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Charm physics and baryons at Belle and Belle |l

@ Belle and Belle Il operate at eTe™ center-of-mass energy \/§ = 10.58 GeV to produce the T(4S), which decays
to BB with branching fraction > 96%.
Continuum production ete™ - qg with g [, d,s,c} has a large cross section.
Mainly use prompt charm from ete™ - CC(G = 1.3nb) for charm analyses, rather than charm from B decays.
Produced charm baryons include AJ(udc), =5 (usc), =5(dsc), and QJ(ssc).
Datasets & detector

o Belle (1999-2010):  Ldf= 980 b~

o Belle Il (2019—present): Ldt =575fb~! (Run 1: 428fh™'); improvements over Belle(vertexing and

tracking performance, ECL cluster background suppression, and so on).

KL and muon de!ec(or
Based on Resistive Plate Counter

Vertex Detector
Vertex resolution: ~15um

/////////‘1

positrons (4 GeV)

Central Drif

9

Belle Il TOR, arXiv:1011.0352

Belle Il detector
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© Branching fractions and searches for rare decays
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=0 - =%(h =m%n,nY at Belle and Belle II JHEP 10 (2024) 045

@ Diagrams:
(a) Internal W emission (b) W exchange
d d g > u
d u
W
w
u u
¢ > > s c > > s
s > s s > s

o CF(Cabibbo-favored) decays and only nonfactorizable amplitudes contribute to.
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Charmed baryons at Belle/Belle Il
oo 00@0000000

=0 -, =% (h = 1% n,nY at Belle and Belle Il

@ First observations.

Branching fractions and searches for rare decays

Charm baryon CPV
[e]e]e}

PDG: m(Z2) = 2470.44 + 0.28 MeV/c?

Feete,seo

Bl 25 15"

150

_ © °’ b ol o ]
@ Abundant measurements on =0 have been done by i, : 3
Belle, including B(Z? - =~ n*) - use as reference. § £
£ 0 S
@ Branching ratio measurements: b 8
B(E2-=%h) _ Noop Ll BE~ ~AMT) E R
= No— ot L=by, B(Z0 - An%)B(10 ~ yy)B(h) @) Gevicd = mE) (Gevie
Belle yield Egelie (%) Belle Il yield  €geiie 11 (%) “ Botle, 38015 o N YT <
(363+3) % 102 13.92+0.05 (137£2) =102 13.38%0.03 g z.
1315 £ 66 1.09 £0.01 869 £ 46 1.71£0.01 g g
81+15 0.80 % 0.01 60+ 11 1.12+0.01 2 Fy
23%6 0.46 £ 0.01 84 0.81 £ 0.01 2 H
o
3 5™ (O] M(=°7) [GeVic?] M(2°n) [GeV/c?]
% % 1000 — 1) " e “\L\ N =
& & 3 3
= =
i |z 1 :
) 245 25 ) 2.45 25 € €
M(Z 7*) [GeV/c?] M(Z 7*) [GeVic?] 5 2
H &
Mode Belle Belle 11 Combined H H
B(9 - =0m0)/B(Z2 —~ =7m*) 0.47£0.02%0.03 0.51+0.03+0.05 0.48 % 0.02 %0.03 T mE) (Gevier mEY) ceviey

0.10 % 0.02 % 0.01
0.12+0.03 £0.01

- =Y
B(Z? - =°n5/B(ZQ - =—1%)

0.14 % 0.02 = 0.02
0.06 £ 0.03 £ 0.01

0.11+0.01 £0.01
0.08 +£0.02 £0.01

Fits: Belle (left) and Belle Il (right).

Summary
000

JHEP 10 (2024) 045
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Charmed baryons at Belle/Belle Il Branching fractions and searches for rare decays Charm baryon CPV
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Summary
ooo

ooo

=2 _, Ah(h =m°%n,nY at Belle and Belle Il

@ Diagrams:
Internal W emission Inner W emission

10 d d o s s }ho

W+ d d s
&2 < " 5 w*iH iu =2 w*i iu
[
d d}A c d}A c S}A

arXiv:2510.20882, submitted to PRD

Inner W emission

s> d —_—>—d
C e c
W exchange W exchange
d u }ho c d }h”
u d
=0 w* < =0 W <
=7, ; =9 .
¢ d L d u }A
ST > s————>—5
E; E;

@ Theorists have provided a lot of predictions of the B — BM decays, where B; denotes the
anti-triplet charm baryon and B(M) the octet baryon(meson).

@ All SCS(singly Cabibbo-suppressed) decays, first two observations(n and r]‘:j.
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Charmed baryons at Belle/Belle Il Branching fractions and searches for rare decays Charm baryon CPV Summary
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=% _ Ah(h =n°n,nY at Belle and Belle II arXiv:2510.20882, submitted to PRD

. . PDG:m(=Z0) = 2470.44%0.28MeV/c?
@ Branching ratio measurements R

e

o Reference mode: B(Z? - =~ nt). o
o Stack Belle and Belle Il data.

@ Absolute branching ratio:

Mmoo N M GOV

Belle [ Ldt =085 11

B(Z? - An) = (5.95+1.30+£0.32 +1.13) x 10~* - R
B(Z? -~ An)=(3.55+1.17+0.17 £ 0.68) x 10~* M’* —
B(Z2 - An®) <5.2x107%(90% C.L. limit) e

uncertainties: stat., syst., and from B(Z - =~ ™).

—o ) Theoretical predictions
PDG:m(Z0) = 2470.44+0.28MeV/c

Decays Neie 7 5
L Belle JLit=9s84m! o Bellell [ Lit=4279M" e . o Zhao et al. [15]
©* (Belle) 30230 £ 281 s = o e M Geng et al. [16]
=0 5 = xt (Belle 11) 11579 + 161 2. L () ) .
= 2 3 * ¢ Zou et al. [17)]
=2 o Ann o vy oo e 2 = 1
20y Apyy o> mtan0 262+ 57 2, 2 ——i —a—i o Geng et al.[18]
H £
20 Afon’ = EtE = vy .% 9 EZ; ol ] Hsiao et al. (I) [19]
== Ay s grta o ata® 101 £33 0 L] to Hsiao et al. (I1) [19
20 Ao = wtay 3 9 ; ) i ol " Zhong et al. (1) [20]
%3 Za7 244 246 248 25 262 254 %424 24 24 248 25 2k 24
=0 An® 190 + 120 M(= =) (GeV/cT] M(Ex") (GeVicT] 1 —— Zhong et al. (1) [20]
e ol L] Geng et al. [21]
@ Theoretical predictions: various approaches with H " - Aot a2
S e [l o X (1) [23]
U(3)r symmetry. T N O
[ ] (] Belle and Belle 1]
o " 3 5 combined
BE o Anaa0) )10 9/26




—c - pKS, /\T[Jr YOt at Belle and Belle Il JHEP 03 (2025) 061

o Diagrams:
(@) Internal W emission (b) Internal W emission (C) External W emission
S§—>—S Uu——m——u d
K o -
d d w 7‘
— o+ + u
Ze w* Ze w
u u c d
c d P c d AR B u———>———u A0
(d) w exchange (e) w exchange
° e
d d
o w o w
¢ d ¢ d
s—>—F—>——u p c—>—"—>——s A/x°
u u u u

e First observation of SCS decays =& - pK{, An™, ¥n*, each with significance > 100, using
the combined Belle and Belle Il samples.
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Charmed baryons at Belle/Belle Il Branching fractions and searches for rare decays
oo 0000008000

= - pK?, A, Yo" at Belle and Belle Il

@ Use the well-measured normalization mode
=F o =7ntnt as the reference.

@ Branching-fraction ratios are determined as
B -sie)  _  Ngg  Eloing Brefint
B(El ~=—mtmnt) = Ne— it Lsig Bsig,int

@ Absolute branching fraction:

e uncertainties: statistical, systematic, and external
(from B(=f - =~ ntn™)).

Mode B [1074]

B(= — pKO)  (7.16+0.46 +0.20 + 3.21)
B(S; — AmY)  (4.52%0.41+0.26 + 2.03)
B(S; — Xont) (1.20%0.08 +0.07 = 0.54)

PDG: m(Z) = 2467.71 +0.23 MeV/c

Belle

Charm baryon CPV

[e]e]e}

“Ldt = osz.0m

Summary
000

JHEP 03 (2025) 061

Belle 1T

Tt = 27,

w0 (ay

ol

Events/ 2.0 [MeV/c?]

Events/ 2.0 [MeV/c?)

@2)

Pul

Belle

[m)
Lot = 05300+

2 75
Mipk?) [GeV/c]

Belle 11

o 75
MpK?) [Gev/ce]

o
Lot = 4270 m~%

(b1)

Events/ 2.0 [MeV/c?]

ot

Events/ 2.0 [MeV/c?]

Pul

Belle

(=)
Lot = 08301

7 75
M(AR') [GeV/c?]

Belle 1T

215 75
M(AR) (GeV/c]

(=)
Lot = 4279 m~"

[CH)

)

g z
2w 4 2
2 2
g™ MW 2
B oy H

i ) EE

78 75
M(Z'r) [GeVic?]

73 75
M(z'r) [GeVic?]

755

Fits: Belle (left) and Belle Il (right).
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° Theoretlcal branching fractlon predictions.

Zou et al. [12]

Geng et al. [13]
Geng et al. [14]
Huang et al. [15]
Zhong et al. (1) [16]
Zhong et al. (I1) [16]
Xing et al. [17]
Geng et al. [18]

Liu [19]

Zhong et al. (1) [20]
Zhong et al. (11) [20]
Zhao et al. [21]
Hsiao et al. (1) [22]
Hsiao et al. (11) [22]

Belle and Belle I1
combined measurement

|

b b

0 1 2 3
B(E:—mKZ) x10°

0 5 10 15 20
B(Ei—AT") x 10

1 2 3 4
B(E;—xn*) x 10°

Various approaches with SU(3)r symmetry.
Several theory predictions are in tension with these values.

—
= - pK?, A, Yo" at Belle and Belle Il
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Charmed baryons at Belle/Belle Il
oo

Branching fractions and searches for rare decays
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= - YK, =, =K * at Belle and Belle

@ Precise B measurement for = » YK and =f - =1 "
(both CF), and first observation of =& —» =°K* (SCS).

@ Branching fractions are obtained from ratios normalized to
the reference mode B(=f - =—ntnt):
B(Zd - ¥'KQ) = (0.194 % 0.021  0.009 = 0.087)%

B(=f - =°m™) = (0.728 = 0.014 £ 0.027 + 0.326)%

B(S{ — =°K*) = (0.049 = 0.007 = 0.003 = 0.022)%

Uncertainties are statistical, systematic, and reference mode.
Theoretical predictions

Belle (yield)  Belle Il (yield)
(487 £4) < 10% (196 = 2) x 102
288 + 41 (182+31)
(2782+74) (1469  40)
(138 +31) (100 +20)

@ Results are broadly
consistent with several
model predictions; none
are excluded.

1 Zouetal. [4]
T b - Geng et al. [5]
— = —— Zhao et al. [6]
—— = - Hsiao et al. (1) [7]
—— —— —e— | Hsiaoetal. (i) [7]
. - ——+—— Huangetal.[g]
—.— - - Xing et al. [9]
- o o Liu et al. (1) [10]
= Liuet al. (11) [10]
[ - " Zhong et al. (1) [11]
ot | e - Zhong et al. (I1) [11]
 E— CLEO Collaboration [12]
- — | } Belle and Belle 11 ]
TompeT
00 08 16 12 00 01 02

B(Z! - N'KY)(%) B(E - =°n*)(%)

B(Z! ~ =°K")(%)

Charm baryon CPV
[e]e]e}

Lot = o300~

Summary
000

JHEP 08 (2025) 195

PDG: m(=) = 2467.71 = 0.23 MeV/c?
[}

Belle Il Ldt = 427.00"

Eventsi4.0 [MeV/c?]

Eventsi4.0 [MeV/c]

(b)

(=)
Lot = 030"

7 75 =5
MEKY (Gevic

75 75
MUK (Gevicd]

(=)
Belle Il__Ldt = 427,91

Eventsi4.0 [MeV/c?]

Events/d.0 [MeVIc]

)

(=)
e Ldt—os30m?

7T 75 75
M(Ex) [Gevic]

e 7%

75 75
M(E"r) [GeVic?]

(=)
Belle Il Ldt = 4279~

Events/4.0 [MeV/c?]

(O]

®

77 75
MEK) (GeV/e]

Fits: Belle (left) and Belle Il (right).

7% 75
MEK) [GeV/c]
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Charmed baryons at Belle/Belle Il Branching fractions and searches for rare decays Charm baryon CPV Summary
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/\é_ — ngT[O at Belle PRD 112 (2025) 012013
. . Dataset: Belle 980fb™*
° Dlagarms

u

g
Aup,{ﬂ”\{\i {< - A{/ ’ )
BLs d}“

(d) Internal W emission } (€)Internal W exchange }

A} - pKn® A*{ \id} 7 A*{ W (g}no
Cope DL

@ Examining Isospin properties of the weak interaction.
@ Improves uncertainty of previous CLEO result.

o Sl =PIE 1) — 0.339 % 0.002 % 0.009
o With PDG value of B(Af - pK™n™) = (6.24 £0.28)%,
B(Af — pKZ %) = (2.12.£ 0.01 + 0.05 + 0.10)%

unceratinties: stat., syst., and from B(A{ - pK™mt).

a) Internal W emission b)Internal W exchange C) External W emission PDG: m(/\i) = 2286.46 + 0.14MeV/c?

Events / 1 MeV/c?
°

e e g A

255 226 227 228 229 23 231 232

pull

M(pK*) [GeV/c?]

Events / 2 MeV/c?

P P T PO S|

pull

R

222 224 226 228 23 232 234 236
M(pK3n°) [GeV/c?]
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@ Charmed baryons at Belle/Belle ||

© Branching fractions and searches for rare decays
o =0 - =Oh(h =n°n,nY at Belle and Belle II
e =2 _, Ah(h =n%n,nY at Belle and Belle Il

o =F - pK,Att, X0t at Belle and Belle I
o = - YTKQ, =", =K at Belle and Belle |I

o Al - pK2n® at Belle

© Charmed baryon CP violation search
o =f - Tth*h™,A{ - ph*h™(h = 1,K) at Belle Il

© Summary
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Charmed baryons at Belle/Belle Il Branching fractions and searches for rare decays Charm baryon CPV Summary
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CP Violation in Charm and Baryon

= [(Xe=H)=T(X )
® Acp(Xe — F) = T(Xc —f)+T(Xc )

@ Raw asymmetry including production and detection asymmetries is extracted from a fit to invariant mass.

AN = S BmiGe—T) = Ace(Xe ) + Aprod (Xe) + Ader(f) -

@ The first and only observation of CPV by LHCb [PRL122(2019)211803, PRL131(2023)091802]
AAcp(D? - KTK™,mtn™) = (—15.4 £2.9) x 10~* [5.30]
Followed by a 3.80 evidence of direct CPV in D? — mtmn—.

Baryon
@ CPV searches in baryons complement meson studies.

@ Observation of CPV in b-baryon decays by LHCb [Nature643(2025)1223]
Acp(Ap - pK™TT™) = (2.45+ 0.46 +£ 0.10)%

.

Charmed Baryon
@ U-spin sum rules, analogous to those linking D® - K+K™ and D® - mtn~ [PRD99(2019)033005]:
Acp(Ad = pPKTKT) +Acp(Z¢ - Ttnnt) =0
Acp (NS - pt ) +Acp(E -~ TTKTKT) =0

16/26



Charmed baryons at Belle/Belle Il Branching fractions and searches for rare decays Charm baryon CPV Summary
oo 0000000000 ooce 000

= 5> Yth*h™, Al 5 phth™(h =1, K) at Belle Il axiv:2500.25765, submitted to PRD

@ The production asymmetry(Aprod (Xc), odd in cosBcm) is eliminated by averaging raw asymmetry
of forward and backward decays:
A'_‘ _ An (COS BCM>0)+AN (COS Bcm <0)
N =

2
Acp(Zc - Thh) = Ay(Zc - £hh) — A (Ac — Thh)
Acp(Ac — phh) = A (Ac - phh) —Ay(Ac - pr K ™) — A (D® - 1 K mrn™)
@ First measurement of Acp in SCS three-body charm PDG: m(={) = 2467.71 £ 0.23Mev/c*,
PDG: m(A}) = 2286.46 = 0.14MeV/c?
baryon decays. . c
Acr(Z& - TTKTK') = (3.7£6.6+0.6)%
Acp(Zf - T mt) = (9.5+6.8+0.5)%
Acp(Af - pKTK') =(3.9+£1.7+0.7)%

0 za W i 2w 250 282 2s 0 ziz 2w 206 2hE 2k 2k s
M2 17K K] [Gevie?] MiEz =10 (Gevic

Acp(Af - pn mt) = (0.3+1.0+0.2)% " bbb e o) [ TR AR I IA A
o Within statistical uncertainties, consistent with CP L Ul
symmetries. AN
@ U-spin symmetry test with 7% precision. !
Acp(Ac - pKK) + Acp(Zc —» Enm) = (13.4+7.0+0.9)% o m e e e B ™
Acp(/\c — pT[T[) + ACP(EC — ZKK) = (40 +6.6 i07)% ;ﬂw ~} Lyt ot e ' Ea \M‘ PSR- "n{{

3@ 5% B 50 73 T34 ATy % 7% B 5 T
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@ Charmed baryons at Belle/Belle ||

Q Branching fractions and searches for rare decays
o =0 . =%h(h =% n,n" at Belle and Belle Il
e =0 _ Ah(h =1 n,nY at Belle and Belle Il
o =F - pK&, Amtt, Xt at Belle and Belle Il
o =F o TTKQ,=0mt, =K at Belle and Belle II
o Al - ngnO at Belle

© Charmed baryon CP violation search
o =F - ¥th*h™,Af -~ phth~(h = m,K) at Belle Il

© Summary
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Summary

o Belle([Tab™?) and Belle lI(LO3ab™ ") provide a e~ environment with high sensitivity to
SM tests and BSM searches in charm and baryon decays.

observations of =¢ decays:

pK2, Ant, Xont, =K+

=2 - =°n% =, =% An, AnP

o Improved measurements of branching fractions for =¢ and Ac.

measurement of Acp in singly Cabibbo-suppressed three-body charm-baryon decays:

A - phth™ (h =m,K)

Data taking restarts this month; more statistics are coming.

Belle Il Online luminosity

o First

o First

=f o TththT,

Inteqrats

= Recorded Weekly

Terecoaesdt =575.47 (071

Total integrated luminosity [fb~3]

Peak luminosity [x10




Thank you for your attention!

jaeyoung_kim@yonsei.ac.kr
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W
=+ o pKQ, AT, SO

B(=Z ~pKQ) B(Z& ~A)
Sources B(Zd ~=—n*n*) B(Ed -=—mtmt) =
Belle Belle Il Belle Belle Il Belle Belle Il

Tracking 0.7 0.7 0.7 0.7 0.7 0.7
Particle identification 0.1 0.2 0.1 0.1 0.1 0.1
K3 reconstruction 0.8 26
A reconstruction 0.5 0.3 0.3 0.2 0.3 0.2
Photon reconstruction 2.0 11
Mass resolution 0.2 0.2 0.4 0.5 0.7 0.8
Dalitz e Lciehcy correction 1.3 15 13 15 13 15
Branching fraction 0.8 0.8 0.0 0.0 0.0 0.0
Fit Uncertainty 25 25 5.9 5.9 5.1 5.1
Sum in quadrature 3.2 4.1 6.1 6.2 57 55

Table 3. Relative systematic uncertainties (%) in the measurements of branching fraction ratios. The
uncertainties due to intermediate branching fractions and fit uncertainty are common to Belle and
Belle I1; the other uncertainties are independent.
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=+ +KQ, =0t 0K +
=5 - K, =0t =K

-
Source )

Belle  Belle 11 Belle Belle 11 Belle Belle 11
Tracking 0.7 07 14 14 14 14
PID 01 02 01 01 01 02
© reconstruction 22 42 24 43 23 43
K2 reconstruction 08 23 — — - —
A reconstruction 05 0.7 — — — —
Mass resolution 14 16 0.4 0.6 11 14
MC sample size 10 10 10 10 10 10
Dalitz e [cighcy-correction 15 17 15 17 15 17
Fit uncertainty 37 48 09 10 53 43
Background shape 15 15 24 24 22 22
Intermediate states B 10 10 01 01 01 01
Total 5.4 76 4.3 5.7 8.7 71

Table 3. Relative systematic uncertainties (%) on the results of branching fraction ratios. The
uncertainties in the last two rows, due to intermediate branching fractions and background shape, are
common to Belle and Belle I; the other uncertainties are independent. Since the A . pr— decay is

i K, the B(A - pr-) uncertainty and the unoertalnty due
to the A — prr™ reconstruction e [Giehcy cancel in the ratios of LGl
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Source B ) B
Belle Belle Il Belle Belle Il Belle Bellell
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n° reconstruction 4.4 8.8 23 43 23 4.2
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Intermediate states B - - 0.5 0.5 13 13
Background shape 4.9 4.9 9.2 9.2 6.8 6.8
Total 72 10.6 15.3 15.6 9.9 11.2

Table 5. Fractional systematic uncertainties (%) on the relative branching-fraction results. The
uncertainties in the last two rows, due to intermediate branching fractions and background shape, are
common to Belle and Belle I1; the other uncertainties are independent. Since the A — pn~ decay
is reconstructed in each decay mode, the B(A — pm™) uncertainty and the uncertainty due to the

A - pr~ reconstruction e Lcighcy cancel in the ratio to the reference mode =0 — =~ m*.
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Table 11 Fractional systematic uncertainties (%) on the branching ratios from different sources. Systematic uncertainties
associated with the fitting procedures are treated as multiplicative for =2 — An/An’ and as additive for the unobserved mode
=0 — Ax®. The total uncertaintics are calculated by first summing the uncertainties from different sources in quadrature for
Belle and Belle IT separately, and then deriving the results from the luminosity-weighted average of these sums.

Source ™
Belle  Bellell  Belle  Belle Il Belle  Belle IT
Tracking efficiency 0TT%  L07%  151%  213%  0.64%  0.80%
«* PID 149%  021%  224%  0.24%  1.39%  0.20%
7° reconstruction 024%  167%  0.18%  0.65%  145%  4.13%
Photon reconstruction 335%  084%  2.54%  0.98% — -
7° veto 223%  102%  0.71%  034% — —
A momentum 056%  034%  0.55%  068%  020%  0.82%
MC sample size 108%  0.82%  L15%  108%  067%  045%
Intermediate states B 047%  047%  0.85%  0.85%  0.06%  0.06%
Fit procedure 554%  554%  4.83%  484%  017%  0.33%
Total 5.35% 47T% 2.04%
Normalization mode B 18.89%
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A - pKIn®

TABLE 1. Sources of systematic uncertainties for the relative
branching fraction, B(A — pK%z°)/B(Af — pK~x™).

Sources Value (%)
KY reconstruction 1.57
7° reconstruction 1.54
Fit function 0.60
MC statistics 0.58
Dalitz plot binning 0.68
PID of K~ and n* 0.34
Tracking of K~ and #* 0.70
Total 2.57
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=r - X*h*h™, Al - ph*h™(h =1, K)

—cC
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Table IT: Uncertainties on Acp (in %).
Source A
SYKTK™ Stotas pKYK™ prtae
Fit model 0.4 0.4 0.4 0.1
Weighting 0.1 0.2 0.3 0.1
Residual A, 0.2 0.1 0.1 0.1
Aa(h™h™) 0.4 0.2 0.4 0.1
Total systematic 0.6 0.5 0.7 0.2
Statistical 6.6 6.8 L7 1.0
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