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Introduction — motivation (1) \—;, \—} p=—1# b =—=T
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* Time-dependent CP violation (TDCPV) - Mlxmg-lnduced CPV - Direct CPV
parameters are S and A
« S = mixing induced CP violation
« A =direct CP violation K K K S H
» Standard Model expectation in B® - KKK BaBar o oseton
decays PRD 85;(2012) 054023 / 468M BB
VeaVey Bellehé N 7 I/@ﬂsoJroamoog
* 5= Sln(2¢1) =0.688,4=0, ¢, = arg(vtdvcb) PRLQé;(EOO?)WBC& 535M BB
i 60~
* From the results Average  \>1 0722015
HFLAV torrelated average |

» Deviations from the SM expectation provide 5T s oz oi s o8 1 TE Ti 7o s
sensitivity to new physics.
 Difference of S at previous Belle and BaBar

« We measure S and A in the B® - KYK2K$ decays
with the final Belle data set of 772 x 10°BB .



Introduction — motivation (2)
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transition by loop diagram
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« Significant deviation of sin 2(/);’”
from sin2¢, indicates evidence of NP.

sin 2¢4

b — ccs
ex: B® - J /YK



Introduction - Belle experiment

« KEKB is B-meson factory in
Tsukuba at Japan.
« Asymmetric e*te™ collider
« LER(e*) = 3.5 GeV
« HER(e™) = 8 GeV

» Center of Mass energy = 10.58

GeV

« ete” - Y(4S) - BB

+ Verification of the Kobayashi-Maskawa
theory of CP-violation in B-meson decay
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Introduction - Belle detector

Particle Identification (PID)

Measure energy Time Of Flight Aerogel Cherenkov
Csl Electromagnetic Counter ~ counter
Calorimeter = *\ 3.5GeV positron

Improve Superconducting
tracking Solenoid coil

8GeV electron

beam
K, muon |
usieeion - Central Drift
Measure K? and u Chamber
Silicon Vertex Detector Charged particle tracking

Charged particle tracking & vertexing



Introduction — time-dependent CP violation

« The time-dependent CP violation Sieo % ool I [ go
(TDCPV) can be caused by g s | I | Bo
- interference between B° decay to CP %0 s Jj *;*
eigenstate (f,,) and B® — B° mixing. 0 2000 7{7[ 5@;&
0% s 6 4 2 0 2z 4 6 91;;—%5' 0 '5%
At At
* Y(4S) - B°B% in to CP eigenstate, -non TDCPV - TDCPV

the decay rate is given by

S = mixing-induced CP violation

e—lr%l A = direct CP violation
. . Am, = mass difference between
b= 4T go x(1+ q[SSln(AmdAt) +4 COS(AmdAt)) g = flavor information of tag side
At = distance between B-meson pairs
P(B°(At) - — P(B°(At) -
Acp = ( (at) fCP) ( () fCP) = Ssin(AmyAt) + Acos(Am At)

~ P(B°(At) = fep) + P(BO(At) > fep) 7



Only charged pions

: " - Neural network (NN) with 13
Signal reconstruction amear N
- |AM | <100
Two kinematic variables:
1. beam constraint mass: M, If;;‘;
2. energy difference: AE « K2 <: |
\TT_)
G
S KRG <
177 1
Bsignal :\\ ;::::
BRIy 0 I Tl'+|
* Ky <! I
17T |
\ J

*AE = Eg — Epeam
» Ex=energy of B in CM frame
* Epoam= half of beam energy

— |2 2
* Mbc_\/Ebeam — PB
* pg = momentum of B in CM frame
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Only charged pions

- - - Neural network (NN) with 13
Signal reconstruction amatore e (NN
- |AM | <100
i Two kinematic variables:

2 Signal 1. beam constraint mass: M, g
: 2. energy difference: AE O<:I |
.. 77 NN cut energy difference ~ Kg i”_i
0.06 - B , {=:_i:_"|
o.04f ’ 17T 1
0.025— e ’ - ”' K.(S)' <= —:
- BePtiae 17771
- S \ Bsignal ‘~\\\\ ;::::
NN output qq(u,d,c,s) + — Y(4S) s KO <I T
1 _1
\ 17T 1|
\ J

Continuum backgrounds are suppressed using
topology information along with the NN

s

Jet-like qq events

Spherical BB events

B mesons are produced all most at rest in the Y(4S) frame
—> In contrast for gg events, it has a large initial momentum

*AE = Eg — Epeam
» Ex=energy of B in CM frame
* Epoam= half of beam energy

— |2 2
* Mbc_\/Ebeam — PB
* pg = momentum of B in CM frame

9




Nomazlied a.u/{0.2)

Nomazlied a.u/(0.2)

Continuum background
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KSFW LR — Kakuno Super Fox-Wolfram moment
cosOg= cosine of the angle between beam pipe and B.p
cosfr= cosine of the angle between thrust axis of B., and B,
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|cos®,| NeuroBayes output

The NB cut is selected with
highest figure of merit (FOM)

N ig
FOM = sk
\/Nsig | kag 10




Vertex reconstruction & flavor tagging

_|At]

e 'BO

P =
4‘TBO

X (1 + q[Ssin(Am At) + A cos(AmyAt)]) T

 To identify B meson flavor, v KO m

. . . - S T
- flavor tagging for B,,, is performed by - S » KO <:
. . . . . i P L S 71-_
using inclusive properties of particles
not associated with the signal B°

* Bsignai IS CP eigenstate Y(4S)

» Flavor-specific decay modes
* 1 =tagging quality value (0-1) Biag

« r =0 for no tagging B .
« r =1 for perfectly tagging At = Az/Pyc, Az ~ 200 um |—' DY 7

By= boost factor 0.425 L
X K~




Vertex reconstruction

 In B® - KQKJK?, there is no primary
charged track

* to find vertex position we make Ks
trajectory using pion hit

* Resolution function of At
» Detector resolution
* Non-primary track effect for B,

« Kinematical approximation due to the
difference in the p;,;, of B°B°

™ Beam line view of SVD

12



Events / ( 0.008 GeV )

Results - signal extraction

- Total | :

| =esignal WO
60 —— Eackﬂrnund
sl
20—

Lh o3 o < e
ﬂ N N | N "
0.2 -0.1 0 0.1 0.2

AE (GeV)

Transformed NN output:
used for continuum suppression

o100 f-—=Toml ] g———
E p — Signal - = Signal
g | 'TT] Ear.:litgrnund - : E--- Baﬂkgrﬂ'und '
= 3 20f
g ol - I
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Transformed NN output

* An unbinned maximum likelihood (ML) fit with 3D PDF (AE, M,., Transformed NN).
« Signal B°& B? is obtained to be 258 + 17 and the purity in the signal region is 74%.

___PDF__| ____AE_____| M, | Transformed NN

Double Gaussian Gaussian Asymmetry Gaussian

Signal

Background

15t Polynomial

ARGUS Asymmetry Gaussian
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List of resonance modes

Several resonance mode can be included to signal event because we require three K¢ from B°

Decay mode B{(B"—x XK%) B(X — K3K)) Expected events
— BY%— DYK) (2.6 +£0.35) x 10-° (1.7 £ 0.12) 10~ 0.3+0.0
BY —q.KJ (3.45+£0.6) x 104 <3.1x104 90% <7.6+1.2
B® > J/¢YK? (4.35 +0.16) x 104 <1.4%x1078 <0.0+0.0
Background S '
b i c — B> y(25)KY (2.9+0.25) x 104 <4.6x10°6 <0.1£0.0
CP odd B > x K2 (0.73 £0.13) x 104 (3.16 £0.17) x 10-3 16.3+3.1
BY - Xng (1.96 £ 0.13) x 1074 <6 x 10~ CL=90% <0.8+0.1
= B> xxK? (0.75) x 10°C'L = 90% (2.6 +0.2) x 104 0.3+0.0
BY > f£,(1270) K (L8550 ) 10-5 (1.15194% )% 1072 L1258
| B° - £,(1500) K (0.65:0:58) % 10-® (2.15 £ 0.25) x 102 9.9+3:
Signal _| B° - f5(1525) K3 (15238 10-F (22.17 +0.55) x 10-2 A7
b—s B - £,(980)(K%K%) K (2.7+1.8) x 107 191.3+127.6
BY > fo(1710)(K9K ) K (5.0159) x 107 354934
__ B%— £,(2010)(KSKS)KY (5+6) x 1077 35.4+42.5
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Results - Dalitz plot

MC Data

25

Mo oycrc(GEV /)
M5 0yt c GOV /%)

15—

10—

0 i | | | | | | | | | | | | | | | | | | | 0 0 i | | | | | | | | | | | | | | | | | | | 0
0 5 10 w2 15 (Geszc%o 0 5 10 W 15 (Geszc“z)O
KAK(B) KYAIK(B)

« Compare the dalitz plot for MC and data, our evtgen
model for MC generation by PHSP well describes data.
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CP fitting — linearity check using signal MC

* Input §:0.1,0.3,0.5,0.7, 0.9 with A=0
* Input 4:0.1,0.3,0.5,0.7,0.9with S =0

x2/ ndf 2478/3 n 1 o 2mel3
.w_ 11— #* / ndf 2717/3 f, r po -0.01117 £ 0.01171 5 - %/l 0388773 ; E P ~0:006786 001058
g. L 00 0.01121 + 0.01683 2 r o1 001011 Jo.0199 = B p0 0.000715 + 0.01705 2 09F pl 1.0 +0.01678
3 I p1 1,033  0.02708 3 0.01 :_ 30.02— [|¢ -0.005994 + 0.02859 a E_
I 03_ 0.01- =
r [ ___.--‘-"‘"——- B =
L L L] 0 - C
L - = u
- : -0.01- 3
- -0.02— i E
[ N —0.02} -
L -0.03— - F
i - -0.03[ c
o/ I | _004; Lol T C1 \0|2| 1 \0|4| 1 \0\6| 1 \0\8| [ [ |0\2\ 1 |0|4\ 1 |0|6\ |0|8| [
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 : ; ; “Input A ) ) ) “lnput A
Input S Input S pu pu

For S variation

For A variation
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Measurement of TDCPV parameters

* Fitting results
«S$=-0.71+0.23 (stat) + 0.05 (syst)

e —sin2¢,Inb - ccs = —0.699

« A= 0.12 1+ 0.16 (stat) + 0.05 (syst)
E 60 | / \ —@— B° é 1
% _ —O— B° Y] c—
it 40 I / :I \ iﬁ; 0 E | I 1]
20f l' 05}
0 aé:'_ Hh_::E 1t . .
-5 0 5 -5 0 5
At (ps) At (ps)

Q1600
51400_
%1200 -
> i
w000 |-
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-~ B0
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Systematic error

Source S A
Vertex reconstruction 0.031 0.038
Flavor tagging 0.002 0.004
Resolution function 0.016 0.014
Physics parameters 0.004 0.001
Fit bias 0.012 0.009
Signal fraction 0.024 0.021
Background At shape 0.016 0.001
SVD misalignment 0.004 0.005
Az bias 0.002 0.004
Tag-side interference 0.001 0.008
Total 0.05 0.05

Main source of systematic error
comes from non-primary charged
track.

18



S|gn|f|Cance Of CP V|O|a.t|0n Physical boundary

S?2+4°<1

* The significance is calculated using the ——
Feldman-Cousins approach. " S
« Frequentist approach | | |
< Bayesian approach (PDF based on hypothesis)

« The significance of CP violation is determined
to be 2.5¢0 away from (0,0)

A

-

KS KS KS SCP % -0.5

BaBar 0.94 1321 +0.06
PRD 85(2012) 05402& [ O~

Belle / 0.30+0.32 + 0.08 ' '

i - II |i||||i||||i||||i||||i|
PRL 982007) 031802 060 -1 -0.5 0 0.5 1

Belle
(2020) = 0.71+0.23 Confidence region for S and A

Measured result
S-0.71, A0.12

[ =]
I|IIII|IIII|IIII|IIII|I

w

-0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 18

Consistent with previous measurements and b — ccs 19



Summary

 The measurements of time-dependent CP violation
in B® - KJKJKJ decays using the final data sample (772 x 10° BB):
¢« §=-0.72 + 0.23 (stat) £+ 0.05 (syst)
« A= 0.11 + 0.16 (stat) £+ 0.05 (syst)

* The results are
* The results are consistent with SM expectation (-0.70)
* Previous Belle & BaBar result

« PHYSICAL REVIEW D 103, 032003 (2021)
* https://doi.org/10.1103/PhysRevD.103.032003



Backup
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Signal reconstruction
— selection criteria and best candidate selection

- We use K¢ only from charged decay to avoid background.

____ B® - K3K3K}

KQ(mtm™) selection |AM .| < 10 o,
In mdst_vee2 nisKsfinder cut (nb_vlike>0.2)
AE [GeV] -0.2 < AE <0.2
M,. [GeV/c?] 5.2 < M,
. . MEr—M o .
Best candidate selection smallest of y2 = ?:1( — Ks)

KSFW LR, cosfg, cosOr

Continuum BKG suppression NeuroBayes output>0.08
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Classical and FC frequentist

Classical method - FC method
= ' F : S F
v 0.8 F - '/WC
*%3 0.6 B Acceptance Interval e \ >
t 0.4 E TR
E 0.2 - Confidence Belt —_ . -
0 F Y E
0.2 F u
04 £ Confidence Interval = AT 05 —
OE L e O |
g _3 / —2 —1 0 1 2 3 4 —4
Measured Value x
Confidence belt is empty
when measured value x is far from physical region Confidence belt is never empty!

By ordering principle
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Dalitz plot

MC Data
— 25
5 L L
< I KK Ky S - .
© F gk & I Entries 501
O = K — Tt
= : 5 20—
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« Compare the dalitz plot for MC and data, our evtgen model for MC
generation, PHSP_CP, well describes data.
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MC Data
@ a
10 i
S S
: —
£ £ 10E
) g i
> )

CP fitting — lifetime measurement

pull/ (0.5 ps)

1
1E:
Vil
10 0 10 -10 0
At(ps) At(ps) At(ps) At(ps)
- Using 1M signal MC with input 5 is 1.5367 - Data result

- Fitting result: 1.5461 + 0.0072 ps - Fitting result: 1.4271 + 0.1129 ps
- Difference (fitting result - input) : 0.0106 ps - PDG value (1.520 4+ 0.004 ps)

« The result of lifetime fitting is consistent with PDG value
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