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Introduction - Belle experiment
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A number of 772 x 10° BB
was obtained from 1999 to 2010.



Introduction — time-dependent CP violation

- The time-dependent CP violation (TCPV) can be caused by the interference
between B° decay to CP eigenstate (f,,) and B° — B® mixing.

B, B,

NS N/

- B® — B? mixing - mixing-induced CP violation (S)

- Time-dependent CP asymmetry

_ P(B°(At) —» fep) — P(B°(At) - fcp)
" P(BO(At) > fep) + P(BO(AL) > fcp)

= Ssin(AmA®t) + Acos(AmAt) S = m.lxmg—lndtojced.CP violation
A = direct CP violation

Measurement of S: some typical mode (ex:B° - J/YKS) = unitarity angle ¢; = f3
where ¢, = arg[—VeaVep)/ VeaVip)] 4



Measurements of sin 2¢,

Suppressed

b N c b ;\M,HZ 5 b — ccs transition (ex: B® - J/YKJ)
c ¢ sin2¢; = 0.699 + 0.017 (W.A)

b

4 b —cad transition (ex: BY — J /", J/yp°)
¢

E< = %< - sin2¢d = 2
d C
X s b ;M:Lé s b - sgq penguin transition (ex: BY —» n'n’K?, KYKYK?)
%Q-<<q
q

sin2¢7 = 227

L L . ff :
Forbidden in SM } . Significant deviation of sin2¢;”’ from sin 2¢,
penguin” diagram indicates evidence of NP,

—>sensitive to new phySICS (NP) [Ed. A.J. Bevan, B. Golob, Th. Mannel, S. Prell, and B.D. Yabsley,
Eur. Phys. J. C74 (2014) 3026] 5



Preliminary result

BY — KgKgKg



Introduction - motivation

w* KS KS KS SCP ﬂ

b < < 3 KO : . - ;
d e BaBat: | ., 0.94*921+0.06
B® &ﬂ g Ke PRD 85:(2012) 054023 | aéa(
_ ; )
S 10 :
d > q Ks Be”E";:i . ~ 0.30 + 0.32 + 0.08
PRL 983(2007) 031 532M BB
 Pure b — s penguin transition by loop diagram verage \ »- * 0.72£0.19
- Sensitive to new physics HFLAV porrelated a‘*’le"aqel o
. -0.2 0 0.2 0.4 0.6 | 0.8 1 1.2 1.4 1.6
* CP-even eigenstate
+ S=—sin2¢ —sin2¢1effinb — CCS

« We aim to accurately measure TCPV value ~
in B - KJKJKQ with final data sample (772M BB).



Only charged pions |
Signhal reconstruction - Neural network (NN) with

13 parameters
- |AM | <100

Two kinematic variables:

1. beam constraint mass: M, (o
2. energy difference: AE « K2 <:: !
S/ T

/ . Ifn.+i

’ . _-¥ KS <:i n_:

Bsignal ::~\ ;::::

e KO st T

S P

17T 1
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*AE = Ep — Epeam
* Eg= energy of B in CM frame
* Epeam= half of beam energy

* Mbc:\/Elgeam - pé
* pg = momentum of B in CM frame
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Nomazlied

Only charged pions |
Signhal reconstruction - Neural network (NN) with

13 parameters
- |AM,;| <100

Two kinematic variables:

o 1. beam constraint mass: My, ("
& Signal 2. energy difference: AE « K° <:E ™
0.08 =1 : ' S _
n.06| qq N N CUt ,’/ I‘_E-'I
. (T
o.04fL e_ ,// 17T ' 1
~__ S kY < i
T O Reural Netwrok BSignal é,::\\\\ ;:::.:.:
NN output qq(u,d,c,s) + — Y(4S) T KO <:E T i
\ I n'_'l
: : Biag t---
Continuum backgrounds are suppressed using e
topology information along with the NN
t;(: - !/\\ = signal MC ) AE - EB - Ebeam .
8 = o o * Eg= energy of B in CM frame
g BY — .. * Epeam= half of beam ener
S, Ko l | % Veto b — ¢ quark transition = &
§ o Xeols | : - B® > oK (teo = KIKS) Moc [Fiaan =
5| i % for 3.388 < MKgKg < 3.444 GeV /c? * pg = momentum of B in CM frame
oL .
2 Y 4 5 9

2
Mycapce) (GEVIE?)



Vertex reconstruction & flavor tagging

- Flavor tagging is performed by using inclusive properties of particles not associated
with the Bgignar.

- Bsignar decay to CP eigenstate
- flavor ¢ = BY or B°
- Beqg is also used to determine At.
At: decay time difference between Bg;gnq and By,

S |
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Y

4
=
«wno

O e g ——

cHE!
+1

At least one pion
- pair has silicon
vertex detector hit

e

T

:!:1|

+

S
t————-

At = Az/Byc, Az = 200 um
By = boost factor 0.425

The flavor and At are needed for TCPV extraction 10



Signal extraction

Preliminary
- = Total ;
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o 20 —{‘
A ! .

0 T henn W H

0.2 0.1 0 0.1 0.2

AE (GeV)

Transformed NN output:
used for continuum suppression

o100 f-—=Toml ] g———
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© 3 20ft
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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

1t Polynomial

ARGUS  Asymmetry Gaussian
11



Measurement of CPV parameters

Preliminary
* PDF to extract CPV parameters &1 ,
. i | iy | —@— B°
pj(&l‘-j,@‘j) — (1 _ fol) X Lf_?lgpsig(‘itjr(i?j) ,_% i \ —O— B®
si 1 . - /,
*<1 - fj gjpbkg(ﬁfj), L follpoﬂitj) I / f
20 ) "' :\‘...
* Py :Signal PDF f HZZ: %h.__
* Pyyg: continuum background PDF S 0 5’j
* P,; : outlier components PDF . i
‘g 1
. 2 05—y
» Fitting results I
« §=-0.71+0.23 (stat) + 0.05 (syst) s Bt B -
¢« —sin2¢,;inb - ccs = —0.699 05
« A= 0.12+ 0.16 (stat) + 0.05 (syst) A




Significance of CP violation

* The significance is calculated using the
Feldman-Cousins approach.

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

Preliminary

KS KS KS SCP %

BaBari

Belle |

PRD 85:(2012) 054023

0.94 *021 +£0.06

N

/ i

0.30+0.32+£0.08

LN
PRL 98:(2007) 031802
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(2020)
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Measured result

5-0.71, A0.12

-1 -0.5 0

Confidence region for S and A

Consistent with previous measurements and b — cCs

0.5 1

S
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Published result

B 5 1 nOKS PRD 99 011102 (2019)
B - J/ym® - PRD 98 112008 (2018)

14



B° - n’n'KY

Suppressed ;\rv\,,%
b u b >
q %.<:
q

b — sqq three body decays

« Tree diagram b — suu - doubly Cabibbo
suppressed

« Penguin diagram b — sdd = main decay

Oy ©

Any NP will shift S = —sin 2¢:’/ by penguin diagram
First measurement using the final Belle data (772 x
10° BB)

150
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50f

counts / 2 MeV/c®

M, (GeV/c?)
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: RRET o
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—02-01 0 0.1 0.2
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Fit result

Total background

Rs/p = likelihood ratio for
continuum suppression
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sin2¢, In b — cCs

B? - 07O K? '

counts / 1.5 ps

Raw asymmetry

0,0
S . mrnK SCP vs.CCP%

CP PRELIMINARY

50

—
T

SCP

Contours give -2A(In L) = Az = 1, corresponding to 33.3% CL for 2 dof

(@]
67

S =-0.92 + 0.31 (stat) + 0.11 (syst)
A= 0.28+0.21 (stat) + 0.04(syst)

o

The measurement results
- S is consisted with the value of sin2¢; In b — ccs.

e - A is consisted with the zero = no direct CP violation in
At (os) the SM expectation.

|
o
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|
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« b - ccd two body decays S

* Penguin diagram is not suppressed < b — ccs 3

+  Penguin and any NP will shift S = —sin2¢// g
- Constrain the small penguin contribution in B® - J/yK?

by introducing a plausible flavor SU(3) asymmetry.




Events/ (1 ps)

Decay rate asymmetry

— sin 2¢)4 irl1 b — ccs

Jhy WF Scp V8 Cep %

b - are consistent with, and supersede previous Belle results.
-5 0 5 - S is consistent with the value of sin2¢; in b — ccCs.
- show penguin and any NP to B - J/yK? are small. -

06 : N IBaBarE
5 ' Belle |
Average i
_I ____________________________________________ o
I
|
I
I .
|
i T T T ; | .
i ; I1 -c;_a = -c;.s -c;.4 -c:;.z cll
5 S
0.5 — Contours give -2A(In L) = Ax® = 1, corresponding to 39.3% CL for 2 dof cP
005_ S =—-0.59 + 0.19 (stat) + 0.03 (syst)
o A= —0.15+ 0.14 (stat) + 0.04(syst)
05| The measured CP results




Summary

 The measurements of sin Zcpfff provide sensitivity to new physics.

- Using the final data sample (772 x 10° BB) sin(2e) n b-> cts
2> S =-0.71 % 0.23 (stat) + 0.05 (syst)
2> §=-092 + 0.31 (stat) + 0.11 (syst)

« BY = J/yn® > S =—-0.59 + 0.19 (stat) + 0.03 (syst) _
* These results are consisted with the value of sin2¢p, in b = ccs. 0.5 07 09

bl

e The result of B® - KJKJKJ will be submitted to PRD.
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Backup
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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.

But statistical error is much larger
than systematic.
- statistics: S(0.23),4(0.16)

22



Signal reconstruction
— selection criteria and best candidate selection

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

__ B® - K3K3K}

KJ(mtm™) selection |AM .| < 10 o,
in mdst_vee?2 nisKsfinder cut (nb_vlike>0.2)
AE [GeV] -0.2 < AE < 0.2
MbC [GeV/CZ] 52 < MbC
. . M7L:C7T_MK0 ?
Best candidate selection smallest of y2 = l.3=1< - S)

KSFW LR, cosfg, cosOr

Continuum BKG suppression NeuroBayes output>0.08

23



Parameters for K¢ selection

Variable name Meaning

p_ks_lab K g momentum in lab frame

zdist distance between two helices in z direction

f flight length in x-y plane

dphi angle between K¢ momentum and K¢ direction

dr_low shorter distance between IP and child helix
dr_high longer distance between [P and child helix

angle between K momentum (lab frame) and pion momentum (K¢
decang : S
frame)

svdhit1 whether positive child hit SVD or not
svdhit?2 whether negative child hit SVD or not

cde_rl axial wire hit number of positive child

cde_zl stereo wire hit number of positive child

cde_r2 axial wire hit number of negative child

cdc_z2 stereo wire hit number of negative child

24



M __+_- distribution by SVD hit

* The mass range for
* both or non pions hit the SVD: 0478 < M_+_- < 0.517 < GeV /c*
* Only one pion hits the SVD: 0.474 < M_+_- < 0.522 < GeV /c?

po 3.306e+04 + 1.054e+02 p0 2304e+04 £ B91Te+01 | __ pl IN5 + M5
‘_‘: E pi 0.0001014 + 0.0000055 ‘-‘: C pl 0.0002903 + 0.0000070 1‘;‘ 4000 - pl 0.0002072 + 0.0000230
3 35000 — p2 0.002012 = 0.000006 | S5 = P2 0.00203 £ 0.000007 |3 - P2 0.002504 + 0.000027
© - 3 1032 = 18.5 i?r 25000 — p3 1204 + 163 |©@ 3500 — p3 4246 96
S 30000 — p4 -0.0001329 + 0.0000601 | - P4 0.0001945 + 0.0000713 | S C p4 7.0082-05 + 1.576e-04
E C po 0.008591 + 0000063 g L p5 00117 + 0.0001 ;_ 3000 :_ 0.01472 + 0.00026
3 25000 = 20000 P -
e C E C g 2500
= 20000 el “ -
m - 2000 —
15000 - - .
- 10000 — 1500
10000 — - 1000F
5000 — 5000 — s00 -
0 :I e S m— Y. = ! == 1 1l T PP : :I 1 Lo L1 T B T R T L
002 001 0 00w ?t?gwcz} Y -0.01 0 0.01, 22, R . .01 0 0,01 0.02
K Wl - MK’, ) F{:z} . ' * M., - MKu{GEVJrCZ}
a) Both pions have SVD hit. | : ; : : | :
(2) I (b) None of pions have SVD hit. (c) Only one of two pions has SVD hit.
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Nomazlied a.u/{0.2)

Nomazlied a.u/(0.2)

Continuum background

] KSFW likelihood ratio

ol Signal
0.142— qqg BKG

0125
015
0.08C
0.06F
0.04F
0.02F

0 0z 04 06 08 1
KSFW LR

|cost.|

Nomazlied a.u/(0.2)

KSFW LR — Kakuno Super Fox-Wolfram moment
cosfg= cosine of the angle between beam pipe and B¢p
cosfr= cosine of the angle between thrust axis of B., and B,

) 5 o042l .
0.03< S H — Signal
WL |COSQ | 3 1 ----Continuum
C B C 0.1%?
g &os%é
:
0.0+ 0.08
um?— S: 81%
- B: 10%
0.02—
0 (]lz []|4 ‘ 0‘6 Ula 1 0—; -0.5 | --‘ 2,-“-I----I"--I----I--H:‘_;'-r-“'--“r---'-"1
|cos®,| NeuroBayes output
The NB cut is selected with
highest figure of merit (FOM)
FOM = —=0
[/Ngjg+N
sig bkg 26



Dalitz plot

MC Data
) 5 T
N N
- - F
] g ¢t 0.0
\‘g U@ [
¥ X 20
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uu;:a qu;:a L —0.¢
s s
15— —0.0
i —0.0
10
. 0.0
5_
I 0.0
0_ | | | | | | | | | | | | | | | | | | | 0 0_ | | | | | | | | | | | | | | | | | | | 0

0 5 10 , 15 o 20 0 5 10 , 15 , 20
MKg(A)KE(B)(GeV J'IIc ) MKg(A)KE(B)(GeV 1"0 )

« Compare the dalitz plot for MC and data, our evtgen model for MC
generation, PHSP_CP, well describes data.



B-mesons background

0 .
Ks , 5 ¢t Momentum order

- - N
o [4)] o
1 1 T LI

Events / (0.03 GeVic?)

[4)]

o

~ signal MC ® N ~— signal MC © T ébnal MC

—— Continuum MC % - b - S — Continuum MC - — Continuum MC
20 o
—=— Data (0] B —=— Data o
™ B ™
B° - S 15f S
0 - N -
X COKS *E C 7 T ] 2
n c
¢ 10| I Tl e
w B ! il | i " w

”I hh I=I‘|l !
I Tl

*?l hib :

. | "“‘ M

N

ol

3 4 5 o- > 3
0 0 2
MK;[A]KS(B] {GE\HC ) MK:{B}KS{C) (GEVJ"C ) MK:{E)K:{C) (GEV!’CE)

« Using invariant mass M KoK guasi-two-body decay are considered:

* b — c quark transition by the tree diagram -> considered as a background
* Veto: B® - y.o(KIKJ)KQ > 3.388 GeV /c? < Myogo < 3.444 GeV /c?
* b — s quark transition by the penguin diagram - considered as a signal
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Signal extraction with projection

With projection

Events /( 0.008 GeV )

— Total N = Total a0 F —Total
80 - —Signal S 80 —Signal . [ = Signal

- - - Background & - Background > a0k Background

@ 60| s I

g8 S _F

N @

= [ E

) _ ]

t 20} >

g + =

m i‘ L 1 L

q5.2 5.22 5.24 5.26
2

NN output (a.u)
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Signal extraction — validiation check by correlation

 To check any bias in signal
extraction due to 14% correlation
between M, . and AE parameters.

* The 1000 signal MC samples are
generated via evtgen and gsim.

* There Is no bias between correlation
and (signal yield/ input event)
* The signal yield is divdied by input
event to remove gsim effect.

-
o
[95]

-

=]

%]
I

=9
II|IIIIIIIIIIII

nt) / (0.0033)
2
|

input eve

5099
Q -
2
=0.981
50.981
2097
0.96

0.95[

0.94F

Entries 1000

093_ |

0.4

-0.2

0 0.2 0.

Correlation {Mh :AE) / (0.025)
C

I35

—30
—25
—20

—15

10
5
0

4
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CP fitting - background &t distribution

« Data sample: M. < 5.26 or 0.15 < |AE| < 0.2
« Continuum suppression cut is not applied to increase events

—_ " Shape Mean
4 [ a T 2 5018
o y| - &
2 10°} S p 0.30759
S = pd -0.37944E-0
£ 102} a L. smul 1.1232
> | | | s 2.3082
° ok f H e 0.32354
! ! ! il Lrd
i 0 bt e % - ; 0.80373
)7 20.217
0 10| 0 10 ._f;‘i-,’?; 0.36542E-0
ﬂt(pS:l At (pS) 34 0.76419

&




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

2/ ndl 247873 ” < 1 ¥*/ ndf 2.236/3
.m- B x* f ndf 27713 f- C po ~0.01117 + 001171 5 B */ ndt 0355713 5 F o ~0.006796 = 0.01058
g. i 00 0.01121 + 0.01683 §_ r o1 001011 Jo.0199 _g_ B p0 0.000715 + 0.01705 % 0.9 pl 1.0 +0.01678
8 L p1 1.033 + 0.02708 8 0.01 L o 0.02 — pl -0.005994 + 0.02859 3 -

I 03 0.01F -

r [ ___.--‘-"‘"——- B =

— L __‘__‘—l-‘-"'— 0 [ :

L L | C

- i -0.01 2

r -0.02 n L F

I r -0.021- E

B -0.03 - - :

I . —0.03[ g

i | | | | | | | | | ) | ) | | ‘ | | _004; | | | ) | ) ‘ | | | | | ) | | | | 1 \0|2I 1 \0|4I 1 \O‘GI 1 \O‘BI 1 1 1 1 I0‘2\ 1 I0|4\ 1 I0|6\ I0|8I 1 1
0.2 0.4 0.6 0.8 0.2 0.4 . 0.8 : : ' ' Input A ' . ' . Input A
Input S Input S

For S variation

For A variation
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CP fitting — lifetime measurement

<

N
O
0
—r
Y

2 10° Z2 F 2
*5102 5 10F 2 2y M -t
10 0 | W I _
il i
1 lm ki!
0 10 '“210 [I] 10'“.
At(ps) At(ps) At(ps) At(ps)
- Using 1M signal MC with input 75 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 + 0.004 ps)
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Compare with the previous Belle result

* Previous Belle result
 Using 532 x 10°BB (492 fb™1)
* Include B - KKK - ntn ntn nn®
 Measured result
« §=-0.30+0.32+0.08
« A=0.31+0.20 +0.07

* In this analysis
e exp 7~47 data set: 504 fb~?!
- Reprocessed data (improved tracking) + improved K¢ efficiency (77% = 87%)
« Measured result
« $=-0.73+0.31
« A=0.16 +0.20
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Compare with BaBar result

* In this analysis =S5 = —0.72 + 0.23 (stat) + 0.05 (syst)
 Purity from signal extraction : 72%
* Number of fitted event after discard poor vertex events : 345
« Used signal events at CP fitting: 345*0.72 = 248 events

BaBar (486 M BB) S = —0.9410-21 (stat) + 0.06 (syst)

TABLE VII. Event yields for the different event species, re-
sulting from the maximum-likelihood fit for the time-dependent
analysis. “*B* B~ (B"B") background” represents background
from charged (neutral) B decays. Quoted uncertainties are sta-
tistical only.

Species 3Kt a) 2K 7" 7 ) KA 7" 70

| Signal 20118 623 | ~267 events
Continuum 3086723 708673
B*B~ background —54+33 45434

B"B" background 9" 3 4*38




