decay chan-
nels. Theoretically, the K™K~ K¢ final state should be treated with the unitarity kept,
while isobar model is an approximate model which does not satisfy the unitarity of the
three-body final state[d]. In Ref.[24], they adopted unitary coupled-channels model to
include the re-scattering effect of multiple resonances and showed a discrepancy be-
tween unitary coupled-channels model and isobar model in three body decays such as
D° — 7t7~= 7% The re-scattering effect is expected to be small for B meson decay than
for D meson decay in general, however, it is not fully known yet how large the re-scattering
effect in B meson three-body decay is. This leads to the possibility that the systematic un-
certainty in this analysis is underestimated depending on the discrepancy between isobar
model and unitary coupled-channels model, and we await detailed theoretical prediction
to discuss possible improvement of the treatment of interference in the future analysis.

9.6 Constraint on the new physics parameter

As discussed in Bec_ 74, the measurement of ¢; through B® — ¢K9 decay can give a
constraint on the NP parameter. Following [Eq. 47, we can plot the relation between 0y p,

0
which is the weak phase contributing from NP, and Sg’,ﬁs for different |Anp/Asn| ratio
as shown in [T5], where we assume d;5=0. The red line represents the central

0
value of measured nglgs, and the gray region represent the excluded region with 95.45%

confidence level. Each line in represents the relation between nglgg and fyp with
assumption of the amplitude ratio |[ANF /ASM]| to be 0.2 (dashed), 0.4 (dashed-dotted),
0.6 (dotted) and 0.8 (dashed-double-dotted) respectively. We also estimated confidence
regions over (Oyp, |ANT JASM]) plane as shown in [Fig. 74, where red or black line shows
68.27% or 95.45% confidence level contour respectively. Here we adopted the frequentist
approach to estimate the confidence interval on (Oyp, |[ANY/ASM|) plane. As statistics
increase in the future, the yellow region with high confidence level is expected to spread
over the plane, leading to the exclusion of large |AN? /ASM | value for large sin 6 p region.

shows the model-independent constraint on the effect of NP on B® — ¢K?2,
while it is also possible to give model-dependent constraint by assuming certain NP model.
One example is the mass insertion as discussed in Bec—2 4 and the constraint on the mass
insertion parameters is discussed in Appendix D).
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10 Conclusion

B — ¢KY decay process is dominated by penguin transition, and is sensitive to the
effect from new physics. In order to handle the interference between B® — ¢K3 and
other channels decaying into the same final state B — K*K~K{ corretly, the Dalitz
plot technique is adopted. We reported measurement of time-dependent CP asymmetries
in the B® — KTK~KY three body decay using 387 x 105 BB pairs collected at Belle II
experiment. We obtained

$1(pK?2) = 28.9 4 10.1(stat) & 1.7(syst)°

123
Acp(dK2) = 0.07 £ 0.18(stat) £ 0.04(syst) (123)

which is consistent with the previous measurements from Belle experiment analysis. The
existence of CP violation is confirmed at 2.4¢ significance, and the result is consistent
with SM within 0.60. We also discussed expected uncertainties for CP asymmetries
measurement, and showed future prospect of the measurement through B® -+ K+K~ KY,
three body decay and possible improvement.
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A Observable correlation

The correlation between observable (M., AE, qr,m’, ', At,cAt) is analyzed to consider
the effect of observable correlations onto CP asymmetries measurement. The correlation
between M,. and AFE in the signal MC samples can be seen in [Fig. 73. The distribution
of M. and AFE for signal MC ¢g background events are also shown in [Fig. 74, [Fig. 73.
The correlation between square Dalitz parameter m/, 6’ and At is shown in and
Fig. 7.

Mbc - deltaE correlation
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H TT |
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Figure 73: The 2-dimension scattering plot of M,.— AFE distribution in MC signal events.
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Figure 74: The distribution of M. with AFE slices(left) and the distribution of AE with
My, slices(right) for signal MC events.

Mbc with deltaE slice

MbciGeV/c2]

-0.050000 < deltaE<-0.025000
-0.025000 < deltaE<0.000000
0.000000 < deltaE<0.025000
0.025000 < deltaE<0.050000

(a) My, over AFE slice

Mbc with deltaE slice

deltaE with Mbc slice

deltaE[GeV ]

5.270000 < Mbc<5.275000
5.275000 < Mbc<5.280000
5.280000 < Mbc<5.285000
5.285000 < Mbc<5.290000

(b) AE over M, slice

deltaE with Mbc slice

E 0.1~
01— r
= 0.08—
0.08— =
bty it
0.06— '——';I; L
0.04— :F'—l—‘[ 0.04—
0.02— EfE 0.02—
L. I , Ll , Ll Lo b L L L L
52 521 522 523 5.24 525 5.26 527 528 529 0.2 -0.15 -0.1 -0.05 0 0.05 1 0.15 0.2
MbeiGeV/c2] deltaE[GeV]

-0.200000 < deltaE<-0.100000
-0.100000 < deltaE<0.000000
0.000000 < deltaE<0.100000
0.100000 < deltaE<0.200000

(a) My, over AFE slice

5.200000 < Mbc<5.222500
5.222500 < Mbc<5.245000
5.245000 < Mbc<5.267500
5.267500 < Mbc<5.290000

(b) AE over M, slice
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B KSFW Moment

KSFW moment [9] uses the energy and momentum of particles in the ee™ CMS frame
to discriminate continuum events from signal candidates. Each of the track momentum is
divided into three category : a charged particle, a neutral particle, and a missing particle.
In addition to the normal tracks from particles, the missing momentum of an event is also
treated as an additional particle. Then each KSFW moment is calculated as

2 =3 IplBilcostiy)  (1=0,2,4,2=0,1,2) (124)
A jx

Hloo = Z Z |pj||pk|]3[<COS Qj,k) (l = 07 274) <125)
ik

Hy =% Q;Q«lpillpe| P(cosb;)  (1=1,3). (126)
ik

Here x denotes track categories as x = 0, 1, and 2 for charged, neutral, and missing track
respectively. The index ¢ runs over Bep daughters, and jx over the By,, daughters for each
track category. The index j and k runs over Bi,, daughter tracks. @); or );, denotes the
charge of each particle, and p;, denotes the momentum of each particle. P(6,,) denotes
the [-th Legendre polynomial of the cosine of the angle between particle x and particle .
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C Other local minimums

We also found 3 solutions other than the best local minimum discussed in the text. The
fitting result for all the solutions are summarized in Table—27. The summary of fit
fractions for 2nd, 3rd and 4th best solution is shown in Mahle 28, Mable 29 and Table—30
respectively.

Parameter 1st 2nd 3rd 4th
af, 3.44 £0.51 | 268 +£0.56 | 4.17 +044 | 3.90 £0.41
ag 1.00 £0.00 | 1.00 £0.00 | 1.00 £0.00 1.00 0.00
agy 042 £0.06 | 0.31£0.06 | 0.45+0.06 | 0.30£0.06
(e, 0.24 £0.02 | 0.25+£0.02 | 021003 | 0.24 £0.02
Ak K-)yg | 7292054 | 691 £059 | 4.7340.65 | 251 £0.58
aOk+yyg | 420 £0.22 | 3954022 | 3.79 £0.26 | 3.78 £0.26
AOk-)y, | 3-63 £0.22 | 3.86 £0.22 | 278 £0.28 | 2.84 +0.27
b, -87.95 £9.73 | 93.16 £11.52 | -117.61 £8.54 | 38.35 £9.65
by -33.48 £0.00 | -33.48 £0.00 | -33.48 £0.00 | -33.48 +0.00
by -113.09 £9.08 | 55.71 +£11.59 | -118.36 £9.20 | 51.40 £12.65
by, -59.47 £9.57 | 132.25 £9.59 | -45.14 £13.51 | 170.18 £10.03
biic+ k) | -69.49 £5.18 | 117.50 £5.69 | -84.06 £5.59 | 121.65 £11.58
Dikk+)nn | D96.63 £5.52 | 14.93 £6.44 | 36.56 £6.31 | 66.34 £7.05
b(k0k-)yp | -167.75 £5.94 | -119.70 £5.98 | -114.58 +6.76 | -144.32 £7.60
Cfo 018 £0.15 | 0.08 £0.19 | 0.05+0.14 | -0.05£0.10
Co -0.03 £0.09 | -0.06 £0.08 | -0.00 £0.09 | -0.03 £0.09
Crey 0.00 £0.00 | 0.00 £0.00 | 0.00 £0.00 | 0.00 £0.00
Cother 0.08 £0.05 | -0.05+0.05 | 0.15+0.06 | 0.03 £0.06
dy, 29.49 £13.71 | 21.50 £13.97 | 34.05 £15.13 | 30.19 +13.03
dg 28.89 £10.12 | 22.30 £10.69 | 25.50 £13.29 | 22.71 £10.50
dy,, 21.50 £0.00 | 21.50 £0.00 | 21.50 £0.00 | 21.50 £0.00
dother 30.67 £9.04 | 17.20 £9.58 | 21.63 £10.71 | 15.49 £10.42
—2InL | 0 \ 9.82 | 3221 [ 4132

Table 27: The summary of all the solution found in this analysis, where the 1st solution
is discussed detailed in the main text.
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Fraction [%] jOng qng fogv XCOK_(S]‘ (K+K7)NRK2‘ (K+Kg)NRK7 (f(ﬁ,Kvgv)]\]R,KVJr
fOKY 8.56 +3.92 | 0.00 £0.00 | -0.02 £0.07 | 0.15 +0.04 | -28.38 £13.31 | -6.94 +0.76 13.43 £3.23
K 14.98 £1.40 | 0.00 +£0.00 | 0.00 £0.00 | 0.00 +0.00 -0.03 £0.01 -0.08 +0.01
fx K3 1.42 £0.56 | 0.03 £0.01 | 5.10 +£0.86 -2.18 +0.56 1.61 £0.55
Xeo KO 3.29 £0.61 | -0.26 £0.15 -1.24 +0.18 1.29 +£0.26

(K*K~)nrKY 100.83 +19.16 | -14.48 +1.75 | -35.22 £6.07
(KTKY) npK -~ 32.83 £4.64 | -26.03 £3.87
(K" K§)npK* 31.35 £4.49

Table 28: Values of the fit fraction F'F}; calculated from 2nd best CP fitting result in the

unit of %.

Fraction [%)] K2 PK2 Ix K Xeo K2 (K*K7)nrKY | (KYKQ)nrK™ | (K-K2)NypKT
oK 19.17 £5.14 | 0.00 £0.00 | 3.99 £0.92 | 0.27 £0.07 | -22.85 +£11.03 19.24 £4.23 -13.67 £3.89
oK 13.85 £2.02 | 0.00 £0.00 | 0.00 £0.00 0.00 £0.00 -0.05 £0.01 -0.06 £0.01
fXKg' 2.84 £0.91 | 0.03 +0.01 1.38 £0.22 2.82 £0.77 -1.61 +0.52
Xeo K9 2.15 £0.69 | -0.41 £0.19 1.03 £0.25 -0.71 £0.22

(K+K_)N3Kg 44.72 +14.61 -21.07 £6.00 26.14 £7.97
(KTK)wrk 28.61 £6.08 | 21.22 £4.96

(K- K2)ypK™

15.39 £4.05

Table 29: Values of the fit fraction F'Fj; calculated from 3rd best CP fitting result

unit of %.

in the

Fraction [%] fOK? oK fx K2 XK | (KYK )ypKS [ (KTK)npK~ | (K- KQ)NprK T
KD 17.45 £5.14 | 0.00 £0.00 | 3.51 £1.30 [ 0.24 £0.06 | 10.33 £3.88 | -13.01 £4.30 | 13.53 +4.06
K 14.43 £3.11 | 0.00 £0.00 | 0.00 +0.00 [ 0.00 40.00 -0.08 +0.02 -0.04 +0.01
fxK2 1.29 +£0.59 [ 0.03 £0.01 | 2.04 +£0.96 -1.21 £0.55 1.37 £0.54
Xeo K9 2.93 £0.80 | -0.31 £0.12 -1.20 £0.32 0.66 +£0.18

(K"K )npKY 12.83 +6.58 12.69 £3.64 -1.18 +£0.81
(KTKY)nrK~ 28.99 £7.47 | -21.64 £5.98
(K- K§)nrK ™ 16.37 £4.74

Table 30: Values of the fit fraction F'Fj; calculated from 4th best CP fitting result in the

unit of %.
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D Model dependent constraint on the new physics
parameter

In Bec—9d we discussed model-independent constraint on the new physics parameter,
but it is also possible to give a model-dependent constraint assuming certain new physics
model. One of the new physics contributing to B® — ¢K2 is SUSY mass insertion as
discussed in Bec—24. The ratio of the SUSY amplitude against SM amplitude assuming
mg =~ 500 GeV is as follows [26]

A (1Y

ASM($K9) = (0.14+0.024) (89, )25 + (8% g)23) + (65+117) (07 g)2s + (6%, )23) - (127)

Here (04 5)23 ((A, B) = (L, R)) denote mass insertion terms.

We consider SUSY models with mass insertion where one of the mass insertion term
is dominant. When we assume (8¢, )3 to be dominant, the maximum SUSY amplitude
is obtained to be |ASVSY JASM| ~ (.14 [26]. Under assumption of |ASUSY /ASM| = (.14,
then we can give a constraint on the arg(d¢,) along with d;5. The confidence regions over

(arg(6¢,), 612) plane is shown in [Fig. 78

d,, [rad]

arg(d,, ) [rad]

Figure 78: The confidence interval over (arg(d¢;),d12) plane. The red line shows 68.27%
confidence level contour. The yellow (blue) region represents region with high (low)
confidence level.
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