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Outline

[ Belle and Belle Il experiments

[0 Charmed mesons

» Search for CP violation in D5y —» KgK™n*n~ decays
Belle + Belle Il [arXiv: 2409.15777]

» Time-integrated CP asymmetry in D® — K2K2 decays
Belle + Belle Il [PRD 111, 012015 (2025)]

»  DO-D® mixing parameters in D° —» K2ntn~ decays |
Belle + Belle Il [arXiv: 2410.22961]

O Charmed baryons

. TWO-bOdy decays of Eg and Eé‘ Belle + Belle 11 [JHEP 10 045 (2024);
arXiv: 2412.10677; PRELIMINARY]]

O Summary



Belle and Belle Il experiments

> Belle and Belle 11 collect(ed) data at asymmetric e*e™ BELLE@QKEKB
colliders at of near the Y(4S) resonance. |

| . Aerogel Cherenkov cnt.
! > n=1.015~1.030

v KEKB (1999-2010), Peak luminosity =2.1 x 103*cm™2s71, SC solenod_|
]-‘intN1 ab_l- cam

v' SuperKEKB (2019~), Peak luminosity =5.1 X 103*cm™2s71,
Run 1(2019-2022): Li,~427 fb~1;
Run 2(2024~): Li,,~150 fb~1.

R '(}entral Drift Chamber
5 small cell +He/CzHe

»Belle and Belle Il are now synergic experiments. BELLE Il @SuperKEKB
v’ Belle data can be analyzed within the Belle 11 software framework.

Vertex detector
2 layers of DEPFET pixels (PXD) and |
4 layers of silicon strips (SVD)

v Common review procedures since summer of 2023. el e
\ 1 g /E o= 1058Gey

(Y (4S) resonance)

v" Especially important for charm analyses, where large statistics is
crucial to improve the precision.

Streamlines combined analyses Py

“|Forward and barrel Part. Id.
M K eff. 90%, fake 7 rate 5%




Charm physics at Belle (1)

» Two ways to produce the charm hadrons at B-factories:
« Two charmed hadrons produced from continuum, along with fragmentation particles: e e~ —
cc > X.,0(ete” - cc)~1.3nb @ /s = 10.58 GeV.

 One or more charmed hadrons produced in B mesons decays: ete™ — Y(4S) — BB — X..
(a)

e ete” >cc ¢ e"e” - € > DiygXragDsig » Full topics for charm physics:

i « CP violation
D° (¢u) X

4 p— - -
et \ et « D%-DY mixing

P, <

(b) /

®
o+
o]

Lifetimes of charm hadrons

* T v !
B decay X D™ (cd) &
B [ c L. pog+ * Rare decay
l_,KO +
) W Zﬂ s % » Charmed baryons
u No entanglement between two charmed

hadrons, inaccessible strong phase. 4



Search for CP violation in D5y = KgK™n*n™ decays

» First search for CP violation in D) — KIK~ntnt decays using six observables (X) based on the triple
product and quadruple product of the momenta of final-state particles, and the particles’ helicity angles.

1. Triple-product (TP) Ctp = pk- - @Kg X ﬁnfr) Belle + Belle 11~1.4/ab arXiv: 2409.15777

2. 9uadruple-product (QP) Cqp = (Px= X Pry) - (P2 X v/ The asymmetries about zero for both D{;; and D, :
Pri)

CrpCqp AX(Dzrs)) =
COS ng cos Ok-

N(X > 0) — N(X < 0)
NX>0)+NX<D0)
cos B0 cos O~ Crp K—(D_ ) _ ﬁ(g > 0) — §(§ <0)
cos B0 cos B~ Cqp XAT(s) N(X>0)+NX<0)
Ay and Ay are CP-conjugate quantities.

S O B Ww

(KQm™) rest frame D(;) rest frame (K~m*) rest frame

K-

v CP-violating parameter

o M(08) ~ Bx(0)
CP — 2

AZ»#0 indicates CP violation 5




Search for CP violation in D5y = KgK™n*n™ decays

» The A{p is extracted by performing a Belle + Belle II~1.4/ab arXiv: 2409.15777

simultaneous fit to the M(Dyg)) distributions

. v i i X in uni -3
of four subsamples as determined by the No evidence for CPV is found (Azp In units of 107°).

Chal‘ge Of D(S) and the S|gn Of X X ‘ A2 Belle A2y Belle 11 Combined AJ,  Significance
+ . & Ctp —404+59+30 —-02+£70+1.8 —-23+45+1.5 0.50
* N(D(S)'X > 0) == (1 +4y) Cap ~1.04+£59+25 —04+£70+24 —07+£45+1.7 0.20
2 2
Crp C +64+59+22 +06£70+1.3 +3.9+45+1.1 0.8
+ _ N4 p+ Crelap
* N(D(s)' X< 0) =7 (1 —Ay) cos 0o cos O 47459430 —06+£694+30 —29+45+2.1 0.60
- _ N_ X C'rp cos 9,(2. cosp- | 41.9+59+20 -02=x£70+£19 +1.0+45+1.4 0.20
* N(Dg),X>0)= 5 (1+ Ay — 248 Cap cosbo cosy | H149£59= 14 47.0£7.0+16 +116£45£11 250
. N(D(_S),X < 0) — N (1— Ay + 24%, Crp —03+31+1.3 +1.0+39+1.1 +02+24+0.8 0.10
2 Cqp +06+£31+1.2 +20+£39+14 +1.1+2.44+0.9 0.4c
D decay, X = Crp for an example B e CreCap +15432414 27439417 —02+25+11  Olo
- Belle, | Ldt = 950 * cos O cos O 37431411 —63+£39+12 —47+24408 1.80
st om0 et Crpcostyo cosfp— | —44£32+14  +08+39+14 -22£25+1.0 0.80
X & Copeosfocosy- | —1.6£31+13 —00£39+17 —1.0+£24+ 10 0.40
\ A‘xi%n*)' (Gerr,;) | Mg(-sD‘)'(GeV/t:?) : A'/fazlgo-)'(eewcz) ) . .
2 fpoatvammeaneton gttty e et > M OSt preC|Se measureme ntS Of t“ple-prOdUCt

Candidates/(1 MeV/c?)
[

R o> T <o asymmetry for D} decays and for SCS D* decays.
d A JL._. s JL j\._. > The first use of the other A%, asymmetries to

i e e e e e e et search for CP violation in the charm sector. 6




Time-integrated CP asymmetry in D — KZKQ

> The D° — K2K2 is a singly Cabibbo-suppressed decay, which involves the interference between ¢ — uss

sig
and ¢ - udd amplitudes. Belle + Belle 11~1.4/ab PRD 111 012015 (2025)

» Such interference can generate CP asymmetries at the 1% level.
[PRD 99, 113001 (2019); PRD 92, 054036 (2015)]

» The world-average value of the CP asymmetry, ’

Acp(D? > KIKQ): (—1.9 £ 1.0)%, is limited by statistic c R 2
r(p° - KIK?) — r(D° - KIK?)

d

|
=l
i~

P = T(D° - K2K2) + I(D° — KK?)

all

* T'is the time-integrated decay rate.
> Experiment extraction on Acp: taking D°® - K*K™ as a control mode to correct for production and

- - N O N

detection asymmetries Ay = NEO i ° tagged with D** — DO+ decays
KSKS _ ( AKgKg KtK- KHK-

Acp ~ = (Ar:ws — Araw ) + Acp AKKT = Adir(p0 _, K+K-) + AY = (6.7 + 5.4) x 10~

[PRL 131, 091802 (2023); PRD 104, 072010 (2021)] ’



Time-integrated CP asymmetry in D — KZKQ

> We determine the signal yield and raw asymmetry by fitting to the m(D%nt) and S, (K9)

distributions, simultaneously for D** and D*~ candidates.

» Smin(Ks) = log[min(L,; /014, Ly/o1,)]from two Kg(sperate peaking background DY — K8n+n‘;
> The raw asymmetry of control channel is extracted by fitting to the m(D°nt™) and m(K*tK™).

x10° 10°

) 1400
- 350
Belle J L dr =980 fb! 1200 100 Belle 1T j Ldt =428 fb" s ]
= $ - 40
d t Data 1000 Z 80 { Daa # Dat {" =
= — Fit = = — — Fit , s)
o 50 00 LA 300 g_ ~ Fit N - 30 .
E R o ;3w | S et L
Iy == DK g 2 - -D" D (kT TohokT ] 5
& 600 = 3 [ . F = D'~ multibody ] 0 =
é 00 5 E 40 1} — D" —D(— multibody)z - [ YA =
E ki Other background g
o O (8]
0 010 .
DO — K2K? DO - K*K

4
= 2 = = =
c 0 S = =
- j £ £ ! 0 2
z 04 o 1M 1.
z 02 2 s 05 3
g 0 £ £
z 02z 7 —0.05 ~0.05 7

—04 ~0.1 . . . " N L 01 <

2.005 2.01 2.015 2.02 1.8 1.9 2
m(D’x*) [GeV/e?] S KD m(D°7) [GeV/c?] m(K K [GeV/e?]

Belle: Acp(D° - K2KQ) = (1.1 + 1.6 + 0.1)%, Belle + Belle II: Acp(D® - KKS) = (—1.4 + 1.3 £ 0.1)%

LHCb: A¢p(D® - KIK?) = (3.1 £ 1.2+ 0.4+ 0.2)%

. 0 . 10w0Y _ (_
Belle 11: A¢p(D® - KIK?) = (—2.2 £ 2.3 £ 0.1) %, [PRD 104, L031102 (2021)] 8



D?-D° mixing parameters in D° —» K™~ decays
» D°-D° mixing parameters:

Mass eigenstates: _
|D;2 >=p|D° > +q| D° >

pl* +1ql* =1

Mass of the D, /, state Width of the D, /, state

» World average values: x = (4.07 £ 0.44) X 107> |q/p| = 0.9943:91€ [PRD 107 052008 (2023)]

y = (6-45t8§§) x 1073 arg(q/p) — (—2.621% o

L o3pg T T >

> By splitting the Dalitz plot into bins, the need for an % st b : E

explicit amplitude model is avoided. ¥l o W

» Using combined Belle and Belle 1l datasets, we perform a L5 4 %
model-independent measurement of the D° - DY mixing 1 ;
parameters using D**-tagged D — K2t~ decays. ost/ N |

0.5 1 1.5 2 2.5 ) 3
[PRD 82 112006 (2010)] m2 [GeV?/ct) 9



D?-D° mixing parameters in D° —» K™~ decays

> Signal and background are separated using fits to the two-dimensional distribution of D° mass

and energy released Q in the D™

» The mixing parameters are determined using an unbinned maximume-Ilikelihood fit to the
(t,0,) distributions of the candidates populating the signal region and split into the 16 Dalitz
plot bins.

PR FFRFRPE) STy | s fraw Vo ~ Sample average purity 95.8%
i x=0(4.0+1.74+04) x 1073
y=(29+144+0.3) x1073
1.3;;(K2r;_.);; [GeV cijgi i o] [lhge\"] e 20 t[ps] i o, [13%].

e Belle I [ L dr =408 fi! h l?-jm 1. . Belle IT [ L dr=408 fb! 4 Data . These results are about 20% and
L ] 2 - 2 14% more precise than the model-
5 10t Jo 3 2 &
o i » £ dependent Belle measurement!
T @ [PRD 89 091103 (2014)]

mK ) [GeVie2] 0 [MeV]

10



Study of two-body decays of Z2 and E7

O In hadronic weak decays of charmed baryons, nonfactorizable contributions play a crucial role
and pose significant challenges for theoretical predictions.

d > d d —> > u
< P < u
Inner W-emission /< W-exchange W <
W
> u > u
C > —> S C > —> S
S —> S S > s

OlIn 2019, Belle measured the absolute branching fractions of =2 - Z-ntt[1] and Ef -
=-ntnt[2], sparking renewed interest in the study of 22 and Z} decays.

O Theoretical calculations for the two-body hadronic weak decays of Z2 and Z} have been
performed based on dynamical model calculations and SU(3) flavor symmetry methods [3-9].

O Using the combined data from Belle and Belle 11 to search for new decay modes of 22 and =},

and to validate different theoretical models.
[1] PRL 122 (2019) 082001; [2] PRD 100 (2019) 031101; [3] PLB 794 (2019) 19; [4 ] PRD 101 (2020) 014011; [5] JHEP 02
(2020) 165; [6] JHEP 09 (2022) 35; [7] JHEP 03 (2022) 143; [8] PRD 108 (2023) 053004; [9] JHEP 02 (2023) 235... 11



Observations of 22 - Z%h% h® = n®/n/n’

I:IThe Cabibbo-favored decays £ — £°nY, %, and Belle + Belle II~1.4/ab JHEP 10 (2024) 045

=91’ are observed for the first time. o, T o
I =Signal sha O- :Sirgunilns:ia:

2
o
[

[ > 100
OTaking the 2 - Z~ntt as the normalization mode, b
the ratios of branching fractions are measured to be:
B(EQ - =%7tY)
B(E2 - E-mt)
B(E¢ - E%n)
B(EY - E—mt)
B(EQ - E%/
B(EQ - E-mt)
O Taking B(EY - 2 nt") = (1.43 + 0.32)%, we obtain
B(E2 - 2% =(69+034+05+1.5) x 1073
B(E2->EZ) =(1.6+02+024+04) x1073
B(E - &) =(1.2+£03+£0.1+£0.3)x107°

The first and second uncertainties above are statistical and systematic, 3
. . . . - . — —— 2.4 245 25 2.55 ; 235 25 255
respectively, while the third ones arise from the uncertainty in B(E2 - 2~ nt). M(Z°1) [GeV/c? MEn) [Gevie] 19

o
=]

pull  Events per 5 MeV/c?
pul  Events per 5 MeV/¢?

porn O

= (0.48 + 0.02 + 0.03)

= (0.11 + 0.01 + 0.01)

Events per 5 MeV/¢?

= (0.08 + 0.02 + 0.01)

Pull  Events per 5 MeV/¢?

Pull

Events per 5 MeV/¢?
Events per 5 MeV/¢?

Pull




Measurement of a asymmetry of 22 — Z97t°

> The interference between the parity-violating and

parity-conserving amplitudes leads to an asymmetry in
the angular decay distribution, quantified by the
parameter o

dN
dcosO=o

x 1+ a(E - E')a(EY - An®)cosbzo

¢ a(E% - An®) = —-0.349 + 0.009

* 0z0 Is the angle between the A momentum vector and the
direction opposite to the Z2 momentum vector in the Z° rest
frame.

» By performing a simultaneous fit to Belle and Belle Il
data, we obtain

a(EQ - 291t%) = —0.90 + 0.15(stat.) + 0.23(syst.)

Events/0.4

Events/0.4

30000

20000

10000

T Belle, 980 fb™

"~ (a) /47/4%4

R 1

'—7}/ T

I N B B
Q4 -0.5 0 0.5 1

coseEO
" Belle I, 426 b
- (b) ——

15000

10000

5000

| @
T T

o
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Measurements of B(E$ - pK</Ant/2nt)

OThe singly-suppressed decays Z — pK¢, Ant, and
>0t are observed for the first time.

OTaking the Ef - E~n*n™ as the normalization
mode, the ratios of branching fractions are measured
tobe:  B(ES - pKke)

B(EF » E-ntmt)

™

= (247 £ 0.16 + 0.07)%

Belle + Belle I1~1.4/ab arXiv: 2412.10677

Events/ 2.0 [MeV/c?]

, .
Euoj(al) —e— Data ]
L - — Total Fit
[ preliminary
800

Belle [ £dt = 983.0 fb~1

-------------------

2F 245 25 T255
M(pKi) [GeVic?]

BEc 2 An) __ (1.56 + 0.14 + 0.09)% T
B(E¢ »E-mtmt) T TP T o T
= (4.13 £ 0.26 + 0.22)° z Y
B(E} » E-nttnt) ( - - )% 2 ;
O Taking B(E} - 2 ntn™) = (2.9 + 1.3)%, we obtain R
M(An") [GeVic?]
B(E& - pKg) = (7.16 £ 0.46 + 0.20 +3.21) x 107* SCI I
T [ preliminary - Combinatorl 1
B(EF » Ant) = (4.52+0.41 +£0.26 + 2.03) x 107* :
B(E} - 2%n*t) = (1.20 £ 0.08 + 0.07 + 0.54) x 1073 :
The first and second uncertainties above are statistical and systematlc respectively,. E — 3
while the third ones arise from the uncertainty in B(E} - 2~n*nt). T weceer

Events/ 2.0 [MeV/c?]

Events/ 2.0 [MeV/c?]

Events/ 2.0 [MeV/c?]

Pull

Pull

100 — preliminary

Belle 1T [ Ldt = 427.9 fb~!

+ (;12)

E preliminary
ol

=s=x: Combinatorial |

2F& 24
M(pK

Belle 11

25 7255
)[G eVic?

[ Ldt = 427.9 b=

100—‘([;2) '

Belle 11

245
M(Ax*

25
) [GeVie?]

[ Ldt = 427.9 b1

- (c2)




Measurements of B(ES —

Z+KS/:OK+/'—'O +)

O Taking the 2} —» =~
ratios of branching fractions are measured to be
B(E¢ - *KQ)
B(ES - E-ntm™)
B(EF - K1)
BES - 2—ntnt)
B(EF - E0ntH)
BES - E—ntnt)

O Taking B(ES - E~nttntt) = (2.9 + 1.3)%, we obtain

= (6.4 + 0.7 + 0.3)% [for the first time]

= (1.6 £ 0.2 + 0.1)% [for the first time]

= (2331081 1.00%

B(E:{ - Z+K(S)) = (1.86 + 0.20 + 0.08 + 0.83) x 1073
= (0.46 + 0.07 £ 0.02 + 0.21) x 1073 3 4
= (6.77 + 0.24 £ 0.30 £ 3.03) x 1073

O The ratio of B(E} — 2°K*) and B(E} - =Z%rtt) are determined

=+
B(E}

B(ES

— :'OK+)

— 20t

to be
B(EF
B(ES

— =0K™)
- EO1T+)

=(6.8+1.1+04)%

* as the normalization mode, the

Belle + Belle II~1.4/ab PRELIMINARY

200 Belle [ Ldi = 983.0 fb—1 150 Belle IT [ Ldt = 427.9 fb—!
—— Data —— Data
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e
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Summary

O Belle and Belle Il offer a unique environment and sensitivity for SM measurements, as well as
for the search for CP violation in the charm sector.

O1n the past year, some fascinating results have been achieved in the search for CP violation of

D mesons, measurement of DY-D° mixing, and the E;’/O decays using the combined data from

Belle and Belle I1.

OBelle Il has started data taking for Run 2, and more precise and improved results are on the
way. Stay tuned!

Q(B Thanks for your attention! Q(B

BELLE Belle IT
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(2) (b) (c) (d)
L L L] L]
L L] L] L]
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Br(E—2"n°) [10°] Br(El—="m) [10% Br(El-=") [10%]  o(E-E)

Korner, Kramer [5], Quark

Ivanov et al. [6], Quark

Xu, Kamal [7], Pole

Cheng, Tseng [8], Pole
Zenczykowski [9], Pole

Zou et al. [10], Pole

Sharma, Verma [11], CA

Cheng, Tseng [8], CA

Geng et al. [12], SU(3)F

Geng et al. [13], SU(3)p

Zhao et al. [14], SU(3)p

Huang et al. [15], SU(3)p

Hsiao et al. [16], SU(3)p

Hsiao et al. [16], SU(3)p-breaking
Zhong et al. [17], SU(3)r

Zhong et al. [17]. SU(3)p-breaking
Xing et al. [18], SU(3)r

Geng et al. [19], SU(3)p

Zhong et al. [20], Diagrammatic-SU(3)g
Zhong et al. [20], Irreducible-SU(3)g

This measurement
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