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I Belle and Belle II Experiments
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\ I Charm physics at Belle (1)

Two primary mechanisms for charm production at Belle/Belle 11:

+ —_ -
l.eTe” - cCc— X, l.e*e- = cchar

* Absolute measurements not possible without reference

» Used for most analyses due to its simplicity compared to BB processes
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\ I Selected Topics

® Charmed Baryon Spectroscopy:

* Search for excited charmed baryons in Af7n system

® Hadronic decay of charmed baryons:

® First observation of 0(2012) —» Z(1530)K



I Search for excited charmed baryons in Afn system
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\ I Search for excited charmed baryons in Afn system

Belle 980/fb  PRD 110, 032021 (2024)
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** No significant excess is found in the
M(A.n) spectrum. This is in contrast to
excited hyperons, where resonances
decaying into An have been observed.

¢ Clear A,(2880)* and A.(2940)* signals
are observed in the pD® mass
spectrum.

¢ Ratio to 2 .(2455)m :

R,p0(2880) = 0.75 £ 0.03 = 0.07,
R,p0(2940) = 3.59 + 0.21 + 0.56,

Q First measurement )




Branching fractions of A-cl'_ decays Belle 980/fb, PRD 107, 032003 (2023)

B Measurements of branching fractions of Al - X*npand Af - Xn’
>t > pn n' s> nomn - yy
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Most precise result to date



I Branching fractions of A7 decays Belle 980/fb, PRD 103, 032004 (2023)
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(v is the efficiency-corrected yield).

B(A? - pKY)

B(AY-pKQ)

= (1.48 + 0.08 + 0.0

> First observation
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(2.73+0.06 +£0.13

Bppg X y(AF > pK?)

4) x 1072 mp B(A} - pKKS) = (2.3540.12 4+ 0.07 + 0.12) x 107*

) x 107! = B(Af - pKdn) = (4.35+0.10 + 0.20 + 0.22) x 1073

» Consistent with world average value (4.15 + 0.90) x 10~2 and threefold improvement in precision. 8



I Branching fractions of £} - E9hO(h0 = 70, 7n,')  smEP 10024045
‘ Belle + Belle I 1.4/ab

v" Hadronic two-body decay of charmed baryons

* Nonfactorizable amplitudes from internal W-emission and W-exchange diagram lead to the

difficulties for theoretical predictions

»  Feynman diagramsc,; s, . for Cabibbo-favored signal modes 2 — £°h°, only nonfactorizable

amplitudes contribute to.

d —> d d > > U
<— - < -
Internal W-emission d < u

W -exchange
> u > u
¢ —> > S ¢ > > s
— S ) — S

Serval theoretical approaches developed to deal with nonfactorizable contributions, give various
predictions on branching fractions ((0.5-26.7)x 10~%) and decay asymmetry parameters, backup]-

* Need experiment measurement to clarify the theoretical picture.



I Branching fractions of £} - E9hO(h0 = 70, 7n,')  smEP 10024045
Belle + Belle I 1.4/ab
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First search for E - E01T1~ Belle 980/fb [PRD 109, 052003 (2024)]

v

No neutrino-less semileptonic decays of charmed baryons observed yet.

« Only upper limits of A, = p£* £~ decays were set for charmed baryons®2], which receive both W-exchange
and FCNC process contributions.

* Theoretically face difficulties from the Hamiltonian helicity structure and hadronic form factors

[1] PRD 84, 072006(2011)
[2] PRD 97, 091101(2018)
[3] PRD 103, 013007 (2021)

* To understand W-exchange contributionin A, = p£¥ £~

* |If observed, the signal channels would allow to test LFU

® Belle Result: No significant signal was observed

. . 25 15
but consistent with SM : "« Data i . Data
~, 20F (a) —gotad Fit g N - (b) —;otal: Fit 4
i imi 0 . = C ---.. Backgroun = P PPy ackgroun
= First set upper limits set at 90% CL: g sk S G bang g, 10f o g ound
Measured SM prediction - 104 ‘ ’ 3 I
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JEEPUT AT | AT | N srenstarastagane fassa O NARLINTG S uh”ﬁ
QB(ES — =% %) <65Xx105 <2.25x10-6 2.3 2.4 25 26 235 24 245 25 255 26
M(E%ete) [GeV/c?] M@Eutw) [GeV/c?]

SM prediction: PRD 103, 013007 (2021)
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| Study of 2(2012) — E(1530)K

Belle Y (1S, 25, 35)
Arxiv:2207.03090

® The (1(2012) was first observed in 2018 by the Belle
experiment in decays to 2°K~ and 27K near

Y(1S,2S,35).

Combinations/2.5 MeV/c?

nnnnnnnnnnnnnnnnnnnnnnnnnnnnn

PRL 121, 052003 (2018)

Combinations/2.5 MeV/c?

1.95 2 2.05 2.1 2.15 2.2
M(E K) GeV/c®

M = (2012.4 £+ 0.9) MeV
= (6.4%39) Mev

> There are mainly two interpretations for ((2012): a standard baryon and a Z(1530)K molecule

» A large rate for Q(2012) — Z(1530)K was predicted in the molecule scenario:

B(©(2012) - £(1530)K)

=0.18 — 0.
B(Q(2012) - EK) 0.18 —0.86

 Measuring the branching fraction for 0(2012) — Z(1530)K - ZmK may inform us about the internal structure of Q(2012).

12



| Study of 2(2012) - E(1530)K
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> First observation of 2(2012) - £(1530)K
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\ I Summary

Belle & Belle II provide a unique environment & unique sensitivity for SM measurements as well as for the search
for physics beyond the SM in the charm sector.

» significant room to improve the basic knowledge of baryon decays (BR,...)
BELLE is still producing important measurements after more than 10 years after the end of data taking

* Search for the new excited charmed baryons

e Branching fraction measurements of the A} and Z2 decays

e Study of Semi-leptonic decay 20 - E01+[~

First BELLE + Belle II combined analysis of the 22 — Z%h° decays rules out several theoretical approaches

proposed to deal with non-factorizable amplitudes

Belle II has started Run 2 data taking, expecting more physics results with a larger data sample

14



I Backup

Comparison of available charm samples

Experiment Machine C.M. Luminosity Nprod Efficiency Characters
3.77 GeV 2.9 (8 —20) fb ! D%*: 107(— 108) ® extremely clean environment
B,ES]]I BEPC-II 4.18-4.23 GeV 7.3 fb! D}: 5 x 106 ® quantum coherence
(ete™) 4.6-4.7 GeV 4.5 fb! Al : 0.8 x 10° ® no boost, no time-dept analysis
K * kK
D> SuperKEKB 1 D°: 6 x 10% (— 10%1) ® high-efficiency detection of neutrals
(ete™) 10.58 GeV 0.4 (= 50) ab D(t): 108 (— 10%0) ® good trigger efficiency
— AL: 107 (— 109) © time-dependent analysis
> KEKB 1 D"+, D;: 107 0(1-10%)  © smaller cross-section than LHCb
RERE 1088 Gev 1 ab AL
BELLE T Fe v **
LHC 7+8 TeV 142 fb ! 5 x 1012 © very large production cross-section
Cb (pp) 13 TeV 6 fb! 1013 © large boost, excellent time resolution
(— 23 — 50) b1 ® dedicated trigger required
¥ kk *

Here uses U'(DO 50@3.77GeV):3.61 nb, o(DT D™ @3.77 GeV)=2.88 nb, 0'( D Ds©4.17 GeV)=0.967 nb; 0(cz@10.58 GeV)=1.3 nb where each c¢ event averagely has 1.1/0.6/0.3 DO/D+/D;|—
yields; U'(DO@CDF):13.3 ub, and (T(DO@LHCb):1661 ub, mainly from Int. J. Mod. Phys. A29(2014)24,14300518.

e BESIII, Belle Il, and LHCb experiments have their advantages for charm studies.

@ They all are continuously collecting more datasets with increased luminosity in the foreseeable future.

15



I Backup

Theoretical Predictions for 22 —» Z%h°

Table 1. Theoretical predictions for the branching fractions and decay asymmetry parameters for

=0 5 ZOh° decays. Branching fractions are given in units of 1072,
Reference Model B(Z: = ='n") B(E: —=Z"n) BE:-=Z"v) a=E —Z="n")
Korner, Kramer [5] quark 0.5 3.2 11.6 0.92
Ivanov et al. [6) quark 0.5 3.7 4.1 0.94
Xu, Kamal [7) pole 7.7 - - 0.92
Cheng, Tseng [8] pole 38 - - —0.78
Zenczykowski [9] pole 6.9 1.0 9.0 0.21
Zou et al. [10] pole 18.2 26.7 - —0.77
Sharma, Verma [11] CA - - - ~0.8
Cheng, Tseng (8] CA 17.1 - - 0.54
Geng et al. [12] SU(3)r 4.340.9 1.7519 8.61 .10 -
Geng et al. [13] SU(3)r 7.6£1.0 10.3+2.0 9.144.1 100900
Zhao et al. [14] SU(3)p 4.740.9 8.3+2.3 7.241.9 -
Huang et al. [15] SU(3)¢ 2.56+0.93 - - —0.23 £ 0.60
Hsiao et al. [16] SU(3) 6.0+1.2 4.241% - -
Hsiao et al. [16] SU(3)g-breaking 3.641.2 7.313.2 - -
Zhong et al. [17] SU(3)e 1135058 1.56+1.92 0.68313212 0.50193%
Zhong et al. [17] SU(3)e-breaking 774135 243135 1637503 —0.201529
Xing et al. [18] SU(3)r 1.30+0.51 - - —0.28 + 0.18

« Ref. [17] with breaking scenario suits best for B measurements

[5] J. G. Kérner and M. Kriimer, Ezclusive non-leptonic charm baryon decays, Z. Phys. C 55
(1992) 659.

[6] M. A. Ivanov, J. G. Korner, V. E. Lyubovitskij, and A. G. Rusetsky, Ezclusive nonleptonic
decays of bottom and charm baryons in a relativistic three-quark model: Evaluation of
nonfactorizing diagrams, Phys. Rev. D 57 (1998) 5632.

[7] Q. P. Xu and A. N. Kamal, Cabibbo-favored nonleptonic decays of charmed baryons, Phys.
Rev. D 46 (1992) 270.

[8] H. Y. Cheng and B. Tseng, Cabibbo-allowed nonleptonic weak decays of charmed baryons,
Phys. Rev. D 48 (1993) 4188.

[9] P. Zenezykowski, Nonleptonic charmed-baryon decays: Symmetry properties of
parity-violating amplitudes, Phys. Rev. D 50 (1994) 5787.

[10] J. Q. Zou, F. R. Xu, G. B. Meng, and H. Y. Cheng, Two-body hadronic weak decays of
antitriplet charmed baryons, Phys. Rev. D 101 (2020) 014011.

[11] K. K. Sharma and R. C. Verma, A study of weak mesonic decays of A, and = baryons on
the basis of HQET results, Eur. Phys. J. C 7 (1999) 217.

[12] C. Q. Geng, Y. K. Hsiao, C. W. Liu, and T. H. Tsai, Antitriplet charmed baryon decays with
SU(3) flavor symmetry, Phys. Rev. D 97 (2018) 073006.

[13] C. Q. Geng, C. W. Liu, and T. H. Tsai, Asymmetries of anti-triplet charmed baryon decays,
Phys. Lett. B 794 (2019) 19.

[14] H..J. Zhao, Y. L. Wang, Y. K. Hsiao, and Y. Yu, A Diagrammatic Analysis of Two-Body
Charmed Baryon Decays with Flavor Symmetry, JHEP 02 (2020) 165.

[15] F. Huang, Z. P. Xing, and X. Z. He, A global analysis of charmless two body hadronic decays
Jor anti-triplet charmed baryons, JHEP 03 (2022) 143.

[16] Y. K. Hsiao, Y. L. Wang, and H. J. Zhao, Equivalent SU(3)¢ approaches for two-body
anti-triplet charmed baryon decays, JHEP 09 (2022) 35.
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\ I Branching fractions of £0 — Z°h° (hO = Tto,?],?]')

JHEP 10 (2024) 045
Belle + Belle I 1.4/ab

(a) (b) (c) (d)
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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)p
Geng et al. [13], SU(3)p
Zhao et al. [14], SU(3)p
Huang et al. [15], SU(3)r
Hsiao et al. [16], SU(3)g
Hsiao et al. [16], SU(3)
Zhong et al. [17], SU(3)p

Zhong et al. [17]. SU(3)p-breaking

Xing et al. [18], SU(3)p
Geng et al. [19], SU(3)g

p-breaking

Figure 6 shows the comparisons of our measurements with theoretical predictions from
table 1. A recent result [17] based on the SU(3)g-breaking model is consistent with each
measured B(Z0 — Z°hY). The measured value of a(Z0 — Z%7) is consistent with predictions
based on the pole model [8, 10], CA [11], and SU(3)r flavor symmetry [13] approaches.
The central values of our measurements of the absolute branching fractions and asymmetry
parameter of Z¥ — Z°7Y indicate that the covariant confined quark model [5, 6] is mildly
disfavored for each result, and disagree with the predictions by more than 2o for the following:
(1) B(Z? — =) in refs. [8, 10, 15, 18]; (2) B(Z? — =%) in refs. [9, 10, 13, 19, 20]; (3)
B(Z2 — Z%) in refs. [14, 19, 20]; and (4) (22 — Z°7Y) in refs. [7, 9, 17-20]. The results
for the ratios, (8.1), (8.2), and (8.3), are independent of the = absolute branching fraction
scale and may also be compared to theoretical models.

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

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

This measurement

favoring predictions in SU(3) flavor symmetry,;;:p o5 235 203)]
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| Study of 2(2012) - £(1530)K

Flatté-like function 1s

T.(M) = gnk (M)

(M — maoo12)- + 3 : Z 8; [k
2.5

with those from Ref. [16]. The mass of Q(2012—)‘ 18

(M) + ik;(M)]>

o 3xBQ2012) - E(1530°K" — EK)
— =K _— _ e 8
meq2012)- = (20125 + 0.7 + 05) MeV. EK 8(9(2012)— — = KO) + 8(!‘2(2012) — EOK )
The values of g3 and g, are
+31.1 -
3 - (38 9 — 9 O) X 10 300 T T : 200 : :
0. 38 ? 2 o @ i, J «Dan - "50L (b) 10 BL Data - - (c) '—’+ S Data
82 — (1 7 0. 3 _ O 3) X 10 g 200: ++++++H++i+++++ ) =Simulation % 100:_ {++ Simulat % 1505 ++++ ++ }++ i ++ ++ =Simulation
Q - BT Tty 2 i — 2 1oof .
g i t boiod Yttty B - : . ++ 2 i # i I (Bt t
i § w0 4 e M5 sl A 5 | bty P
The Value Of g3/82 15 i 100: .*ﬁ‘ : | @ ) ¢++.m*+++§ it +H+ ++*+++*+++h++++u & ! ,+++ ' y
/ _ (22 9+17 .9 + 9. 2) O T T T TS e L 14m 754 156 158 16 OS54 15 15 TS T TE T
83/82 = _og E M(ET) (GeV) M(E°x) (GeV) M(E°n%) (GeV)
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