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The charmed baryon famlly

CC

 Singly charmed baryons
v" Established ground states: b

A¢ Zc, B, 9
v’ Excited states are being explored
« Observation of other doubly charmed baryon £
* No observations of other doubly or triply charmed baryons
(Doubly charmed baryon topics covered by Jibo’s talk.)

» A7 : decay only weakly, many recent experimental progress
since 2014

> X, :BZ, - Atm)~100%; B(Z, » Afy)?

» E. . decay only weakly; absolute BF measured with poor
precision

» Q. : decay only weakly; no absolute BF measured
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A
The lightest charmed baryon
Most of the charmed baryons will eventually decay to A,

The A Is one of important tagging hadrons in c-quark
counting in the productions at high energy energies and
Bottom baryon decays

B(A} - pK~nw*): dominant error for \V,, via baryon
decay

Charmed baryon mass (GeV)

3.

| —

cornerstone of charmed baryon spectroscopy

(a) Charmed baryons
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Spectroscopy is well
described by the
quark-diquark model
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Quark model picture

a heavy quark (c) with an unexcited spin-zero diquark (u-d)

=» diquark correlation is enhanced by weak Color Magnetic Interaction with a heavy quark.
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- Charmed meson (D*[cd]) > Strange baryons (A[uds]) - Charmed baryon (A.[udc])
my << m, = quark + heavy quark m,, My =~ m, = (qgq) uniform m,, My << m, = diquark + quark
(a) Q) (qa) Q)

In some sense, more reliable prediction of heavy-light quark transition
without dealing with light degrees of freedom that have net spin or isospin.

A} may provide complementary powerful test on internal dynamics to D/Ds does




Charm Facilities

Charm factory
Threshold production: No boost

Small X-section : Lowest
Statistics

Quantum coherence

Inclusive charm, neutrals and
neutrinos

Absolute BFs

B factory
Low background
Low statistics
Low boost

Good for neutrals and
neutrinos

Some Absolute BFs

Hadron collider
High background
High statistics
High boost

Challenging for neutrals and
neutrinos

Complex and biasing triggers

ete” > yY(3770) > DD
+,— () 7 (*)
e'e = DD
ete” > AT A

BESIII, STCF in the future
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ete” - cc
+ some other
Stuff

Belle / Belle 11
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Recent studies on the Al at BESII|I

Production cross-section at e* e collision

Oete™ - AfA;lineshapeand FF  :PRL 131.191901(2023)

Oete™ — A AL : PRD 109, L071104 (2024)
Rare decays

OAf - yz+* : PRD107, 052002 (2023).
A} leptonic decays

04} - Au*v, : PRD 108.L031105 (2023).

OAf - Xetv, : PRD 107.052005 (2023).

OAf > Antne*v,, pKdn~—e*v, :PLB843.137993 (2023).

A} hadronic decays(two body)
O A7 - pn, pw
OAf - pn®
OAf - 2K
A} hadronic decays(multi-body)
OAf > nntn®. notn ot nK ntn?t
O A - nKon*, nK°K*
OAf > X*KYK™ 2%, 2 KT (n?)
OA; > nX
OA > AK ', AK 't me™
OA; - X K'n*
04} - %K n®
OA > nKntn®
OA > Altmtn

: JHEP 11.137 (2023).
: PRD 109, L091101 (2024).
: PRL 132, 031801 (2024).

: CPC 47.023001 (2023).
: PRD 109, 072010 (2024).
JHEP 09 125(2023)

: PRD 108.L031101 (2023).
: PRD 109, 032003 (2024).
: PRD 109, L071103 (2024).

: PRD 109, 052001 (2024).
:PRD 109, 053005 (2024)
: arXiv2401.09225.

BeSI

More detalils can be
found in Prof. Geng
Cong’s talk.
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Charmed baryon thresholds

as

5, B, 0207

...................

BESIII energy upgrades:
4.6 GeV (Phase Iy 2014)
> 4.95 GeV(Phase I'T, 2021)
> 5.6 GeV (Phase III, planned in 2024)



Production measurement near threshold

PRL 131.191901(2023)

ete—> At A, cross section are measured at twelve energy points from 4.612-4.951GeV .
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Indicate no enhancement around Y(4630) resonance. =>Conflict with Belle.
| G/ G| ratio are derived by fitting to angular distribution.

The oscillations on | G/ G| ratio is significantly observed with higher frequency than that of
the proton. = may imply a non-trivial structure of the lightest charmed baryon.

: ete > AYA; 1.5 ete” > AlA;
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Form factors of Az — Au™v,

PRD 108.L031105 (2023)

—+ data
- 200+ | — total fit 4T Gz-V..z P 2 - 2, 22 3
8 “es Al AT . : _ Fl r.\J . q°( ”;f/‘I) {—(l—cos@})z|H1,|1(l+aAcost9p)
- = nonres bkgs dqdcos@,dcos @ ,dy 2(2x) 24M% 8 2
3
+g(l+cosﬂ',) |H_y _iP(1 —apcos8,)

Events/0.01
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q? (GeV?) q2 (GeV?)
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 BFisupdated tobe B(Af —» Au*v,)= (3. 48 + 0.144,; T+ 0. losyst)%=>3times more precise.

» LFUare reported (0.98 + 0.05,,, + 0.03,,,) => compatible with Standard Model(0,97).
« Form-factors parameters forA: — Al*v; are determined to test and calibrate for LQCD.
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Events / (20 MeV)

Events / (20 MeV)

+ + = pt 0,— o+
A DA e v, pK;me v,

,
0.1 0.2

B < 3.9x10* @ 90%C.L. -

0 0.001

0.002 0.003

;r T
U iss (GEV) B(A! —»Arn'*metv,)
(a)
3 :_ -4~ data :
i [ |signal MC |
I non-A, bkg N ]
2| B Al b : B<3.3x10° @ 90%C.L. A
o o 0 0.0005 0.001 0.0015 0.002
02 -0 0 0.1 0.2 B(A! —pK 2n‘e+ v,)
U_. (GeV)
miss
Table 1
The BFs for Al — A*etv, predicted by different theoretical models, in units of
104,
A* state CQM [8] NRQM [9] LFQM [10] LQCD [11]
A(1520) 10.00 5.94 — 5.1240.82
A(1600) 4.00 1.26 (0.7 +£0.2) —
A(1890) — 3.16 x 1072 — —
A(1820) — 1.32 x 1072 — —

PLB 843.137993 (2023)
4.5fb1 ete- annihilation data are used to search

+ +—pt 00— pt
A > AT e v, pK;t e v,

No significant signal is observed and
B(AY - Antm"e*v,) < 3.9 x 10~* and
B(A} - pK2n~etv,) < 3.3 x 107* at 90% CL.
B(A} - A(1520)etv,) < 4.3 x 1073 and
B(A; - A(1600)e™v,) < 9.0 x 1073 at 90%
CL assuming all Aw*m~ combinations come
from A”.

Limited sensitivity to identify different
theoretical calculations.

11



=>twice larger than the dynamical calculation based on pole model and CA[PRD97,074028(2018)]

__ B(Af-nmt)

— BAf-pn?)

=>Disagrees with SU(3) asymmetry and dynamical calculation (2-4.7) while in consistent with SU(3)

A¢

PRL 128.142001 (2022)
First singly Cabibbo-suppressed A/ decay involved neutron was observed(7.30).
Absolute BF is measured to be B(Af - nrt)= (6.6 + 1.2, + 0.44,5) x 107%,
=>Consistent with SU(3) flavor asymmetry prediction[PLB790,225(2019), ]

— nrtand A} - pr®

PRD 109, L091101 (2024)

> 7.2@90%C. L. (B(A - pn®)< 8.0 x 1075 @90%C.Lfrom Belle)

plus topological-diagram approach(9.6).

B(A¢ - pr®)=

More detalls can be
found in Prof. Geng

B (Al—nm?) (x107%)

Cong’s talk.
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Decay asymmetry for pure W-exchange process Af — %K™

el W } _ _ _ PRL 132, 031801 (2024)
“ . s+ Previous theoretical calculation on the BF lower than exp.
fu ~ u measurement, which all predicted zero decay asymmetry
Aﬁ}: « BESIII confirmed the exp. result of BF in 2018 [PLB 783, 200 (2018)] 378 sianal
w : - - ~
d ikt ¢ In theory, BF is enhanced by enhancing the decay asymmetry close to 1 Sighals
FIG. 1. Feynman diagrams for A} — Z°K+ T 405 —+ l).ata@zl.(sﬂGe\’
éza; @m_(c
« three-level cascade decay A} — Z°K*, E® - An®, A - pr~ fo
+  First determination of decay asymmetry a_o,.+ = 0.01 + 0.16 + 0.03, consistent with zero =ity
» No theoretical model explains the current results
* First determination on phase difference é,, — &5, with two solutions of /2 and —m/2 cosgy T+
o 4 .
- M ke
[ Physial Boundary e SR Mis-reconstructed
B ; | - 0 ¢
T ¥ 0.(BESII) & BF(PDG) w0 CoSGy | w- $
T e  Korner(1992), CCQM t m
0.5=  Xu(1992),Pole g‘"' } 0
Ot e Pt B A
jf] o - L 410 = ! cosd, - ; 9,
i i - 40 + ;" 40
T O Sharma(1999),CA 2“W P FH L l‘ﬂl
=05 Goua0y cA S -
- o Zhong(zoiz),ggg: o cost,| w 1t 9,
v Zhong(2022),
- . ‘ ) ‘ . ‘ ) | | ‘ 40 40 +
L B S
Branching Fraction(x107) i B Sl S

3
Polar angle Azimuthangle 13



A7 decay asymmetries

L K ot 0.+ + .0 =0+
Predictions and measurements ai j.'s ai - ai - ai - a j_K
CLEO(1990) [1] - -1.0701 - - -
ARGUS(1992) [2] - —0.96 + 0.42 - - -
Korner(1992), CCQM [3] ~0.10 —0.70 0.70 0.71 0
Xu(1992), Pole [4] 0.51 —0.67 0.92 0.92 0
Cheng, Tseng(1992), Pole [ —0.49 ~0.96 0.83 0.83 -
Cheng, Tseng(1993), Pole [6 —0.49 ~0.95 0.78 0.78 -
Zencaykowski(1994), Pole [7] -0.90 —0.86 -0.76 —0.76 0
Zencaykowski(1994), Pole [8] —0.66 ~0.99 0.39 0.39 0
CLEO(1995) [9] - —0.947 0060 o6 - ~0.45 4 0.31 £ 0.06 -
Alakabha Datta(1995), CA [10] —0.01 —0.94 —0.47 —0.47 -
Tvanov(1998), CCQM [L1] —0.97 —0.95 043 0.43 0
Sharma(1999), CA [12] ~0.99 ~0.99 —0.31 —0.31 0
FOCUS(2006) [13] - —0.78 £ 0.16 £ 0.19 - - -
BESIII(2018) [14] 0.18 £0.43£0.14 —0.80 £ 0.11 £ 0.02 —0.73£0.17£0.07 —0.57 £0.10 £ 0.07 -
Geng(2019), SU(3) [15] -0.89707 ~0.87 £0.10 -0.3540.27 -0.3540.27 0.9470-%
Zou(2020), CA [16] —0.75 ~0.93 —0.76 ~0.76 0.90
BELLE(2022) [17, 18] - —0.755 £ 0.005 £0.003  —0.463£0.016 £0.008  —0.48 £ 0.02 £ 0.02 -
Zhong(2022), SU(3)* [19] —0.57+0.21 —0.75 4+ 0.01 —0.47 4 0.03 —0.47 4 0.03 0.9170-0%
Zhong(2022), SU(3)" [19] —0.29 4+ 0.24 —0.75 + 0.01 —0.4740.03 —0.47+0.03 0.99 +0.01
Liu(2023), Pole [20] —0.81£0.05 —0.75 £0.01 —0.47 £0.01 —0.45£0.04 0.95 £ 0.02
fedon, 1D —0.68 £0.01 —0.75 £ 0.01 —0.47£0.01 —0.45+0.04
BESIII(2023) [21] - - - - 0.01£0.16
Geng(2023), SU(3) [22 —0.40 £ 0.49 —0.75 £ 0.01 —0.47£0.02 —0.47£0.02 —0.15+0.14
Zhong(2024), TDA [23 0.01£0.24 —0.76 £ 0.01 —0.48 £ 0.02 —0.48£0.02 —0.16 £ 0.13
Zhong(2024), IRA [23] 0.03£0.24 —0.76 £ 0.01 —0.48£0.02 —0.48£0.02 —0.19£0.12

PDG(for now) [24] [ 0.20 % 0.50 (only BESIT]) —0.81%£0.09 —0.73 £ 0.18 (only BESIII) —0.55 £ 0.11 -




BF measurement of A; - nX

PRD 108.L031101 (2023).

‘\ I / 500? ;¢ PLL ), = A, — X —_

i W L =1 AR, background E

Events / 100 MeV

b 05 1 N 2

The deposited energy in EMC is used to identify n.

Data-driven technique to model n behavior in the detector.

Absolute BFs are measured to be

B(A; - nX)=(33.5 + 0. 754 + 1. 2,5 )%, precision up to 4%.

All known exclusive process with neutron in final state is about 25%=>more space to be explored.
Asymmetry between B(Af — nX) and B(A{ — pX) is observed.

15



LHCDb

r Muon ID - \ - Huge Ac production at LHCb: ~100ub

LS/ _ Calorimeters ) . )
[ // Tracking SPo/Ps w - Promptcharm: using exclusive reconstruction
Cf ol ECAL o )
vartexing ivagee Ack: | il .+ Secondary charm from b-hadron decays with

BN inclusive b triggers

e« A -5 pK n* CFyields: 0.8M in 0.65/fb (~20% of
Run | data)

CS samples O(10°) in Run I:

/ /', ./ BF measurement and CPV
- Ll 8 - DCS A{ -» pK*™n~ can be measured with best
- /// |ﬁnlh|}&ll| M| ! | ££| |‘L ! ! | H_ ! .| .| | ! preCiSion
5m 10m 5m 0m 7 : R o4
LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018 * POtentIaI to Set up the SL mOdeS pK” n andpn” n
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2010 (3:5 TeV); 0704 o i
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Charmed baryon results at LHCDb

* singly charmed baryon

AN YA YN N N N

EZ} mass [Phys. Rev. Lett. 113, 032001 (2014)]

BF for A} - pK*n~, pK*K~, pr*tn~ [JHEP 03, 043 (2018)]

CPV search in A - pK*K~, prtn~[JHEP 03, 182 (2018)]

Rare decay of A — pu*u~ [Phys. Rev. D 97, 091101 (2018)]
Lifetime of Q2 [Phys. Rev. Lett. 121, 092003 (2018)]

Lifetimes of A}, 2} and Z2 [Phys. Rev. D 100, 032001 (2019)]
CPV search in £ — pK~n* [Eur. Phys. J. C 80, 986 (2020)]
Suppressed decay =2 — A}m~ [Phys. Rev. D 102, 071101 (2020)]
Lifetime of Q2 and Z2 [Sci. Bull. 67, 479 (2022)]

At - pK~nt amplitude analysis [Phys. Rev. D 108, 012023 (2023)]
At polarimetry [JHEP 07, 228 (2023)]

N2 - 07K, E -t and 22 mass [Phys. Rev. Lett.132.081802 (2024)]

» doubly charmed baryon: =%+ discovery and other researches since 2017
» charmed baryon spectroscopy

v
v
v
v
v

At in XK~ via A) - D%~ [JHEP 05, 030 (2017)]

09 in EX K~ via prompt production [Phys. Rev. Lett. 118,182001 (2017)]
Z*0in AF K~ final states [Phys. Rev. Lett. 124, 222001 (2020)]
2:%inEXK- from 2, - ZXK~m~ [Phys. Rev. D 104, L091102 (2021)]
039 in EX K~ via prompt production [Phys. Rev. Lett. 131, 131902 (2023)]

« charmed baryon production in pp and pPb collisions

A in pp [NPB 871 (2013), JHEPO6, 147 (2017)]
A in pPb [JHEP 02, 102 (2019), JHEP06(2023)132]
EZ} in pPb [Phys. Rev. C 109, 044901 (2024)]

17



HQE (up to order 1/m

PDG
2018

LHCb
Semileptonic

LHCb
Prompt

Charm Baryon Lifetimes

%) T()

wervatio

" 5" AF =
—-— - —_—

hM’C AC+ QC h‘.--"'l!','-i-

- ] —_— -
—_0 0
= Q.
3 S
LHCb Comb.
L | 1 L L 1 II L L 1 1 ] L 1 1 L 1 1 1 1 L
100 200 300 400

Lifetime [fs]
Adapted from Nisar Nellikunnummel @ [CHEP 2022

500

<1(A,) < 7(ED)

Lch

PRD 100 (2019) 3, 032001

Sci.Bull. 67 (2022) 5, 47/9-487

BELLE-II Qg: PRD 107 (2023) 3. L0O31103
BELLE-I A.: PRL 130 (2023) 7. 071802
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1.25}

7lpsl 5751

0.5}

0.25F

Charm lifetimes from HQE

King, Lenz, Piscopo,
Rauh, Rusov, 2109.13219

B Mesons, experiment
B Mesons, our results
| Baryons, experiment

B Baryons, our results

Gratrex, Melic, Nisandzic
2204. 11935

D’ Dy Dt

Another HQE-based
calculation leading to
compatible results:

Hai-Yang Cheng,
Science Bulletin 67 (2022) 445-447

Mannel, Moreno,
Ivovarov 2304.08964
Inclusion of newly
calculated NLO
corrections to uZ would
probably significantly
reduce uncertainty

Satisfactory agreement with the experiment!

19



Candidates/(1 MeV)

Candidates/(1 MeV)

80

40

20

400 F

200 8

Observation of Q2 - Q~K*, E~n* and Q2 mass

60

300 F

100

PRL132.081802 (2024)
L+ Data . LHCb
i —Tv_:)tﬂ] fit 54 b :
- Signal . _ : Naive
Background BF ratios This work CA model | LFQM o
] estimation
_- B(° > 0"K™)
i ] 0.0608 + 0.0064 - - 0.0467
%J %ﬂw B0 > 0-1t) -
Qi Al B(QQ > 5-1%)
] <= T 1015814 0.0099 | 01038 | 0.0345 :
2660 2680 2700 2720 2740 B(2; - N~ nt)
M(K*) [MeV]
T T L LHICb = 3800_— T ) : LHle " " “samuel | 2717+25 | —_—
]l é) I 5.4 fb~! Briceno 2681+31+12+5 —_—
:, 600 — Brown 2679+37+20
& | ] Durr 2685:15 —
%‘400__ | Liu 264912147412 ——o——
] g [ Namekawa  2673%13 —
] S |
- ETMC 2675+32 —_—
- 200_ =
] I (a) | Rubio 2642:718  —e— (b)
T B s oo O S +J — ‘ ‘LH‘Cb‘ L 2‘695‘.28‘10.(‘)71‘0.2‘710;30‘ -‘ ‘
2660 2680 2700 2720 2740 2660 2680 2700 2720 2740 2500 2600 2700
M(E 7%) [MeV] M(2 ") [MeV] Q° mass (MeV/ &
unit: MeV m,. m, M, Moo
Z 1 E bR 1E 2286.46 +0.14 2467-933?'313 2470.44 +0.28 2695.2+1.7
LHCb 2014 2467.97+0.14+0.17
LHCb 2023 2695.28+0.07 £ 0.40
480 E bR A 2286.46+0.14 2467.95+0.19 2470.44 +0.28 2695.28 +0.40

20



A¢

— pK~nt™ amplitude analysis

Phys. Rev.

A} signals are selected via A) — AF p~v from

dataset taken in 2016, where only a subset of 0.4 M

signals are employed

Candidates/ (0.03 GeV?)

Candidates/ 0.02

35

Candidates/ (0.018 GeV?)

Candidates/ 0.063

5-dim fit

~
T
1

=

oo

040608 1 12141618 2
m(K~*)[GeV?]

Candidates/ (0.025 GeV?)

Candidates/ 0.063

x10°

i T T T
8 -
] LHCb
6 - -
sk 3
4k 3
b E
ok E
1B E
s 2 25 3

m3(p n*)[GeV?]
x10°
T T T T T T

Candidates / (2 MeV)

x'10'3 T T R
140F . Dat =
L Full i LHCb_l ]
120F  signal 1.7 fb 3
1003_ Background _E
80F e
s0~1.3M sig in 2016 -
40 =
0F s
0 2.25 I 23 2.35
m@pK z*) [GeV]
Resonance Fit fraction (%)
A(1405) 7.7
A(1520) 1.86
A(1600) 5.2
A(1670) 1.18
A(1690) 1.19
A(2000) 9.58
A(1232)** 28.60
A(1600) "+ 45
A(1700)** 3.90
K3(700) 3.02
K*(892) 22.14
K3(1430) 14.7

mAK ) [GeV?

D 108, 012023 (2023)

) 3 4
m(pK-) [GeV?]
Resonance a
Model /38 0.662
K*(892) /38 0.873
A(1405) -0.58
A(1520) —0.925
A(1600) -0.20
A(1670) —0.817
A(1690) —0.958
A(2000) -0.57
A(1232)+F —0.548
A(1600)* -0.50
A(1700)+ —0.216
K}(700) -0.06
K (1430) -0.34

—
(=}

Arbitrary Units

S = N W A W QAN 0 O
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A? polarization and A7 —» pK™nt™ polarimetry

Phys. Rev. D 108, 012023 (2023) JHEP 07, 228 (2023)
The amplitude model is used to produce the distribution

Component Value (%) . . . .
P ah) 030 = 0.68 £ 0.98 = 001 of the kinematic-dependent polarimeter vector in the
P, (lab) ~0.41 £0.61 £ 0.16 +0.07 space of Mandelstam variables to express the polarized
P, (lab) -247+06+03+£1.1 . .
P (B) 9165 4 0.68 + 0.36 £ 0.15 decay rate in a model-independent way.
P, (B) 1.08 £+ 0.61 £ 0.09 & 0.08
P, (B) —66.5+0.6+1.1+0.1

A large AL polarization is found in b semi-leptonic
decays AD - Afu~v —

1.0

« The obtained representation can facilitate polarization
measurements of the A} baryon and eases inclusion of the
AY - pK~nt decay mode in hadronic amplitude analyses. 4

« At BESIII, the transverse polarization of A can be obtained S S W
via A - pK~n* polarimetry aé 1 e ™

(pK )[(l(‘\"":, o,
\

0.0
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Recent Belle/Belle 11 results

“D| D
i

BELLE Belle I

20 - Z%h0 (h® =7% n, n’) [Preliminary results]

20 - 20¢+¢~ [PRD 109, 052003 (2024)]

Af - ZTh0 (h° =7 n, ") [PRD 107, 032003 (2023)]
At - pKEK2, pKdn [PRD 107, 032004 (2023)]
A(2625)F - 22 [PRD 107, 032008 (2023)]

A{ » A"t~ [PRL 130, 151903 (2023)]

00 - E-mt /E-K*/QKT [JHEP 01 (2023) 055]
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Search for the semileptonic decays of 22 — 29¢%¢-

Motivation

Few baryonic neutrino-less semileptonic decays were observed experimentally [1-4].

Only upper limits were set for AY — p£* £~ decay for the charmed baryons [5, 6].

With the SU(3) flavor symmetry, B(EQ - E%%e™) < 2.35 X 107 and B(E{ -» Z%uTpn™) <2.25 x 107° [PRD
103, 013007 (2021)].

It will help the understanding of the recent anomalies in b — s#* £~ processes, i.e. B —» K*£+¢~.

decays Experimental results on By Ref.

20 - Aete” (7.6 +0.4+04+02) x 107 [1] PLB 650, 1 (2007)
Xt - pputu (8.6786 +55) x 1078 [2] PRL 94, 021801 (2005)
A - Aptps (1.73 £ 0.42 4+ 0.55) x 107° [3] PRL 107, 201802 (2011)
A) - Aptyu” (0.96 + 0.16 + 0.13 + 0.21) x 107° [4] JHEP 06, 115 (2015)
Af - pete” < 55x107° @ 90% C. L. [5] PRD 84, 072006 (2011)
A - pptu <44 x107° @90%C. L. [5] PRD 84, 072006 (2011)
Af - putp” < 7.7%x1078@ 90% C. L. [6] PRD 97, 091101(2018)
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Results:

Events/2 MeV/c?

« No significant signals are observed in the 2°¢* £~ invariant-mass spectra.

=90 reconstruction

50

B -« Data .
40F — Total Fit

- e e Background
30F : :
20 |
1014 |

0 - | R R A R |
1.3 1.34 1.36

T
1.32

M(A=°) (GeV/c?)

Events/5 MeV/c?

251

15

ZY¢% £~ invariant-mass spectra

20}

10

-« Data

— Total Fit

----- Background
=° Sideband

T TR Hp e

L

LEE

o4 25
M(=%e*e) [GeV/c?]

* 90% credibility upper limits on branching fractions are set:
> B(E » 201 ¢7)/B(E2 » 27 n") < 6.7 (4.3) X 1073 and
> B(EY - E%¢1¢7) < 9.9 (6.5) x 10> for electron (muon) mode.

2.6

Events/5 MeV/c?

Search for the semileptonic decays of E0 — E0¢% ¢~

[PRD 109, 052003 (2024)]

Full Belle
dataset
15
i -« Data
- (b) — Total Fit
wob Bgckground
i =" Sideband

O,
T I T T T

235

ML y LHH”W

2.4 2.45 2.5 2.55
M(Euw) [GeV/cd]

2.6
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Peak at KN threshold in Af > An* ™

[PRL 130, 151903 (2023)]
HMotivation

® The A(1405) (I =0) state, which has been interpreted as an orbitally excited quark-diquark [PRC 49, 2831
(1994)], or as a KN bound state [PRL 114, 132002 (2015)].

® The KN (I = 1) interaction is a virtual state could exist [PLB 500, 263 (2001)] and could be observed as a
threshold cusp. 10°

20 b A

Full Belle

60 :_ .................. ..................... ..................... SR SRR 1 ——— ..................... .................... dataset

50;_ .................. ..................... ..................... ___________________ ................... ..................... ____________________

30 oo [\

Counts / 1.0 MeV/c?

AR R PP P I
2.25 2.26 2.27 2.28 2.29 2.3 2.31 2.32
M(Ar*r*) [GeV/c?]
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Counts / 2.0 MeV/c?

Pull

fBw =

Peak at KN threshold in AY - An™
[PRL 130, 151903 (2023)]

<10 Full Belle
or S dataset
- >
" ¥ (1385) S 4F
°T PR
§ 2 .
: 8 I
g__ .;_&1 |é£n 2_,1 é._.JI..ia--r‘. igqgrf{JAn
3 i | # 3 ot Wi it Pttt b § by 4
1.35 14 1 45 1 5 1.55 1.35 1.4 1.45 15 1.55
M, ., Breit-Wigner [GeV/c?] M, Breit-Wigner [GeV/c?]
Standard Breit-Wigner
T /2 Mode Mass (MeV/c2) Width (MeV) x% /NDF
Ant 1434.3+0.6+0.9 | 11.5+2.8+5.3 74/68
(F — Ew)? +172/4 Am- | 1438.540.942.5 | 33.047.5423.6 | 92/68
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Peak at KN threshold in Af > An* ™

10}

% i

E .

3 5|

B

R ¥

¢ 9p gﬁlﬁﬂg i HIF% i H#ﬂﬁ ; %ﬁ il
1.35 1.4 1.45 15

M, Dalitz [GeV/c?]

Dalitz model (cusp) [Czech. J. Phys. B 32, 1021 (1982)]
For scattering length A=a+1ib and decay momentum k/k.

41b
— E -
fo (1+kb)Z + (ka)2’ = MEN
4

" (1+ ka)? + (kb)?’

Counts / 2.0 MeV/c?

Pull

[PRL 130, 151903 (2023)]

Full Belle
dataset

Dalitz model gives
slightly better
]  x*/NDF, but the

. _ ) difference is not
o e % g | significant.
2E et b4l
_g h %HEH iiﬁ%fifﬂﬁﬁ | i ff#%%#” *ﬁ{ f‘f #% f Wff |
1.35 1.4 1.45 15 1.55
M, Dalitz [GeV/c?]
Mode a [fm] b [fm] x% /NDF
Amt 0.484+0.321+0.38 | 1.22+0.83+2.54 | 69/68
ATt 1.2440.57+1.56 | 0.184+0.134+0.20 | 78/68

Obtained center values for a are larger than most theories
(e.g., a(K™n)=0.3~0.6 fm for [Nucl. Phys. A 881, 98 (2012)]),
but with large uncertainties.
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Proposal of the upgrade BEPCI| BEST

An upgrade of BEPCII (BEPCII-U) has been approved in July 2021 and planned to be
completed by the end of 2024

v Improve luminosity by 3 times higher than current BEPCII at 4.7 GeV
v Extend the maximum energy to 5.6 GeV

1x 103

Peak luminosity (cm™s™)

2x10%}

8x 10% |

6x10%}

4% 103

Upgrade BEPCII

(BEPCII-U)

-
=

BEPCII

Capable of finishing the proposed luminosity
of A} data in shorter time

1490 =» 600 days

1

2.0 3.0 4.0 5.0 5.6
Ecm (GeV) \
Energy Physics motivations

Current data Expected final data \ Tc / Tu

4.6 - 1.9 GeV

Charmed baryvon/XY Z

0.56 fb~1! 15 fb="! 1490/600 days

cross-sections at 1.6 GeV at (ll”« re m V s
*rlﬁfiTn \Y \"1\ CrOSS-8S€C lit»!l N/ \ l 0 ﬂ) 7 l‘iﬁi‘ilu\~
1.91 GeV Y. Y. cross-section N/A 1.0 ! 120/50 days
4.95 GeV - Z.decays N/A I 1.0H°T " 130/50 days
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Heavier charmed baryons

%
%
)
(a)
2F
y
* Energy thresholds _
v ete o ATE 474 GeV . Covgr all the ground—stqte charmed baryons:
v etem » AT, m  4.88GeV studies on their production & decays, CPV search,
v ete" 53X, I, 4.91 GeV to help developing more reliable QCD-derived
v ete” »E.E.  4.94GeV models in charm sector
v ete” > 0200  540GevV  « Studies on the production and decays of excited

charmed baryons
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Future opportunity at LHCDb

18

w
a
o
]

Run5 Run 6

-t
(=2

300

ey
»
TT

 RUN1&2:9 b~ !
« RUN3&4:50 fb~!

=» x10 more statistics

250

ey
o

200

Max Luminosity [10%/ cm?/ s]
o
LS1
LS2
@
o

o N » O ®
jus.y
Integrated Luminosity [fb™

—
o
o

(3]
o

Run 1 Run 2

P Ao Tl I

1 1 L L ]
2010 2015 2020 2025

1 L |
2030

2035

Year

» Further improvement on mass and lifetime measurement

» SCS and DCS hadronic decays
o €0.EY>pK~, Ef - pK¢. 20 > AKg. pK~

» Semi-leptonic decays via b-baryon four-body decays
o €0.AF > pK putv,pr utv;EQ > E utv; EF - Autv; 20 - 0 uty

» Decay asymmetries and CPV search via prompt production or b-baryon decays
o 0.4 -> pKg, An*, AK*; EY > AKg, E nt, E°KT; 20 > 0 nt, Q" K*t, Ent

» Amplitude analysis of multi-body hadronic decays



Super Tau-Charm Facility (STCF)

2018 2019|2020 | 2021 | 2022

Form collaboration

Conception design
CDR
R&D
(TDR)
Construction

Operation

Upgrade

Anhui provice and USTC have officially endorsed 364M RMB R&D project of
STCF, and great progress is achieved; the site is preliminarily decided in Hefel,
and geological exploration and engineering design is ongoing.

Will apply for the construction (~4.5B RMB) during the 15 five-year plan (2026-

2030) from central government.
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Summary

In the past year, many important results of charm baryon decays
were reported by BESIII, Belle, and LHCD.

Non-perturbative QCD is the main challenge. The theoretical

calculations are hard for the Hadronic charm baryon decays.

— Tools are improving.

— Collaborations between theorists and experimentalists are crucial for
accelerating research.

The future of charm is promising. Lots of high quality data coming

our way: LHCDb, Belle |1, BESIII(+upgrade)

A dedicated charm facility, STCF, has been proposed in China. The
R&D project with 364M RMB budget has been officially supported
by Anhui province and USTC.
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+ A +
Form factors of Ag = Ae™v,
* , PRL 129,231803(2022)
R T B

M, (GeVic)

o 150F g 150F
g ¢ e o P e et
FRL % 100
4 g
= S0 & 50
- A
01 0 01 02 5 o o 0] o 2
Umiss (GeV) cost, % (radians)
1
3fe DATA: AT A 1
----- DATA: Aj— Ae'y, | ereom Al ey, et el
o2 .. LQCD: Af—* Ae'y, 3_1 A S ) 3';'
— o i o0 (1.6 krzase
S~ | s, et B
?_, 0.15 e L L Ty Py 1[5
—.U B g g ::::‘~-. 0 05 1 0.40 05 1
E’_‘ > % (GeVieh) g% (GeV¥cty
- 1
3 Y s
5 3, & g 08 i
® 005 Y = af e LR
“.' bl """"_,.-' ----- 80 ()6 Eppunaer ™"
0.5 P
0 ! I L L L | 0.4
] . ] . 12 0 05 . 1 0 0.5 1
0 0.2 0.4 06 0.8 1 g% (GeVi/c) g% (GeV¥cty

g2 (GeVYc*)

»  BFisupdated tobe B(A; - Ae*v,)=(3.56 + 0. 11, + 0.07,,)%=>>precision improved.

 Helicity amplitude deduced form factors can be extracted with 4D fitting to data.

« Thedifferential decay rate is roughly consistent with LQCD calculation while discrepancies can be noticed on
FFs show different kinematic behaviors.

* |Vcs| element from charmed baryons is measured to be 0.936 + 0.0175 + 0.0244¢p £ 0.007,, whichis
consistent with the value obtained in charmed mesons decay.
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Decay asymmetry for pure W-exchange process Af — 2K+

_ 2Re(s*p)

=P+ PEr

app YBP

s+ [pl*

Level Decay Helicity angle Helicity amplitude
0 efe” = AT AL (2) (8o) Axi g
1 A - E0g) KT (01,91) B,
2 20— A(/\q.)ﬂ'n (62,02) Ch,
3 A= pAs)w™ (03,¢3) D>,
dr

dcosfy dcosfly dcosflz dcosls dpr dpa dps
x 1+ ugc03290
+

+(1+ rm(:uszsm) Q0 pet O cosflacosfs

2
1+ epcos™by) Q20 g+ Oy 0 COSH

+(1+ r.m(:(mz\%) ozAﬂga:u"_cung
— (1 + apeos®8g) agoget /1 — a2 , a, _sinfzsinfscos(A, o + ¢3)

2 sinAgsinfgcosfoazo ;. + sin@ising;

+

+

4 sinAgsindgcosfya, osind;sing; cosly

2

+

+
R R R
K| & &| & &| &

sinAnsinﬂncosﬂnszq KA QA0 sinfy sing; cosfls

2 sinAnsinﬂncosﬂnaFﬂ _ sinf@;sing; cosfzcosflz

+

2 sinAUsinﬂucosﬂum oo cosdrsinfasin(Bgo et + ¢2)

1— a2 sinAgsin@gCDSlgum a, ocosdysing sinfacos(Azo gt + P2)
2 sinAnsinﬂnchaﬂm @, — 008 singysinfzcos(Azo e+ + ¢z)cosly

2 sinAgsinﬂnCOSBnm %p

2 sinAnSinﬁncosaﬂmm @, —costisingisin(Ago 4 + $2)sinbzsin(A, o + ¢3)

2 sinAgsinfgcosfo, /1 — azaﬂﬁJr m apr_cosﬂlsinqﬁlCOSQZCOS(QEOK#— * @2)sinbycos(Bazo + 63)
1- rx% sinAgsian(:osBumm . — cosdicos(Azo e+ + ¢2)sinfssin(A, o + ¢3)

2 sinAgsinﬂgcosﬂumm - cosg cosfzsin(Azo g+ + d2)sindzcos(Ay o + ¢s)

2 sinAgsinfgcosfy /1 — ﬂiﬂu - sinfysing;sinfzsinfzcos(A, o + ¢a)
2
1

+
R
o

+

+

— Cos@1sindasin(Aco o+ + d2)costs

+

+

HEEEEN

+

_ 2Im(s’p) _ sl = 1Ipl*
|2 + Ip[?”

arXiv2309.02774(PRL accepted)

CM frame

=0 rest frame

=" rest frame A rest frame

The joint angular distribution for A} — E°K™ is derived
based on helicity amplitude.
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Events / (0.033 GeV/c2)

1000

500+

PWA for A} - Antr®

JHEP 12.033 (2022).

[ — Data

| [ Background & | < | Process Magnitude Phase ¢ (rad)  FF (%) Significance
oy > a000- > 400 Ap(770)T 1.0 (fixed) 0.0 (fixed)  57.2+4.2 36.90
[ _N(};E(g+8rrs")):\ g 2 ¥(1385)T7% 043+0.06 —0.234+0.18 7.18 +0.60 14.8¢0
- wsdieor S | B $(1385)°7+  0.37+0.07 2844023 7924072  16.00
s S Lol S ool $(1670)*7° 0.31+0.08 —0.77+0.23 2904063  5.lc
ey s 2 g | 2(1670)°7F  0.41+£0.07  2.77+£020  2.65+0.58 520
;4:3 E 2(1750)t7Y  1.75+£0.21 —1.73£0.11 16.6+2.2 10.1¢
i ] i T , .| A =R  D@A750)°7+  1.834+021 1344011 17.5+23 1020
04 06 08 1 122 9.2 14 1.6 1.8 2 22 Q.Z 14 16 1.8 2 22 A+NR,- 405+£047 2.1640.13 29.7+4.5 10.5¢

M., (GeV/c?) M,_, (GeVic) 1 M, . (GeV/c?)
Theoretical calculation This work PDG
10% x B(A} — Ap(770)) 4.81 %+ 0.58 [13] 4.0 [14, 15] 4.06 £ 0.52 <6

10° x B(A} — £(1385)" %) | 2.8+04[16] 22404[17] | 5.86+0.80 —
10% x B(A} — £(1385)%7%) | 2.840.4 [16] 2.2+04 [17] 6.47 & 0.96 —

QN p(770) —0.27+0.04 [13] —0.32 [14, 15] | —0.763 £ 0.066 | —
Q'y;(1385) + 70 —0.91015 [17] —09174+0.083 | —
O'x(1385)0 7+ —0.9170% [17] —0.79 +£0.11 —

About 10K events survived which purity is larger than 80%.

Interference mostly exist between Ap(770) and X(1385)%/*x+/0,

NO theoretical models is able to explain both BFs and decay asymmetries simultaneously.
Decay asymmetry parameters can be obtained by the fit results of the PWA.

provide crucial input to extend the understanding of dynamics of charmed baryon hadronic decays.
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PWA for Af - An*n®

JHEP 12.033 (2022).

(A = 37(2(1385) 1) + 0 (") 7 (Ad) - 37 (2(1385)%) + 0~ (n 1)
Alggilgu;ile Magmtude Phase ¢ (rad) Anzlﬁl;;:ll)de Magmtude Phase ¢ (rad) |H§ 1‘2 _ ‘Hfl _1|2 + ‘Hf 0|2 _ ‘Hfl D|2
7 1.0 (fixed) 0.0 (fixed) 9.5 1.0 (fixed) 0.0 (fixed) a0yt = HP: T , ; Hp, . HpQ, .
s e + +
qf(“g‘” 1.29 +0.25 282+£0.18 | ¢ 0 L70+0.38  2.70+0.22 | %,1‘ | -%,-1| | %,0| 47 %,0| 1.28)
+ 3— — + 3— — _ _ _ '
1T(AD) = 3 (2(1670) 1) + 0~ () T A = 3 (2(1670)°) + 0 (x1) \@.2.%(931 AR .gg§> —/5-2 8%(901 +gfl 'gga)
Amplitude Magnitude Phase ¢ (rad) | Amplitude Magnitude Phase ¢ (rad) _ 2 2 > 2’2 ‘2 g o 5 2 ’2
0T 10 (fixed) 00 (fixed) | ¢"0" 10 (fixed) 0.0 (fixed) 196,31 + 197 1 12 + 197 5[ + 195 5|
r 4
a8 1.39 + 0.42 0854026 | ¢\ 0744018  0.2940.24
3 22
LA = 1 (2(750)%) + 07 (x0) 1)~ 5 (20750)) + 07 (n)
Amplitude Magnitude Phase ¢ (rad) | Amplitude Magnitude Phase ¢ (rad)
g 1.0 (fixed) 00 (ixed) | g0 10 (fixed) 0.0 (fixed)
g0 45010 2284022 | ¢ 070 0384000 -2.03+0.20
, 4
1A = 5T (4) + 17 (p(770) %) 5 (A5 = 3T (4) + 17 (NR,)
Amplitude Magnitude Phase ¢ (rad) | Amplitude Magnitude Phase ¢ (rad)
P NR
90,2 1.0 (fixed) 0.0 (fixed) 90,1 1.0 (fixed) 0.0 (fixed) $(1385) 12 £1(1385) 12 ( 385) _3(1385)
4, 048 +0.12  —1.69+0.12 oM 0944012 —0.49+0.16 |H0 N | — |Hﬂ 2o |2 2R "9, 3
i) P —_— )
o NR _ ) 12 T2
7 0.90 +0.10 0.48 +0.13 e 0214009 —2.84+0.53 Q5 (1385) R0 5 | o(1589) 2(1380 . 2“380)
9 0.55+£0.08 0044018 | ¢M 0334014 -1.92+030 |H 2+ [H 0 | \ + g, |
» 2 12 T2
P+ 0 @)
Amplitude Magnitude Phase ¢ (rad)
gé\, 1 1.0 (fixed) 0.0 (fixed)
9 0.435376 (fixed) 0.0 (fixed)

Decay asymmetry parameters can be obtained by the fit results of the partial wave
amplitudes.



PWA for Af - An*n®

JHEP 12.033 (2022).

B(AF — Ap(770)) = (4.06 = 0.30 + 0.35 + 0.23)%,
B(AS — Ap(T70)*)

B(A — Artn0)

— (R .
= (57:2+ 4.2+ 4.9)%, B(A} — ¥(1385)T7") = (5.86 £ 0.49 & 0.52 £ 0.35) x 1072,

B(A — £(1385)°7") = (6.47 + 0.59 + 0.66 + 0.38) x 107,

B(A}F — £(1385)170) - B(2(1385)" — Axnt)
B(A} — Antm0)

B(AS — £(1385)7 ") - B(X£(1385)? — Ax?)
B(AS = Antr0)

= (7.18 £0.60 + 0.64)%, cipp(rr0y+ = —0.763 + 0.053 % 0.039,

= (7.92 £ 0.72 = 0.80)%. O3 (1385)+ 70 = —0.917 £ 0.069 + 0.046,
Q‘,'E(lgga)ﬂﬂ-+ = _0789 i 0.098 j: 0056

Table 9. The comparison among this work, various theoretical calculations and PDG results. Here,

the uncertainties of this work are the combined uncertainties. “—’ means unavailable.
Theoretical calculation This work PDG
102 x B(Aj; — Ap(?’?ﬂ)"‘) 4.81 + 0.58 [13] 4.0 [14, 15] 4.06 £ 0.52 <6

10% x B(A} — £(1385)*7%) | 2.840.4 [16| 2.240.4 [17] 5.86 + 0.80 —
103 x B(A} — ©(1385)°7%) | 2.8+£04[16] 22404 [17] | 6.47+£0.96 —

770y —0.27+£0.04 [13] —0.32 [14, 15] | —0.763 £0.066 | —
Qy;(1385) + 0 ~0.9170:15 [17] —0917+0.083 | —
('53(1385) 0+ —0.917035 [17] —0.79 +£0.11 —

NO theoretical models is able to explain both BFs and decay asymmetries simultaneously.
Decay asymmetry parameters can be obtained by the fit results of the PWA.

Fruitful results are extracted which provide crucial input to extend the understanding of
dynamics of charmed baryon hadronic decays.



Decay asymmetry for pure W-exchange process Af — 2K+

Events /0.1

o cosé, —+ D
—— Fit

4o | |+“| :l:|| 1 | |BKke
204 ++ 4 Mis-reconstructed
b cosB+1 sl 4 ¢1
o 40

u m
20 ¥ + 20f
ok cosf,| | ¢2

20

s
-+
—
-
Events / 0.4
s
—
+
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L .
-+
-+

$SS
é
-+

4 05 0 0.5
Polar angle

[
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Physical Boundary

0o «(BESIID) & BF(PDG)
Korner(1992), CCQM
Xu(1992), Pole
Zencaykowski(1994), Pole
Ivanov(1998), CCQM

| O L v A

Sharma(1999), CA
Geng(2019), SU3)
Zou(2020), CA
Zhong(2022), SUB)"
Zhong(2022), SUG)"

|
d—n

2 a 6 8

Branching Fraction(xlO'S)

From the fit, we obtain azok+

001 i 0-16stat i O'OBSySt and BEOK+ = _064‘ i
0-695tat i 0'135_')/St and yEOK+

_077 i 0'58Stat i O-llsyst

azog+is in good agreement with zero=>strong identification for theoretical
predictions.

(mpy —mao)® —mi.

F:B(AZFT—)EOKﬂ :|§‘_C|{(mAc++m520)2—m§(+ 1A + 5 |B|2}
AF 4 M+ Mt
o _ 2k|Al|Blcos (6, — d,)
ST AR+ A2 B
2k| A||B|sin(d, — ds)

Azoi+ = arctan

AP = r?BI>

gorpbige decay width and decay asymmetry, the decay dynamics parameters are
erived.

Especially, cos(8,, — &) is measured to close to zero.=>not considered in previous
literature.

Fills the long-standing puzzle on how to model azox+ and B(Af — Z°K™)
simultaneously.
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Study of 2 — Z%h° (h® =% 1, 1)

Motivation:

Theoretical predictions for branching fractions (X 10~3) and asymmetry parameters:

[
[
[

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

3]
10
15

difficulties for theoretical predictions in hadronic weak decay of charmed baryons.

Reference Model B2 - =%% BE)-Z%) BE-=Z%) oF - =29
Korner, Kramer [5] quark 0.5 3.2 11.6 0.92
Xu, Kamal [7] pole T - 0.92
Cheng, Tseng [§] pole 3.8 —0.78
Cheng, Tseng [8] CA 17.1 - - 0.54
Zenczykowski [9] pole 6.9 1.0 9.0 0.21
Ivanov et al. [6] quark 0.5 3.7 4.1 0.94
Sharma, Verma [11] CA - - - —-0.8
Geng et al. [12] SU(3)k 4.340.9 17tie g6tiho -
Geng et al. [13] SU(3) 7.6+1.0 10.342.0 9.144.1 —1 /0%
Zhao et al. [14] SU(3)r 4.740.9 8.342.3 .21

Zou et al. [10] pole 18.2 26.7 - —0.77
Huang et al. [15] SU3)r 2.5640.93 - —0.23 £+ 0.60
Hsiao et al. [16] SU(3)r 6.0+1.2 42413 -
Hsiao et al. [16] SU(3)g-breaking 3.6+1.2 7.343.2 - -
Zhong et al. [17] SU(3)p 1.1312:58 1.56+1.92 0.68313:272 0:5013:3%
Zhong et al. [17] SU(3)p-breaking T A3 1.635% —0.2913:2

Xing et al. [18] SU3)r

1.3040.51

—0.28 £ 0.18

d

Internal W-emission for E¢ - Z°h°

d
< d
> u
> > s
S
W-exchange for 2 —» Z%h°
> >

Z. Phys. C 55 (1992) 659 [6] PRD 57 (1998) 6532 [7] PRD 46 (1992) 053004 [8] PRD 48 (1993) 4188 [9] PRD 50 (1994) 5787
] PRD 101 (2020) 014011 [11] EPIC 7 (1999) 217 [12] PRD 97 (2018) 073006 [13] PLB 794 (2019) 19 [14] JHEP 02 (2020) 165
] THEP 03 (2022) 143 [16] JHEP 09 (2022) 35 [17] JHEP 02 (2023) 235 [18] PRD 108 (2023) 053004
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First BELLE + Belle II combined charm measurement.
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—e— Data
— Total Fit

--=. Background (a)

- E sideband
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- E sideband
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Datasets Signal yield

Belle

363401348

Belle 11

137191184
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Branching fractions for =

Pull  Events/(5 MeV/c?) Pull  Events/(5 MeV/c?)

Pull  Events/(5 MeV/c?)
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—Signal shape
> 1 O O- -- Broken signal
100 -- Background
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50 L
0 e
é F-_-“'r"" e L e A m - _"+
M(=%°) [GeV/c?]
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40
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; —Signal shape
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C —Total Fit
O —Signal shape
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¢ ~ E°h (W’ =n° n, 1)

Preliminary results, will be submitted to JHEP

Signal yield:
Channel

20 > 200

Belle
1315+ 66

Belle 11
869 +46

=0 =0

8115

60+ 11

=0 _, =204/

23+6

8§+4

First measurement of the following BRs:
B(Z — 2%2%) = (6.9 & 0.3(stat.) & 0.5(syst.) + 1.5(norm.)) x 1073
B(E? — =%) = (1.6 £0.2(stat.) £ 0.2(syst.) & 0.4(norm.)) x 10~

=c

B(Z - =2%’) = (1.2 £ 0.3(stat.) & 0.1(syst.) & 0.3(norm.)) x 1072

They are compatible with theoretical prediction based
on SU(3)g-breaking [JHEP 02, 235 (2023)].
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0

Asymmetry parameter for Z0 — =°

T[O

The asymmetry parameter, related to P-violation, 1s measured through the differential decay

rate: Prelim It
AN reliminary results

x 1+ a(E) - 2°%%)a(E" - An?) cos b=

d cos O=o

The coszo is the angle between the A momentum vector and the opposite of the £ momentum vector in the Z° rest frame.

" Belle, 980 b " Belle Il, 426 fb™
30000 L /./ﬁ‘ 15000 B +
i | ; i

< <
S - I S 0000
(/2] L ) =
g20000 = | 2 : ——
g & s000|
10000 ~ 5000 N

o
I D

coso_ cos6_,

The a(Z? - 2%1t%) = —0.9040.1540.23, which is consistent with predictions based on the pole model [PRD 48 (1993)

4188, PRD 101 (2020) 014011], CA[EPJC 7 (1999) 217], and SU(3) flavor symmetry [PLB 794 (2019) 19] approaches. 44



Measurements of Al — >+, X n,and X7y’
B Motivation

® For the charmed baryon weak decays: B, — B + M, there are six topological diagrams. Among them, T
and C are factorizable, while C’ and E;_5 are nonfactorizable.

® All the nonfactorizable diagrams contribute to A¥ - X n(n’).

> < > »>
> ,\Y‘T‘VC
Ll
>
qf

-

q

q q
T

oY

external W-emission T

W-exchange diagrams E;, E,, E3
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Measurements of Al — >+, X n,and X7y’

B Motivation

® Theoretical predictions on the branching fractions and asymmetry parameters of AL — X™n(n’) vary across.

® Branching fractions of AL — X" n(n’) are measured with large uncertainty (B/B>40%). Decay asymmetry
parameters for these two modes have never been measured.

Decay Korner [1]  Ivanov [2]  Zenczykowski [7]  Sharma [8]  Zou [10] Geng [11] Experiment [18]
AT =X 0.16 0.11 0.90 0.57 0.74 0.3240.13 0.44+0.20 _y
Af -2ty 1.28 0.12 0.11 0.10 —~ 1.4440.56 1.5+0.6 X 10
A2+l 0.70 0.43 0.39 —0.31 —0.76 —0.35+£0.27 —0.55+0.11
A=Yty 0.33 0.55 0.00 —0.91 —0.95 —0.40+0.47 -
AT—2tn —0.45 —0.05 —0.91 0.78 0.68 1.0079-99 -

Branching fractions

Asymmetry parameters

[1] Z. Phys. C 55, 659 (1992) [2] PRD 57, 5632 (1998) [7] PRD 50, 5787 (1994) [8] EPJC 7, 217 (1999) [10]
PRD 49, 3417 (1994) [11] PLB 794, 19 (2019) [18] PTEP 2022, 083C01 (2022)



Measurements of Al — >+, X n,and X7y’

| I N

statistical systematical from B(A} - Z*n?)

PDG: B(AY - 2tn) = (4.44+2.0) x 1073
PDG: B(Af > 2t ) = (15+6) x 1073 Consistent with PDG. Most precise result to date.

B Measurements of branching fractions of AL - X*nand Af - X/ [PRD 107, 032003 (2023)]
E* - pn’; ' > numn - yy)
1600 100¢ : —+ Dat 2 —— Data
1400 Reference i?ﬁta N 380F S+1gna+1 —Fit 0c  Signal — Fit Full Belle
(10_ c A - R | Signal RS, 300E Ac-X™m . Signal (?IQ 350 AL > Z+n' ----- Signal
St200- ¢ 7 Peaking Bkg = F e Peaking Bkg 280 'y Peaking Bkg dataset
%1000:_ ..... Smooth Bkg S 250:— ----- Smooth Bkg s o T Smooth Bkg
Lo 800_ Sideband To) 200‘ Sideband o 2505— Sideband
E 8 150 E
c E 100 E
ob 0 e L ol I R T B OE
4.—
S 2 = 2 = 2F
> 9 3 :
G gp T e & 2 £ 0
21 215 22 225 23 235 24 245 21 215 22 225 2.3 235 24 245 015 23 955 23 935 24 245
M(Z*0) [GeV/c?] M(Z*n) [GeV/c?] M(EZ*) [GeV/c?]
B(A{-2"n) + + -3
< =0.25+0.03+0.01; B(Af >X™n) =(3.14+0.35+ 0.11 + 0.25) x 10
B(Af->z*n0)
B(Aé_—>2+‘r]l) + + .7 -3
S(noxr) = 0-33 £0.06 £ 0.02; B(A* » =*n") = (4.16 £ 0.75 + 0.21 + 0.33) x 10
C
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Measurements of A7 — >*tn?, X', and X7

B Measurements of asymmetry parameters of A} - Ztn®, 21, and Z*n’ (PrD107,032003 2023)]

The differential decay rate depends on the asymmetry parameter ay+y as:

dN ’ 0
— X 1 + ag+x0 0COSOy+
dcosOy+ XX pm z
apro = —0.982 £ 0.014 from world average value.
. 600~
oo (2) AL — X0 (b) Al — X7
§ 3000~ § 400/-
w - w
> 2000} = i
= C = 200
1000[ I
01" 0.806-04-02 0 0.2 0.4 06 0.8 1 01" 0.806-0402 0 0.2 0.4 0.6 0.8 1

COs6;..

® oy+.0 =—0.48 = 0.02 £ 0.02
» agrees with the world average value: —0.55 + 0.11.

» with much improved precision

» The consistency with ago+ = —0.463 £ 0.016 £ 0.008 [Sci.Bull. 68 (2023) 583] indicates no isospin symmetry
broken.

= —0.99 £ 0.03 £ 0.05 and ag+,, = —0.46 + 0.06 £ 0.03

> measured for the first time

. az'l'n

COs6;..

A rest frame

' rest frame

7 |
1

poa._zt

Y i
TE
AT
!

300

(c) Al = T

PPN PRI U B EPUP BRI EPEPRT BRI B I
-1 -08-06-04-0.2 0 0.2 04 06 0.8 1

COSsO,..
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Branching fractions of A{ - pK{K{, pKdn

B Motivation

® No result of branching fraction for Af — pKZK? (singly Cabibbo-suppressed)
1s reported. According to theoretically results based on SU(3)p symmetry
[EPJC 79 (2019) 946], B(A — pK2KY) = (1.9 + 0.4) x 1073,

® Measured branching fraction B(Af — pK2n) = (4.15 4+ 0.90) x 103 has
large uncertainty (0B/B~20%) [PDG].

® Check Dalitz-plot for the intermediate resonances existence, e.g. N*(1535)—
pn.
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B Signal Yield Extraction

Candidates/(2 MeV/c?)

Pull

0.5 -
0 I .1‘: . | TR S
2.24 2.26 2.28 2.3 2.32
M(pK 2K 2) (GeVic?)
i T 7]
T T T PR . | E
. e eeiieeecieeaaaa -

Branching fractions of A — pKJKQ, pKdn

Signal: Af - pKZK?

T 224 225 226 227 228 229 2.3 231 232 233

Yields AT

[PRD 107, 032004 (2023)]  Full Belle

dataset

Signal: AT - pKgn Reference: AT — pK?

4_| T T T T T T T T T | L T T T T T T T T T T T T T T

Candidates/(2 MeV/c?)
Candidates/(1 MeV/c?)

i 3
0 1 Loseracei . L pee. L
2.24 2.26 2.28 2.3 2.32

YY) SRS BN Py N B TN E o] S ol A . i B B e L
o - = o
-4 224 225 226 227 228 229 2.3 2.31 232 233 -5 224 225 226 227 228 229 2.3 2.31 232 2338

— pKsKs Al - pKn Al = pKj

NER 2442 + 103 12877 £ 317 515296 £ 1129

sig
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Branching fractions of Al — pKOKO, pKSn

[PRD 107, 032004 (2023)]
N*(1535) is observed in M(pn).

B Efficiency Plane

A¥- pKdn

M?(pn) [GeV?/c?]

I
0.18 - 0.09 I
. 3
0.17 17 0.085 | — 10f1|0- — 1 =
> 1 - | .
016 @ 0.08 | % [ +
g 1.5 Q) + +
—_— | QA 6 |
015 S 14 0075 - QT + H t
1.3 = + H H N
014 T 0.07 B t + ++
: S 12 : P -
@ i
_ o1 1.1 = 2r g
2.2 224 26 28 , 3 32 212223240250260272829 3 00 | Lﬁ C
4 2 0 2 PSR T TR S NS S NI S N S T R
M (K g ) 1GeVcT] M*(pK 35) [GeV/c?] I 022 24 26 28 3 32
I
I

B Branching fraction

B(AS—pKSKS) -2 + 01,0 _ —4
oot = (148£0.08+0.04) x 1072 = B(AY - pKEKY) = (235 4012 + 0.07 £ 0.12) x 10
» First observation
+—>
BB(&JPI;S“)) (2.73 4 0.06 +0.13) x 101 =  B(Af - pK2n) = (435 +0.10 + 0.20 + 0.22) x 1073

> Consistent with world average value (4.15 4+ 0.90) x 1073 and threefold improvement in precision.
51



Mass and width of A.(2625)and BR of A.(2625)* —» X0t n

B Motivation

® \.(2625)T(J¥ = 3/27) is the excited state of Af. It dominantly decays to Afn*m™ via P-

wave decay. The D-wave decay A.(2625)% — 221 is also allowed, but its contribution
1s known to be small.

® The mass of the A.(2625)7, relative to the AL mass, is already relatively well known
[PRD 84,012003 (2011)], but the large Belle data sample allows for a more precise
measurement.

® No intrinsic width of the A.(2625)* has yet been measured, and the current upper limit
' < 0.97 MeV/c? at 90% confidence level is based on the CDF measurement in 2011
[PRD 84,012003 (2011)].
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Mass and width of A.(2625)*and BR of A.(2625)* - X2t 1t

B Measurements of mass and width [PRD 107, 032008 (2023)]

Reconstruction mode: A.(2625) » Afntn™, At - pK™ntt Full Belle
dataset

1600 h « Data

-- Signal
1400 - Background
1200 F

— Qverall fit
1000 |

800 |
600 |
400
200

Candidates / (0.1 MeV/c?)

.
.
-
llll
...............................................

2. 624 2. 626 2. 628 2. 63 2.632
M(AZn ) (GeV/c?)

O M[A.(2625)7] — M(AY) = 341.518 + 0.006 + 0.049 MeV/c?

> consistent with the world average value 341.65 + 0.13 MeV/ c?
» has approximately half the uncertainty
O I'[A.(2625)"] < 0.52 MeV

» a factor of 2 more stringent than the previous limit I' < 0.97 MeV
» An improved limit on the width of the A.(2625)" will help to constrain various theoretical predictions. 53



Mass and width of A.(2625)and BR of A.(2625)* —» X0t n

B Measurements of branching fractions [PRD 107, 032008 (2023)]
Full Dalitz plot fitted with AmpTools 1s performed [PRD 98, 114007 (2018)].

&~ 900 F | 62 [ —{120
'-L-.’ 800 E — Overall fit .
> g — Phase space $6.15 — 100
s 700 b . A .
g — 3,(2520) < 61E

Te) - c AN —
2 600 f o > : 80
S 500 |- — 2(2520)" Seo0s5f 50
& 400 [ 3-body T b
o E + 0 6 r
T 300 | < . 40
e E L 595 |-
T 200 = . 20
8 100 z_ ; o - 5.9 -

OF,,_ o S N B B B R BT B B 0

242 243 244 245 246 247 248 249 25 251 59 5.95 , 6 6.05 26.1 6.15 6.2

M(Ag*) (GeV/c?) M(Aim) (GeV</c?)

B(A.(2625)* - 20m)

= (5.19 £ 0.23 £ 0.40)9
B(A:(2625)F - Afmtm) ( - - )%

B(A.(2625)* — £i+m)
B(A.(2625)* » Afntm)

= (5.13 + 0.26 + 0.32)%

O The measured branching fraction ratios agree with PDG values and are the most precise to date.
O Our measurements align with the prediction that assuming A.(2625)7 is a 1 mode excitation [PRD 98, 114007 (2018)]. 54



PN —

Evidence for Q2 - Z~nt* and search for QY - Z~K* and Q™ K* decays

e The theoretical study of hadronic weak decays of the Q2 has a long history. But due to the
low production rate of Q2 and low detection efficiency for long-lived final states, our
knowledge of the Q0 state is very limited.

—~—

The singly Cabibbo-suppressed decay Q2 - Z~nt and doubly Cabibbo-suppressed decay

02 - E7K* decays have been studied systematically in various theoretical models.

Predicted ratios of branching fractions for using light-front quark model (LFQM), pole model, and
current algebra (CA).

Branching fraction ratios LFQM Pole model and CA
; CPC 42, 093101 (2018) PRD 101, 094033 (2020)

B(Q? > E-t)/B(Q0 - Q1) 1.96 x 1073 1.04 x 1071

B(Q? > E-K*)/B(Q2 - Q™ t) 1.74 x 10~% 1.06 X 1072
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Events/ 5 MeV/c?

Events/ 5 MeV/c?

© 200
_ @ | % [JHEP 01 (2023) 055
300F S b
SUREE & g o N0 S e 1501
ook 4.5G t L : Full Belle
(] L
z 0 f dataset
jo  signal mode Q2 — E~m* 5o Signal mode Q2 - E7K*
96 265 27 275 28 O 265 27 275 28 The first evidence of QY —» E~nt* with a
2 2
My (GeVic) Mei (GVIC)  gignal significance of 4.56 including
reference mode Q2 —» Q- n* : o
80F systematic uncertainties.
r 4.50 \L (c) N
60+ + % 100_ . . . 0
s No significant signals are found in Q: —
0] : | S Q"K*and Q2 - Q™ nt.
ey B
20__ signal mode Q2 —» Q"K* L%) i
96 265 27 275 28 Q6 aes 27 27 28
M, (GeV/c?) M, .- (GeV/c?)
B2 - E~nt)/B(Q2 » QO™ nt) = 0.253 + 0.053(stat.) + 0.030(syst.)

B(Q? > E-K+)/B(Q° - 0~nt) < 0.070

B - QO"KY)/B(Q2 - 0 nt) < 0.29
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Before 2014, the c-ed baryons have been produced and
studied at many experiments, notably fixed-target
experiments (such as FOCUS and SELEX) and e*e™
B-factories (ARGUS, CLEO, BABAR, and BELLE).

v Total branching fraction ~60%

v Lots of unknown decay channels

v Quite large uncertainties(>20%b)

v" Most BFs are measured relative to Af —

pK mt

Experimental studies on A7 until 2014

A} data in PDG2015

Seale factar) I}

J‘: DECAY MODES Fraction (I';/T) Confidence level | Me\e)

Hadronic modes with a p: 5= =1 final states

pK®

[ 3.21% 0.30)%
pk— ( 4+ g:ﬁ]% —a—— —

pK*(892)° la] (2132 0.30)% J

Af1232) T+ K~ [ L18% 027)% —2.

A(1520) =+ la] (24 + 06 )% 25.0%

p K~ =T nonresonant (38 £ 04)% 10.5%
pHU =Y (45 + 06 1% 13.3%

PR {17 + 04 )% 23.5%
pROxtz— {35 4+ 0.4 )% 11.4%
pK™ =t = (46 + 08 )% 13.0%

pk*(892) =+ [ (15 % 05)% 33.3%

P(H_ Tr+_L"unresannn1. J"'n (50 £ 09 )% 18.0%

A(1232)K*(892) sean
pK atata" (15 + 10 )= 1073 66.7%
pK—xtz0z0 [11 + 05 )% 45.4%

Hadronic modes with a p: 5= 0 final states
prta— (47 + 25 ) x 1073 45.4%

p f,(980) la] (%8 + 25 ) =10 53.2%
prTaTwT W (25 + 1.6 )= 1073 64.0%
pKT K~ {11 + 04 )x 10 36.4%

la] ( 112% 0.23)x 103
pKT K™ non-o {48 + 1.9 )= 10~%
Hadronic modes with a hyperon: 5= =1 final states
Azt [ LB+ 0.13) % 8.9%
At 0 [ 13 )% 26.0%

Ap™ *% 95%

AT xtx™ [ 350+ 0.28)% 7.8%

F(1385)Hata—, £ ( 05 )% 20.0%

Axt
4 ) x 1073 18.7%

Large uncertainties in experiment =» slow development in theory

57



