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Belle experiment at KEKB e Te™ collider:

« KEKB: Asymmetric e"e™ collider operating at and near 10.58 GeV [ Y(4S) mass peak]

Belle Detector

° . + — . .
Belle detector was situated around e™e™ interaction point. Aerogel Cherenkov cnt.
SC solenoid ;\:\ \ n=1.015~1.030

15T SN, N>

* Belle experiment collected total ~1 ab™1! data including C%(;D
0 Wil
e 1.3 x 10° ¢c¢ (charm factory) TOF counter ——

tral Drift Chamber
* Belle experiment ran successful physics program with \smiall cell +He/C,H,
very good particle identification and vertexing performance.

K /'K; detection

3/4 lyr. DSSD 14/15 lyr. RPC+Fe
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Motivation:

Standard Model framework: Very small, O(10~3) or smaller CP violation in charm meson decays [1].

CP violation measurement significantly deviating from SM expectation would probe new physics contributions.

Singly Cabibbo suppressed (SCS) charm meson decay, uniquely sensitive to new physics effects [1].

Only CP violation observed in charm was in SCS decays [2].

This talk present recent results from Belle experiment on:
* Precision measurement of decay rates for Cabibbo suppressed charm meson decays

* Search for CP violation in Cabibbo suppressed charm meson decays

[1] (Y. grossman, et al. Phys.Rev.D 75 (2007), 036008)
[2] LHCb Collaboration Phys.Rev.Lett. 122 (2019) 21, 211803
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Measurement of Branching Fraction and

search for CP violationin D° —» K2 K) nt ™
(Preliminary, paper to be submitted)
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CP violating observable a p :

* Search for CP violation using T-odd triple product (TP) asymmetries.

I I. Y. Bigi. Charm physics: Like Botticelli in the Sistine
Chapel.
Michael Gronau et.al PRD,495 84(9), Nov 2011.

* Define scalar triple product Cr as:
e Cr = ﬁKQ . (ﬁn+ X ﬁn_) (K2 with higher momentum is used)

* For DY decays, T-odd triple product asymmetry Ay is defined as : Prs +"

« A = N1 (CT>O) — N, (CT<0)
T' ™ N, (Cy>0)+ N, (Cr<0) —

— CP _ c - P _
* For D° decays, CP conjugate observables: Ay - A, Cy - Cr > — Cy
N3 (=C1>0) — N4(=C7<0) ﬁn+/\ _

*Ar = N3 (=Cp>0)+ N, (—C7<0)

l

* The difference a/, = %(AT — A7) is a CP violating observable.
T .,
e aCP .
* Independent of effects from strong phases. *  Michael Gronau et.al PRD,495 84(9), Nov 2011,

* By construction, unaffected by D° versus D° production and detection related asymmetries.
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CP violation measurement using A¢p :

* We can also search for CP violation using observable A.p defined as:

_ ND° - f)-=ND° - f)
- N(D° = f)+N(D° - f)

CcP

* Itis the difference in number of D° and D° decays to the CP conjugate final states f and f .

« Measurement of both Acp and alp are complementary to each other:
* Theobservable Acp « sin(¢) sin(8), where (¢) is weak and (§) is strong phase difference between the
contributing amplitudes.
* The observable alp « sin(¢) cos(8) * A.Datta et.al, Int.J.Mod.Phys.A 19 (2004), 2505-2544
* Non zero Acp : strong phase difference (§) must be non zero,

* alp islargest when the strong phase difference (§) is zero.
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https://inspirehep.net/authors/1012391

Reconstruction of decay at Belle detector

e Impact parameter and PID cuts are
- applied on final state pion from D® & D**.

T -

\ + TC
T[ A
1 .

* Multiple candidate events: @
 choose asingle candidatewith "
lowest value for ¥ x?/ndf of D*,D®* " .

* Reconstructed decay chain and the
corresponding selection criteria

U

....... v

.
""""

.......... e K9 reconstructed using standard Belle

and K Sp vertex fit. e vertex fit is done for D° using pion neural network based method
tracks e Mass constrained vertex fit for both K?
* Same set of selection criteria for e Cut is applied on vertex fit y2/ndf to ¢
normalization channel D —» K9t n~ suppress background i
e IP constrained vertex fit is done for Ty, track
) o + i D** momentum in e* e~ CM frame required > 2.5 GeV/c
* Reconstruction efficiency: T Gow (to remove D from B decays)
e 6.92%for DY - KIKIn*n~ . { pr et
5 - @
e 14.97%for DY - Kon'tm > P —
8 GV Interaction Point (IP) = €Y Fig. not to scale
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Branching fraction measurement:

* Extracted signal events using 2d fit in variables:
© Mpo[M(K2K{m*n™)] and AM [M(K)Kdn*n~n],,,) — M(KQKdnT )]
« ~921 fb~! Belle data, » ~6.1kD° - K2 K¥ntn~and ~1M D° - K¥n*n~
« BF(D°> K?K)n* n)/BF( D> K?m* m™) = [1.72 + 0.03 (stat.) + 0.04 (syst.)] %

BF(D?-> K KO nt ) = [4.82 +0.08 (stat.) T319 (syst.) + 0.31 (norm.)] x 10~*
World’s most precise measurement, compare to previous result (5.30 + 0.90 (stat.) + 0.30 (syst.)] x 107%)

YN O o =
. . . § 800 — Total \—,lendf =129 § 1000:_ — Total
Fit Projections S F sanat 0 0 0 + 3 % o A N 0 0+
----- v - [ ===== Signa .
— so0b i D" - KiK' o > soof- 9 .-.._D - KiK'
o Coeee Combinatorial Bkg. J .. S T e Combinatorial Bkg. o ..
S L Preliminary S 600~ Preliminary
© 400 ----- Other Bkg. o Eooeee Other Bkg.
Z - = 400
[7)) — -
2L 200 k%) C
C - -
o et R R e N ) 200: - . PP A P
Lﬁ 0_ eoaliaassemsssnaadessmaesa®henmp ™ty T e e anas Lﬁ 0"'":'_. T TPPY (P LA L PR L N
1.82 1.84 1.86 1.88 1.9 1,92 0.142 0.144 0.146 0.148 0.15
M:(GeV/c®) A M(GeV/c?)
% 4 = 4=
2 D 0 T hesssssssssssssssasssssssssEssAsSEsSESSEESSESSEESESSEESSESSEESEEEEEEEESEEESs
-2 o[- i 1 I i I i I
-4 7 e
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Ac-p measurement:

The A.p value obtained using below equation includes contribution from non CP violating production and reconstruction
asymmetries: i N(D°=f)— N(D°>7)

“PN(DY— f) + N(D°— f)

Adet, — + @ » Asymmetry due to difference in reconstruction efficiency between g and m;
N\

Forward backward asymmetry
Wpo = 1 — AZS (pT7 COS eﬂ's)

CP violating asymmetry

To account for A;° , we weight the D°® and D° events as :

5o = 1+ AF(pp, cosb, )

Resulting Acp now includes A((:f)ﬁ = Acp + Arpp.

The forward backward asymmetry is odd function of cos(8*), where 6* is D* polar angle in COM frame.
“h(cos 0*) + AFp(— cos 6%)
2

For a given cos(8*) bin, we obtain true CP violating asymmetry Acp =

The average of all positive cos(8™) bins will be quoted as final Acp asymmetry.
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Ac-p measurement

Acp values as function of cos(8%):

S0.01
So.

Po =(-2.51+1.44)x 107° Preliminary

o

OIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

-0.01
-0.02
-0.03
-0.04
-0.05
-0.06

0.2 0.4 0.6 0.8

P
O _,
%]
D
*

* Theredlineis a straight line fit to Acp values

* Final Acp resultis : * First CPV search for this decay

. +0.35 -2 - . .
Acp =|—2.51 + 1.44 (stat.) ¥3:23 (syst.) |x 10 « Consistent with zero CP Violation.
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Simultaneous fit for a;/» measurement:

* To measure a.p, data sample is divided into four categories:

Charge of m is used to tag the

flavor of neutral D meson

D? decays D°decays
Cr>0 Cr <0 —Cpr>0 —-Cr<O0
(N1) (N2) (N3) (Na)

« To obtain a}p , we perform a 2d fit simultaneously to these four datasets.

e asp = [—1.95 + 1.42 (stat.) 1912 (syst.)]%
* First search for CPV using T-odd observable in this decay
* Result Consistent with zero CP Violation.
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Branching fraction measurement for

D* - K*K~mn*mn®,Dfyy » K¥*n™m

arXiv:2205.02018 [hep-ex]
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https://arxiv.org/abs/2205.02018

D* - K*K~n*n®,Djy » K*n~n*n®

* Measured D* —» K*K~n*n®, D —» K*n~n*n® branching fractions

Used 988 fb of data

« Measurement done relative to normalization modes: D* - K ntn*n® Df - K*K ntn®

+ Signal yields are extracted using fit to M(D(5)

0]
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o
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o
o
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- Dt KtK ntxn°

¢ data
— total fit
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- background
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..........................................
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Events / ( 0.002 GeV/c?
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First observation
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D | etgeet®es®ePectPa®eea® Y i
O -
Al L
S 10000 [
o | & data
= - — total fit
_.(B 5000_ """ Signal
c ~ wuen background
q) -
> B
L L .
o) LR P T A TR Bk L Lty
1.9 1.92 1.94 1.96 1.98 2 2.02

M(K*n*n0) (GeV/c?)

I3



Results: arXiv:2205.02018 [hep-ex]

* Measured branching fraction ratios are:

B(Dt—-K*K - 7ntr" ] . - .
( T 7r0) — (11324 0.11 + 0.26)% Ratio of DCS/CF decay = (5.83 + 0.30) X tan*0,
B(Dt— K-ntntz?) * Significantly larger than (0.21 — 0.58) %, measured for
B(Dt— K+tn—ntx® —1" | otherDCSd
( T T ) (1,684 0.08 4 0.03)% omnerFhsdeeays
B(Dt— K—ntnt7r0) * (Consistent with previous result (6.28 + 0.52) X tan*6,
B(DT—sKtr—n7t70 * Possible explanation is presence of massive isospin
(D T (17,13 4+ 0.46 4 0.51)% P / ’
B(DS — K+ K-m+70) symmetry violation in the decay (Phys. Rev. D 104, 072005)

* Measured branching fractions are:

B(D* - K*K ntn% =

—_—

(7.08 £ 0.07 £ 0.16 & 0.20) x 10~3 Improved precision from latest measurements
B(D* s K- N 0y ’ ' ' B(DY » K*K m*n®) = (6.62 +0.20 + 0.25)x1073
— T ) = -
(1.05 £ 0.05 £ 0.02 £+ 0.03) x 1073 B(D* —» K*m m*tn®) = (1.21 +0.08 + 0.03)x1073
B(Dj—>K+7r_7r+7rO) = ~
(0.44 +0.25 +£0.28 £ 0.32) x 10~3 L First observation
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https://arxiv.org/abs/2205.02018
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Branching fraction and A;p measurement for
D° - ttn™n, KT K™n,and ¢n

[JHEP09(2021)075]
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Branching fraction:

« Measured D° - n*n™n, K¥ K™n,and ¢n branching fractions
* Using 988 fb" of data, relative to normalization modes: D° -» K~ n*p

Events / (0.1 MeV/c? )

Pull

* Signal yields are extracted using fit to Q =

X107

24 L I I AL A B A B — £ E
350 — 3
22 ¢ data b = (¢ $ data E
2 — total fit S 3005 — total fit =
_____ : [} E -==== signal ]
12 signal S 2s0F back g ]
aE [l o background 0 e 1 ackgroun E
: 0 + — — 2005 0 + =
1 < 1eos : E
8‘2 2 100F : 3
: ) E LR
04 > 50F ?
02 L E :
. | 0 | L | L L | L
% 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
2
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5 - SE T T T 3
ST T W S E U TR i 3 of :
50: ------- -2 --------- 4- -------- ; --------- a- -------- 3 -0- ------- ;; -------- 3 :“: _5(; 2 4 6 8 10 12 14 -

2d fit used for DY - ¢n: Q, M[ KtK™]

[JHEP09(2021)075]

slow

MK K1 o0 ] — MLKTK 1] = M[mg0]

B(D? > ntmn)=1[1.224+0.02 +£0.02 +0.03]x1073
(world’s best precision)

B(D° - K"K n)=[1.80700740.04 + 0.05]x10~*
( first measurement)

B(D? > ¢7n)=[1.84+0.09+0.06 +0.05]x10~*
* Improvement to PDG world average [1.8 + 0.5] x10~*

T T
200 ¢ data o~ . 180F ¢ data
& — total fit RS E (b) — total fit
© 180 160
S 160 === D I ==~ D'
% — D°KKn (non-) s 140¢ — D’-KKn (non-0)
S 140 — background o 120 F = background
— 120 = = = background (non-o -— 100_ = = = background (non-¢)
Z 100 o
»n ~ 80F
9 8o ~ 0
5 o @ ooF D° - ¢n
5 40 $ 4oF
20 ; ? NS A L o A s o - 0 Lok et lJ>J 20
’;-_x,'_' A R A K W o L | 1 il ]
099 1 1.011.021.031.04 1.051.061.07 1.08 0 2 4 6 8 10 12 14
2 2
My (GEV/CY) Q (MeV/c?)
5 51
3 oE-tmmtrhefoq Fwbr byl 2 I B SR e K
B S 3 1 B 7 S VS 0 G O W1 T -5¢ 2 4 6 8 70 12 14
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Ac-p measurement:

* Simultaneous fit for D? and D° , Q distributions in bins of cos(8*)

0.25

— RN Tt l i T T
0.2 D° > 1l'+7'l'_71 (a) E 0.2F D° - K+K—77 (b) 0.2¢
0.15F B 0.15F 0.15E
01F = 0.1F 0.1F
0.05 E 0.05F 0.05F
% 0E — ?5 0 = %
< - ] < s <

-0.05F B -0.05F -0.05F
-0.1F ] -0.1F -0.1F
015 = ~0.15F 015
02F = -0.2F 02F
-0.25 - -0.25 -0.25 E-

0.25 e

0.25:||||||||||||||||||||||||||||||||||||||||

[JHEP09(2021)075]

11 I 11 11 | 11 11 | 11 11 | 1111 | 1111 | 1111 | 1111 | 1111 | 111 I:
0O 01 02 03 04 05 06 0.7 08 09 1
coso*(D*)

11 | 1111 | 1111 | 1111 I 11 11 I 1111 I 1111 I 111 1 | 1111 | 111 I:
0 01 02 03 04 05 06 07 08 09 1
coso*(D*)

11 I 1111 | 111 1 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 111
0O 01 02 03 04 05 06 07 08 09 1
coso*(D")

Significant improvement over previous best measurement

e A (DY >t n)=1[0.9 + 1.2 (stat.) + 0.4 (syst.)]%
cp ( n)=| ( ) (syst.)]% Aep = [~9.6 454+ 1.8 1%

e Ap(D® > KK n)=[-1.4 + 3.3 (stat.) + 1.0 (syst.)]%
First search for CPV in these decays

e Acp(D® - ¢pn)=[-1.9 + 4.4 (stat.) £ 0.6 (syst.)]% All results consistent with zero CPV
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Search for Dt » K K%n*ntn® at Belle
(Preliminary, paper to be submitted)
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Searchfor Dt - K K{ntn*tn!
« SM CP violation is highly suppressed, 0(10~%) in the AI = 3/2 transitions.

* Calculate asymmetryin Al = 3/2 transition
 Use five particle final state common to D —» K*K* m charge configurations i.e.
Dt - K K2ntn*n® to measure the following amplitude sum

AKT K™% + A K " n) + V2A(KTK )

* Results:
e B(DY - K Kdntntn®) = 6.4%33 x 107> with an upper limit at 95% credibility of 1.4 x 10~* (Bayesian)
« B(D* > K*nn*t+ DT > K*wnt)=6.0183 x 107> with an upper limit at 95% credibility of 1.8 x 10~*

| msmallest 68.2% interval
C smallest 95.5% interval
L Il smallest 99.7% interval

Invariant mass distribution for D* - K- Kn*n*n® oo STl

[ = data

200/—

events / 2 MeV

Preliminary

100 1111 | | | | | | | | | ‘ | | | | | | | 1111 ‘ | | ‘ 111
182 183 184 18 186 187 188 1.89 19 1.91
my, [GeV]
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Summary:

Charm mesons BF measurements:

« B(D°> KIKOn*tn™) = [482 +0.08 (stat.) T0-1 (syst.) + 0.31 (norm.)] x 10~*

* B(D® - n*n7n)=[1.22+0.02 £0.02 +0.03] x1073| |* B(D" » K* K~ n*n®)=[7.08 +0.07 £ 0.16 £ 0.20] X 107°

« B(D° - K*K™n)=[1.80130740.04 + 0.05] x 10~* « B(D* » K*n~n*n®)=[1.05 +0.05+ 0.02 + 0.03] x 1073
« B(D° - ¢ n)=[1.84 + 0.09 + 0.06 + 0.05] x 10~* « B(D{ » K*n~ntn%) =[9.44 +0.25+0.28 + 0.32] x 1073

« B(DT » K~ K2nt nt n?), upper limit at 95% credibility of 1.4 x 10~*

All reported BF measurements provides either world’s best precision or first observation

CP violation measurements:

e Acp,atpforSCSdecayD® —» KQKdnt m™ e Acp(D° >t n)=[0.9 + 1.2 (stat.) + 0.4 (syst.)]%
o« Acp = [-2.51 + 1.44 (stat.) ¥335 (syst.) [x 1072 | |+ Acp (D® —» K*K™n) = [-1.4 + 3.3 (stat.) + 1.0 (syst.)]%
e alp =[—1.95 + 1.42 (stat.) *312 (syst.)]% * Acp(D° - ¢pm)=[-1.9 + 4.4 (stat.) + 0.6 (syst.)]%

All reported CPV measurements consistent with zero CP violation
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Systematics for D* — K*K~n*n®,Dry - K n n'n

7/6/22

TABLE II. Fractional systematic uncertainties (in %) for the

following ratios of branching fractions:
(a) B(DT™ — K"K ntx")/B(DT"
(b) B(D" — Kt n n"z°)/B(DT — K ntax*tz");
(c) B(Df =K n~nt7°)/B(DY - KT K=" x").

— K ntatnY);

and

Sources (a) (b) (c)
PID efficiency correction 1.7 1.7
Multiple-candidate selection 1.1 1.3 1.2
Signal parameterization 0.5 0.5 1.1
M (D) resolution 0.5 1.4
Binning 0.6 0.5 0.7
Background Dalitz distribution 0.1 0.1 0.3
Efficiency correction bias 0.6 0.8 1.1
Total uncertainty 2.3 1.9 3.0
ICHEP 2022
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Systematics for D —» K2 K{nt ™

Summary of systematic uncertainty for BF measurement: Summary of systematic uncertainties evaluated for a’p:

Source K Kentn™ Kontn~ S o
ource 0
(%) (%) (%)

Fixed PDF parameters 0.14 0.09 Fixed PDF parameters 0.010
D’ — K2 K2 K2 background 0.11 - D° - K¢ K¢ K2 background T o0s
Broken charm background 0.98 — Broken charm background ig:g}f)
MC statistics 0.26 0.17 . .. ) —

Efficiency variation with Cp, C'r fg’ﬁ
PID efficiency correction 0.80 0.74 n 0' ”
K¢ reconstruction efficiency 0.83 0.36 Total —0.12
Tracking Efficiency 0.70 Summary of systematic uncertainties evaluated for A¢p
M (77~ veto efficiency tooa — '

: . : 0.02
Fraction of mis-reconst. signal s — Sources (%)
D' — Kg ng ata~ decay model 0.73 Fixed PDF parameters +0.01 * Fina
B(Kg N 7r+7r_) 0.07 _ D° - Kg K% K2 background +o.02
Total for BKO O b /BKO o 1-3(2); Broken charm background fg:gg
S = Binning in cos #* My

Reconstruction asymmetry A7* +0.01

Fixed background fractions +0.04

Total 0
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