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Abstract: The charmed baryon was first observed experimentally in 1975, one year after the charm quark's con-

firmation via the discovery of the J/y particle. Studying charmed baryon decays provides a pathway to investigate

both strong and weak interactions, leveraging the weak decays of the embedded charm quark. However, for approx-

imately three decades following its discovery, experimental knowledge of charmed baryons remained significantly

limited compared to those of the hidden-charm y mesons and open-charm D, mesons. This situation changed

markedly starting in 2014, when dedicated data collection for charmed baryons commenced at BESIII. In this article,

we review the experimental progress achieved since 2014 in understanding the weak decays of the charmed baryons.
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I. INTRODUCTION

Seeking of the fundamental composition of matter
dates back over two thousand years, and today, the
widely accepted theory is the Standard Model (SM) of
particle physics. The modern SM of particle physics de-
scribes the composition of matter around us using 17 fun-
damental particles and three interactions: the strong force,
the weak force, and electromagnetic interaction. Among
these fundamental particles, quarks form hadrons through
the strong force. Protons and neutrons are the most famil-
iar hadrons, belonging to a class of hadrons called bary-
ons, composed of three quarks. A baryon containing at
least one charm quark is called a charmed baryon. In the
spectrum of charmed baryons (also denoted as B, in this
paper), the ground-state charmed baryons containing one
charm quark form an antitriplet and a sextet as shown in
Fig. 1. These baryons are not as stable as protons and
quickly decay into lighter, longer-lived particles. The an-
titriplet charmed baryons AY(cud), E (cus) and =°(cds)
can only decay through quark weak decay; in the sextet,
only the heaviest Q°(css) decays through weak interac-
tion, while X'*(cuu), T} (cud), X°(cdd) almost exclus-

CSTR: 32044.14.ChinesePhysicsC.50022002

ively decay through # meson strong interaction trans-
itions to A} with lighter mass. The Z/*(cus) and E°(cds)
decay to the same charged Z and E? through photon

transition, respectively. Thus, the weak decay modes of
the four charmed baryons A}, =, Z° and Q) make their
lifetimes relatively long, with richer decay modes and
more complex interaction mechanisms involved. Experi-
mentally studying these four charmed baryon properties
in detail can be used not only to test weak interaction the-
ories but also to test strong interaction mechanisms. It is
an important means to precisely test SM and search for
new physics. In addition, most excited states of charmed
baryons and bottom baryons mostly finally decay to the
ground state charmed baryons. Therefore, accurately
measuring the properties of the ground state charmed ba-
ryons is of significant physical importance for under-
standing hadron spectroscopy and testing SM in the bot-
tom sector.

In experiment, the first charmed baryon was dis-
covered in 1975 in the 7-inch low-temperature bubble
chamber of the Brookhaven National Laboratory (BNL)
through the detection of neutrino beams. Due to the reac-
tion of neutrinos with protons in the detector material, the
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Fig. 1.
state charmed baryons.

(color online) Family of antitriplet and sextet ground-

reaction vp — u Arx*atatn~ was obtained [1], where
An*ntne comes from Xt — Alnt, AY — Antnta. Sub-
sequently, in 1976, the A} was confirmed in the decays to
An*ntn~ at Fermi National Laboratory (FermilLab)
through photon production [2]. In 1980, the MarklIl ex-
periment at the Stanford Linear Accelerator Center util-
ized the process of positron-electron annihilation to firstly
measure the production cross-section and mass of the A}
[3], which initiated experimental research on the proper-
ties of charmed baryons. Similar to the discovery of the
T+ in BNL [1], through neutrino reactions, the £} and X°
were later discovered at CERN [4] and at FermiLab [5],
respectively. In 1983 the E' was discovered in an experi-
ment at the CERN SPS hyperon beam [6] and in 1989 the
=? was observed in e*e” annihilations at CLEO [7]. The
Q0 was firstly reported in the WA62 experiment utilizing
the SPS charged hyperon beam at CERN [8]. The obser-
vation of the Z/* and Z/° were simultaneously reported at
CLEO [9].

Since the discoveries of the charmed baryons, there
had been many theoretical studies on their properties in
the early 1990s. However, the hot period subsequently
faded away, since the experimental measurements were
retarded [10]. Since 2014, there have been significant de-
velopments in the experimental studies of the charmed
baryons from BESIII, LHCb and BELLE. For example,
the systematic studies on the A} productions and decays
at BESIII [11] have substantially expanded the experi-
mental data available in partical data group (PDG) [12].
The masses and lifetimes of the singly charmed baryons
have been well determined in experiment [12]. In particu-
lar, the lifetime hierarchy was determined by the LHCb
collaboration [13—17] as 7=+ >7qo > Tar > 7z, Which
changed from the previous order Tgr > Tpr > Tz > To be-
fore 2018. In addition, the spin of the Al is ﬁrstly de-
termined to be 1/2 [18], which is consistent with the the-
oretical prediction of the quark model. These advance-
ments sparked renewed theoretical interests in the studies
of singly charmed baryons, as it challenges previous ex-
pectations and necessitates a deeper understanding of the
underlying dynamics. A series of reviews on the develop-

ments of the theoretical and experimental studies on the
charmed baryons can be found in Refs. [10, 11, 19-25].

BESIII accumlated e*e™ collision data just above the
AFA; mass threshold in the energy region between 4.6
GeV and 4.95 GeV with an integrated luminosity of 6.4
pb ™' [26], which consist of about 0.8 millions of A*A;
pairs. As the A*A_ pairs are produced through the two-
body channel with no additional particles, one can em-
ploy a double-tag (DT) technique, pioneered in the Mark
[T experiment [27]. Namely, full reconstruction of a A;
on one side of tagged events effectively provides a
"beam" of A} particles with known four-momentum on
the other side. The tag yield, which provides the normal-
ization for the BF measurement, is extracted from the dis-
tribution of  beam-constrained  mass Mgcc? =

(Vs/2)? = |Pugcl?, where P, is the three-momentum of
the tagging A, candidate and +/s is the center-of-mass
energy of the e*e” system. When a tagged A} decays to
Ae* and an electron neutrino, Ae'v,, the mass of the
(missing) zero-mass neutrino can be inferred from en-
ergy-momentum conservation. This tagging technique,
which obviates the need for knowledge of the luminosity
or the production cross section, is a powerful tool for
charmed particle decay measurements that is only pos-
sible in the near-threshold experiments. Based on the tag-
ging technique, BESIII accurately measured the cross
sections of the AYA; production [28, 29] from mass
threshold to 4.95 GeV, as shown in Fig. 2(a). Here the
cross sections at BESIII indicate no enhancement around
the Y(4630) resonance, which is different from Belle [30].
The great precisions of the cross sections at BESIII allow
for extraction of the effective form factors for the first
time, as illustrated in Fig. 2(b), which reveals an oscilla-
tion feature as a function of energy. Furthermore, the
charmed baryon pairs are produced via e*e” annihilation
through a virtual photon (J€=17), e.g., in the process
, the wave function of the AA; is
analogous to that of photons in a spin-triplet state with
odd charge parity C=-, and the A’A; pair are in a
quantum-entangled state, which allows for unique probes
of the structure of decay amplitudes, as well as the polar-
ization and CP violation in A} decays [11, 31].

During its first operational period (RUNI1, 2010-
2012), the LHCb experiment collected data at collision
energies of 7 TeV and 8 TeV with a total integrated lu-
minosity of 3.2 fb"'. The second operational period
(RUN2, 2015-2018) accumulated 5.9 fb™' of data at 13
TeV. Within the acceptance of the LHCb detector in
these collision energy ranges, charmed baryons are pro-
duced with cross-sections on the order of hundreds of mi-
crobarns, resulting in billions of charmed baryons in the
dataset. Due to very high multiplicities in the proton-pro-
ton collisions, LHCb is extremely avdantagous in detect-
ing the charmed baryons with purely charged final states.

efe” >y - AIA
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(color online) Plot (a): Distribution of the cross sections of the production e*e™ — AfA; measured by BESIII [28, 29] and

Belle [30]. Plot (b): Distributions of the extracted effective form factors measured by BESIII [28, 29]

Similar to LHCb, the charmed baryons at BELLE (II)
can be produced directly through the e*e™ annihilation
process and secondarily from the B meson decays. So far,
BELLE has collected about 1 ab™! of data at T(4S). As
the corresponding cross section of the direct charm pro-
duction is about 1.3 nb at +/s = 10.58 GeV, i.e., the T(4S)
resonance, which is at same order of the bottom produc-
tion cross section, most of studies on the charmed bary-
ons are based on the direct produciton process in order to
sustain the high statistics. However, the backgrounds
from continuum processes are inreducible, which makes
the analyses of the charmed baryons subject to large sys-
tematic uncertainties.

II. SEMI-LEPTONIC DECAYS

The semi-leptonic (SL) decay of the charmed baryon
provides unique insights into the fundamental mechan-
ism of strong and electroweak interactions, serving as a
testbed for investigating non-perturbative quantum chro-
modynamics (QCD) effects and constraining the
Cabibbo-Kobayashi-Maskawa (CKM) matrix parameters.
In 1990s, only quite a few SL decays of the charmed ba-
ryons are reported in experiment. The first SL mode ob-
served is A} — Ae*v, in the ARGUS experiment [32] and
later confirmed by CLEO [33]. The mode = — E ¢*v,
(¢ =e or u) was firstly reported by ARGUS [34]. CLEO
confirmed E? —» = ¢*v, and observed = — =%y, [35].
Later, CLEO observed the SL decay Q0 — Q e*v, [36].
So far, the SL decays of all the charmed baryons have
been observed in experiment, including A}, Z°, =+ and
Q. However, in these early experimental studies, the
product of the cross section o(e*e” — B.X) and the B,
SL BF at BB threshold energies are measured with poor
precisions. Hence, only relative BFs were directly meas-
ured and no straightforward access to the absolute SL
BFs were available.

Based on the unique threshold data collected at cen-
ter-of-mass energies right above the total mass of the
charmed baryon pair, BESIII is capable of determining

the absolute BFs using the double-tag and missing-mass
technique [11], as shown in the left plot of Fig. 3. The
first absolute measurement of the SL BF was realized in
fitting to the missing mass distribution of the A} — Ae*v,
decay [38] by analyzing the e*e™ collision dataset of 587
pb ' at 4.6 GeV at BESIII [38], where B(A! — Ae*v,)
was given as (3.63 +£0.38 +£0.20)%. The precision is signi-
ficantly improved over previous indirect measurements
and imposes stringent constraints on various phenomeno-
logical models. Notably, this spurs the first Lattice QCD
(LQCD) calculation for the SL decays of the charmed ba-
ryons SL decay [49], the outcomes of which are consist-
ent with the BESIII result. With the same dataset, the de-
cay of A} — Au*v, is observed, which is the first semi-
muonic decay of the charmed baryon seen in experiment,
and the absolute BF were determined as (3.49+0.46+
0.27)% [40], which is consistent with the semi-electronic
mode within the lepton flavor universality. Since then,
BESIII carried out a series of studies on the SL decays of
the A} after a larger A; threshold data between 4.61 GeV
and 4.95 GeV with an integrated luminosity of 5.9 fb'
was collected [26]. The second SL decay of the A} —
pK-e*v,,is observed for the first time and the corres-
ponding absolute BF is measured [37]. In this mode, the
first evidence for the intermediate process A —
A(1520)e*v, is uncovered. Furthermore, searches were
conducted for the decays such as A} — An*ne*v, and
pKintety, [41].

The above results concern Cabibbo-favored (CF) SL
decays. The only observed Cabibbo-suppressed (CS) SL
decay is A} — nt*v,, reported at BESIII with a signific-
ance of 5.20° [44]. In this channel, as there are two miss-
ing neutral particles (neutron and neutrino) in the final
states, the advanced machine learning approach is adop-
ted in discriminating the shower patterns in the electro-
magnetic calorimeter induced by the neutron from the
A — pr® backgrounds. The BF is measured as (3.57+
0.37 £0.14)%, which provides a new calibration for vari-
ous QCD-inspired phenomenological models and LQCD
calculation [50]. Additionally, by quoting the A} lifetime
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Fig. 3.
ined form factors in A} — A¢*v, with LQCD calculation.

and the form factors obtained in the LQCD calculation
[50], the CKM matrix element |V, is extracted via
charmed baryon decays for the first time. The obtained
|V.ql 1s 0.208 £0.011 +0.007, which is consistent with the
word average result [12]. This work highlights the first
CS SL decay of the charmed baryon seen in experiment
and showcases the power of the application of the ma-
chine learning techniques in experimental particle phys-
ics.

BESIII also determined the inclusive SL decay rate of
Al — e*X [43, 45], by adopting the double-tag method,
which is given as 4.06+0.10+0.09%. Then, by quoting
the A} lifetime, the decay width of the inclusive SL de-
cay is derived as T(A} — Xe'v,) = (2.006+0.073) x 10'!
s™!, which provides strong constraints on the theoretical
models on the lifetimes of the charmed bayrons. Table 1
lists the determined BFs for the SL decays. Assumming
B(A} - pK=e*v) = B(A; - nK*v), the total BF of
known exclusive SL decay channels is calculated to be
(41+£1)x 1073 as given in Table 1. When compared to the
inclusive SL decay rate (40.6+1.3)x 1072, it implies that
the unobserved ("missing") SL decay modes contribute at
the level of O(107?) to the total decay width of the A} .

The SL decay rates of depend critically on the form
factors that describe the transition-matrix elements
between the initial and final baryon states. Along with the
progress of the measurement of the BFs for the exclusive
semi-leptonic decays, there have been great progress in
predicting the form factors in theory. Besides the LQCD
calculations [49—54], various theoretical models have
been adopted to evaluate these form factors, including the
nonrelativistic quark model [55—59], MIT bag model [56,
60], relativistic quark models [61—63], light-front quark
model [64—66], QCD sum rules [67—71]. In addition, the
SL decays provide clean testes of the SU(3) symmetry in
charmed baryon decays [72—75]. Before BESIII, only rel-
ative form factors in A} — Ae*v, were firstly studied at
CLEO [76]. However, it is crucial to obtain absolute form
factors and improve the precisions to test different theor-

(color online) (left) The missing mass distribution for the neutrino signals in A} — Ae*v,. (right) Comparisons of the determ-

etical models. Taking advantage of the large dataset col-
lected at the A} threshold, BESIII has carried out the first
measurement of the absolute form factors for the SL de-
cays of charmed baryons. Four-dimensional fits based on
helicity amplitudes were conducted to extract the abso-
lute form factors in the decays A} — Ae*v, and A} —
Apty, [39, 42]. As can be seen in the right plots in Fig. 3,
the comparsions to the LQCD calucations indicate some
deviations around 2¢ level and the lepton flavor univer-
sality is verified in different ¢*> regions. In addition, the
precisions of B(A} — Af*v,) are improved to be less than
5%, as listed in Table 1.

For the Z. SL decays, recently BELLE and ALICE
updated the decay rates of Z° — E¢*v, [46, 47] by tak-
ing the decay =° — Zn* as reference channel and the
rate between the semi-muonic and semi-electronic BFs is
obtained as 1.03 £0.05+0.07. According the SU(3) asym-
metry, with inputs of the recent BESIII measurement of
B(A} - Aetv,) and B(A! — ne*v,), at leading order,
BE? - E"e*v,) is expected to be around 4 to 5% [54],
which is significantly larger than the current experiment-
al results. Furthermore, the LQCD calculations predict
quite different different B(E? —» = ¢*v,) as (2.38+0.45)%
[51] and (3.58+0.12)% [54]. This requires further experi-
mental studies to clarify the discrepancies.

As for the Q°, BELLE recently presented the observa-
tion of the muonic decay Q? — Q u*v, and improved the
precisions on the ratios of the BFs for Q2 — Q~¢*v, com-
pared to the reference mode Q° — Q x*. In addition, The
ratio of B(Q? - Q u*v,)/B(Q — Qe*y,) is determined
to be 1.02+0.10+0.02. All the testes of lepton flavor uni-
versality based on Z, and Q° SL decays comply with the
SM expectation, as the current precisions are still limited,
as given in Table 1. Especaially, there has been no abso-
lute BFs available for the Q° decays. Furthermore, opp-
posite to the A} SL decays, absolute form factors in the
E. and Q0 SL ecays are missing in the current experi-
mental studies, which would supply crucial test on differ-
ent theorectical models and LQCD calculations.
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Table 1. Determined BFs for SL decays of the charmed baryons. The BFs labelled with T are products of the directly determined rel-
ative BFs and the BFs for the normalization channels, which are quoted from the latest PDG [12] such as B(A} — pK~n*) = (6.24 +

0.28)%, BE? —

B(Q? — Q r*) is given, as no absolute BFs are determined yet. Relative precisions are given in parentheses.

7ty = (1.43 £ 0.27)% and BEF — = n7") = (2.9+1.3)%. For the Q0 SL decays, the ratio of the BF relative to

A Mode BF(x1073) Experiment A} Mode BF(x1073) Experiment
23.7+5.1(37%) ARGUS(1991)[32] A} — pK~etv, 0.88+0.18(20%) BESIII(2022)[37]
26.8+5.1(19%)" CLEO(1994)[33] AF — A(1405)e* v,
A = Aetv, ¢ 0.42+0.19(45%) BESIII(2022)[37]
36.3+4.3(12%) BESIII(2015)[38] A(1405) — pK~
35.6+1.3(3.6%) BESII(2022)[39] A} = A(1520)etv, 1.0+0.5(50%) BESIII(2022)[37]
AT A 34.9+5.3(15%) BESIII(2017)[40] A} > pKdn~e*v, <033 BESIII(2023)[41]
34.8+1.7(4.9%) BESIII(2023)[42] A} = Antret, <0.39 BESIII(2023)[41]
Ao et X 39.5+3.5(8.9%) BESIII(2018)[43] AL — netv, 3.57+0.37 (10%) BESII(2025)[44]
40.6+1.3(3.2%) BESIII(2023)[45]
2. Mode BE(x1073) Experiment =. Mode BF(x107%) Experiment
13.7+7.7(56%)" ARGUS(1993)[34] E) =ty 10.1 £2.1(21%)" Belle(2021)[46]
20z 44.3+168 (40%)" CLEO(1995)[35] = — =20ty 67 +39(58%) CLEO(1995)[35]
‘ ‘ 19.7 £5.3(27%)" ALICE(2021)[47]
10.4 +2.1(20%)" Belle(2021)[46]
Qg Mode Ratio Experiment Q? Mode Ratio Experiment
00 & ety 24+ 1.1(47%) CLEO(2002)[36] Q0 - Quty, 1.94+0.21(11%) Belle(2022)[48]
¢ ‘ 1.98+0.15(7.7%) Belle(2022)[48]

IIT. HADRONIC DECAYS

The study of charmed baryon hadronic decays
provides crucial insights into the interplay between weak
and strong interactions, allowing for precise tests of the
Standard Model and exploration of potential new physics.
Therefore, comprehensive experimental measurements of
various A} hadronic decays play an important role in im-
proving different theoretical calculations [20] and devel-
oping the QCD methodology in handling non-perturbat-
ive effects. Before 2014, only about 40% of the total A}
hadronic decay rate had been measured and many modes
were not identified, such as those with final state neut-
rons and K}. For =, and Q?, studies on the hadronic de-
cays were even more limited, with only a few decay
modes observed and measured. In recent years, a signific-
ant number of measurements and discoveries in the A},
E. and Q¥ decays, have been made particularly in the
BESIII, Belle (II) and LHCb experiments, refining our
understanding of strong dynamics within charmed bary-
ons. Given the large uncertainties of theoretical treate-
ment of non-perturbative QCD effects in the charmed ba-
ryon sector, comprehensive experimental measurements
are essential to constrain phenomenological models and
guide theoretical advances [10, 77—83].

A. A} decays

1. BF measurement

The lightest charmed baryon A}, with quark configur-
ation udc, serves as the cornerstone of charmed baryon
spectroscopy. Measurements of various hadronic decays,
including two-body and multi-body modes, have been
performed, involving different baryonic final states such
as p/n/A, A, X and E. These A} BF results from 2014 to
2025 are systematically compiled in Tables 2 and 3, cor-
responding to CF and CS decays, respectively.

* CF decays

The decay A} — pK n* is the golden channel in
many studies on the A} properties, as it has the largest
BF among all A} hadronic decays. For instance, in the
hadron collider and B factory, most of A} decay BFs
were obtained by measuring their ratios to the reference
mode A} — pK~n*. It also serves as the high-efficient re-
construction mode of the A} baryon in the hadron col-
lider experiments. However, the previously determined
average BF, B(A} - pK n*)=(5.0£1.3)%, had a large
uncertainty due to model assumption on inclusive A}
production around the BB energy in these measurements
[84].

To resolve this issue, BESIII has collected a data
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Table 2. Measurements of the BFs for the CF decays of the A} (in units of %).

Mode BF Experiment Mode BF Experiment

Nucleon-involved

A} = pK) 1.52+0.09 BESIII(2016)[85] 1.82+0.25 BESIII(2017)[95]
AF - nKdnt
Al > pK} 1.67+0.07 BESIII(2024)[94] 1.86+0.09 BESIII(2024)[96]
A - pK;(700)° - pK~n* 0.19+0.06 LHCb(2023)[91] Al = nKdntn® 0.85+0.13 BESIII(2024)[97]
A} - pK;(892)° - pK~n* 1.38+£0.08 LHCb(2023)[91] A > nK-wtat 1.90+0.12 BESIIN(2023)[134]
A} - pK;(1430)° - pK~n* 0.92+0.18 LHCb(2023)[91] . oo 1.87+0.14 BESIII(2016)[85]
A} - pKin
A — A(1232)"* K~ — prt K~ 1.78+0.05 LHCb(2023)[91] ‘ § 2.12+0.11 Belle(I1)(2025)[150]
AF = A(1600) K~ — prt K- 0.28+0.10 LHCb(2023)[91] A} - pKIn® 2.02+0.14 BESIII(2024)[94]
Af = A(1700)** K~ — pn* K~ 0.24+0.06 LHCb(2023)[91] 0.41+0.09 BESIII(2021)[151]
Al - pl(gn
0.44+0.03 Belle(2023)[152]
A} — pKn*tn~ 1.53+0.14 BESIII(2016)[85]
A - pKntn™ 1.69+0.11 BESIII(2024)[94]
6.8470-32 Belle(2014)[86]
A} - pK~nt 036
5.84+0.35 BESIII(2016)[85]
4.53+0.38 BESII(2016)[85]
A — pK-nta0
4424021 Belle(2017)[153]
A-involved
A\ N 1.24+0.08 BESIII(2016)[85] A} = Arta® 7.01+£0.42 BESIII(2016)[85]
"> An
¢ 1.31+0.09 BESIIN(2023)[131] 1.84+0.26 BESIII(2019)[99]
A}F = Ap(770)* 4.06+0.52 BESIII(2022)[98] A} = Anty 1.84+0.13 Belle(2021)[100]
A} = Aap(980)* 1.23+0.21 BESII(2025)[99] 1.94+0.13 BESIIN(2025)[154]
AF — A(1405)7* — pK~n* 0.48+0.19 LHCb(2023)[91] A} = Axtaat 3.81+0.30 BESIII(2016)[85]
A — A(1520)7" — pK~n* 0.12+0.02 LHCb(2023)[91] 0.30+0.03 BESIII(2025)[140]
A} > AKJK*
AF — A(1600)7+ — pK~ ™ 0.32+0.12 LHCb(2023)[91] 0.31+0.05 BESIIN(2025)[113]
A = A(1670)7* — pK~n* 0.07+0.02 LHCb(2023)[91]
A% 5 AC6TOR — A 0.27+0.06 Belle(2021)[100]
i nt — Anm
‘ 0.27+0.06 BESIII(2025)[154]
A} = A(1690)1" — pK~r* 0.07£0.02 LHCbH(2023)[91]
A} = AQ000)r+ — pK~n* 0.60+0.07 LHCb(2023)[91]
X-involved
Af - zta0 1.18+0.10 BESIII(2016)[85] 425+0.31 BESIII(2016)[85]
Al > Ztnta”
0.41+0.20 BESIII(2018)[101] 4.57+0.28 Belle(2018)[155]
A} Ity 0.31+0.05 Belle(2023)[103] A} — £+n070 1.57+0.15 Belle(2018)[155]
0.38+0.06 BESIII(2025)[102] Af - 0x 20 3.65+0.30 Belle(2018)[155]
1.34+0.56 BESIIN(2018)[101] A — 207y 0.76 +0.08 Belle(2021)[100]
Af T 0.42 +0.09 Belle(2023)[103] A; =X bt 1.81£0.19 BESII(2017)[110]
0.57+0.18 BESIII(2025)[102] A} = S rtnta® 2.11+0.36 BESIIN(2017)[110]
A - Ttw 1.56+0.21 BESIII(2016)[85] AY S TTKTK 0.38£0.05 BESIIN(2023)[156]
AF 53t 0.41+0.09 BESIII(2023)[156] AL ST KT K g 0.20+0.04 BESIIN(2023)[156]
. o 1.27£0.09 BESIII(2016)[85] A > 20Kk 0.08£0.03 BESIII(2025)[113]
A —-Xn
‘ 1.22+0.11 BESIIN(2023)[131]

Continued on next page
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Table 2-continued from previous page

Mode BF Experiment Mode BF Experiment
A — 2(1385)" 70 0.59+0.08 BESIII(2022)[98]
0.91+0.20 BESIII(2019)[99]
A — 2(1385)*n 1.21+0.12 Belle(2021)[100]
0.68+0.08 BESIII(2025)[154]
A — 2(1385)07+ 0.65+0.10 BESIII(2022)[98]
Z-involved
A — =20kt 0.59+0.09 BESIII(2018)[111] A} — 20k A0 0.78+0.17 BESIII(2024)[112]
0.50+0.10 BESII(2018)[111] Af > E0Kdn* 0.37+0.06 BESII(2025)[113]
Af = 21530°K 0.60+0.11 BESIII(2024)[112]

sample of 587 pb™' at 4.6 GeV in 2014, which is just
above the AA production threshold. BESIII has sys-
tematically investigated the production and decays of the
A} [24] for the first time using near-threshold data, which
guarantee clean background and controllable systematics.
BESIHI implemented the absolute measurement of
B(A} — pK~r*) using the DT technique [85] for the first
time, where the relative yields of the DT A} A_ pairs over
the singly-tagged (ST) A} is counted. The BF is determ-
ined as B(A! - pK ") =(5.84+0.27+0.23)% [85]. This
has competitive precision to the result (6.84 +0.24931)%
reported by Belle [86] at nearly the same time and the
combined precision of the two measurements is 5.2%, a
five-fold reduction of the previous uncertainty [87]. Since
this mode is the golden channel for detecting A} baryons
in hadron collider experiments, the BESIII result impacts
many aspects of heavy flavor physics. For instance, since
the A) decays primarily to A} [88, 89], it constrains the
measurement of |V,,| via A) - A/u"v,. Improved meas-
urements of A} hadronic decay rates can be used to con-
strain charm and bottom quark fragmentation functions
by counting inclusive heavy flavor baryons [90]. In addi-
tion, BESIII also reported other eleven absolute BF res-
ults of CF decays with improved precisions, including
B(A} — pK?) =(1.51+0.08+0.03)%, as listed in Table 2.
For the decay A — pK n*, LHCb has conducted a
comprehensive study of intermediate resonance states
[91, 92]. The study identified contributions from several
intermediate resonances, including pK;(700)°, pK;(892)°,
pK;(1430)°, A(1232)** K-, A(1600)**K~, A(1700)** K-,
A(1405°7,  A(1520)°7%,  A(1600°7*,  A(1670)°x+,
A(1690)°z* and A(2000)°n*. The fractions and phases of
these resonances were determined with high precisions
based on partial wave analysis (PWA), providing valu-
able insights into the dynamics of charmed baryon de-
cays. Belle studied the pK~ invariant mass spectrum in
A — pK~n* decay [93], and found the peaking structure
at the A(1670) resonance can not be well described by a
Breit-Wigner lineshape of the A(1670). One best fit ex-
plains the structure as a An threshold cusp effect. As the

fit projection around the A(1670) resonance in the LHCb
PWA study [91] shows slight deviation from the distribu-
tion in data, a future verification of the Belle's claim can
be further carried out at LHCb.

Along with the measurement of B(A; — pK?), BE-
SIII also performed the first measurement of the Kj-in-
volved process Af — pK?, where the K; is inferred from
the missing mass technique [94]. The absolute BF is de-
termined as B(A; — pK}) =(1.67+0.06+0.04)%. In addi-
tion, multi-body decays involving K? are also studied,
such as B(A! - pKin*n)= (1.69+0.10+0.05)% and
BAF - pKin®) = (2.02+0.13+0.05)% [94]. This work
highlights the potential of BESIII in studying the
charmed baryon decays into K;, which are extremely
challenging in the experiments of hadron collider and B
factory. The KJ-Kj asymmetries R(A},K{, X)=
B(A! = K9X)— B(Ar — K?X) _

B(A* = K'X)+ B(A: — K'%) are firstly determined to be
R(Af, pK{}) = =0.025 £ 0.031,R(AY, pKQ 7" ™) = —0.027

0.048 and R(A}, pKg,n") = -0.015 +0.046, by quoting the
BFs in Refs. [94] and [85], which show no significant
non-zero asymmetries. The measurements of the K? — K?
asymmetries in charmed baryon decays offer the possibil-
ity to access the Doubly CS (DCS) processes involving
the neutral kaons and provide further constraints on the
CF and DCS amplitudes.

Moreover, BESIII observed, for the first time, the de-
cay mode A} — nKx* [95, 96] with a neutron in the fi-
nal states. The BF is measured to be B(A; — nKon*) =
(1.82+0.23+0.11)% [95] based on 587 pb ' data at 4.6
GeV and updated to be B(A! — nKon*) =(1.86+0.08+
0.04)% [96] in 2024 with more collision data of 4.5 fb™!
between 4.6 GeV and 4.7 GeV. A comparison to B(A} —
pK2n*) [85] shows that the ratio B(A} — nKix*)/B(A; —
pK9n°) =0.88 +0.05, which provides test of isospin sym-
metry and final state interactions. Based on the above ra-
tio, the strong phase difference of I and IV is calcu-
lated to be cosd = —0.26 +0.03, which is one useful exper-
imental input for understanding the final state interac-

022002-7



Pei-Rong Li, Xiao-Rui Lyu, Yangheng Zheng

Chin. Phys. C 50, 022002 (2026)

Table 3. The determined BFs for the CS decays of the A} (in units of 1073). Upper limits are set at 90% confidence level.
Mode BF Experiment ‘ Mode BF Experiment
Nucleon-involved
A} -t 0.66+0.13 BESIII(2022)[131] A} = nK*a® <0.71 BESIII(2024)[112]

<0.27 BESIII(2017)[122] A — nata® 0.64 +0.09 BESIII(2023)[134]
o <0.08 Belle(2021)[114] Af - nKJK* 0.39%047 BESIII(2024)[96]
A} - pr :
‘ 0.1670:97 BESIII(2024)[123] A} = nrta ot 0.45+0.08 BESIII(2023)[134]
0.18£0.04 BESIII(2025)[124] 3.91+0.40 BESIII(2016)[132]
A} - prtn
1.24+0.30 BESIII(2017)[122] 472+0.28 LHCb(2018)[144]
1.42+0.12 Belle(2021)[114] A} — pK*K™ 1.08+0.07 LHCb(2018)[144]
AL —pn 1.57+0.12 BESIII(2023)[125] Af = p(K* K non-g 0.55+0.14 BESIII(2016)[132]
1.63+0.33 BESIIN(2024)[123] Af — pK2K? 0.24£0.02 Belle(2023)[152]
1.67+0.80 LHCb(2024)[126] A — por® <0.15 Belle(2017)[153]
A , 0.561022 BESIII(2022)[128] A} — (pK* K~ 7%)Nr <0.06 Belle(2017)[153]
t—pn
‘ 0.47+0.10 Belle(2022)[127] 0.16+0.02 Belle(2016)[143]
A} - pK*n~
A7 - pp 1.52£0.44 LHCb(2024)[126] 0.100.01 LHCb(2018)[144]
0.94+0.39 LHCb(2018)[129]
0.83+0.11 Belle(2021)[130]
A} - pw
1.11+0.21 BESIII(2023)[125]
0.98+0.31 LHCb(2024)[126]
AL - po 1.06+0.22 BESIII(2016)[132]
A-involved
0.62+0.06 BESII(2022)[137] <20 BESIII(2024)[112]
A — AK* A} — AK* 20
0.66+0.04 Belle(2023)[138] 1.49+0.29 BESIII(2024)[141]
2.40+0.59(6p = 0°) BESIII(2025)[140] A} - AKOn* 1.73+0.29 BESIII(2025)[140]
Af - AK* 5.21+0.75(6 = 109°) BESIII(2025)[140] A} = AK*rtnm 0.41+0.15 BESIII(2024)[141]
1.29+0.44(8) = 221°) BESIII(2025)[140]
X-involved
0.47+0.10 BESIII(2022)[139] Af = XKt 2.00+£0.28 BESIII(2023)[156]
A — 20K+
0.36+0.03 Belle(2023)[138] A > K* a0 <0.01 BESIII(2023)[156]
Al > ZKY 0.48+0.14 BESIII(2022)[139] <18 BESIII(2024)[112]
Af - 20K+ a0
C
<0.50 BESIII(2024)[157]
Af - 2Kt <0.65 BESIII(2024)[157]
Al -2 K*n* 0.38+0.12 BESIII(2024)[142]

tions in A} decays. More recently, the absolute BF of
A} - nKin*n® is observed with the BF of (0.85+0.13+
0.03)% with 9.2¢ at BESIII [97]. These analyses being
involved with neutron in the final states were carried out
using the missing-mass technique to infer the presence of
a neutron, which is straightforward according to the kin-
ematic constrains of pair production in near-threshold
data at BESIII.

A} CF decays into A or X particles are also extens-
ively studied. With the DT technique, the absolute BF for
the decays of A} — An*, Ax*n® and An*nn* are firstly

measured at BESIII [85]. The first PWA of the charmed
baryon hadronic decay A} — Ax*n® was performed with
the ST method. From the PWA results, the fit fractions
(FFs) and the partial wave amplitudes of intermediate res-
onances can be derived. In particular, the corresponding
decay asymmetry parameters are determined for the first
time. The significant intermediate processes in A} —
Antn®  consist of (13857t @ %(1670)°Ox+©
2(1750)° 77O - Ap(770)" and ANR;- [98]. BESIII also
performed the PWA of A} — An*n and find an evidence
of the pentaquark candidate X(1380)* decaying into Ax*.
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The BFs for A} — Aay(980)*, £(1385)*n and A(1670)x*
are obtained based on the PWA results. The result of
B(A} — 2(1385)*n) is consistent with the previous BE-
SIII result [99] within 20, but differs from the Belle res-
ult [100] by more than 3o0. The obtained B(A! —
A(1670)x*) is consistent with the Belle result [100] with-
in lo. The corresponding updated BF for A7 — An*n has
best precision and is consistent with the previous results
from BESIII [99] and Belle [100].

The absolute BF for the modes A} — X%z*, £*x° and
S*r*n~ are firstly measured by BESIII [85]. The decays
of A} - X*p and X*1 have been studied by BESIII us-
ing ST method [101, 102] and the latest update on their
BFs agree well with the Belle result [103]. On the theor-
etical side, most of the calculations [77, 78, 83, 104—108]
fail to conform with the experimental results of both
B(A} — X*n) and B(A] — X*n), and only the recent cal-
culation within the framework of the topological diagram
approach and the irreducible SU(3) approach [109]
presents a good agreement with the both experimental
results. In addition, BESIII implemented the first abso-
lute measurements of the BFs for the £~ -involved CF de-
cays Af - X rtnt and A —» X n'nta’ using the miss-
ing-mass and DT technique, as X~ predominately decays
into nx~, where the decay A} — X n*x*z° is observed for
the first time [110].

In case of the Z-involved decays, A} — Z°K* pro-
ceeds only via the W-exchange diagram, which is a
unique process in charmed baryon decays. BESIII for the
first time measured the absolute BFs for the decays
Ar - E°K* and A} — E(1530)°K* using DT technique
[111], which are obtained as B(A} — E°K*) =(5.90+
0.86+0.39) x 10*and B(A} — E(1530)°K*) = (5.02+0.99+
0.31)x 1073. The detection efficiencies of these studies
are significantly enhanced by missing the =° particle in
the final state reconstruction, and hence, the precisions
are largely improved. The result of B(A} — Z°K*) show
significant deviations from the previously predicted val-
ues [77, 79, 83, 105] by at least 2.60-. The measured
B(AF — E(1530)°K™) favors the calculation in Ref. [77],
while its prediction on B(A] — E°K*) has 40 discrep-
ancy from BESIII result. This indicates that experimental
results are essential to calibrate the W-exchange diagram
amplitudes in these theoretical approaches. The three-
body decays of AF — E'K*x® [112] and A} — E°KIx*
[113] are studied for the first time at BESIII based on DT
method, in which the resonant intermediate process
Af — E(1530)°K* is extracted. The derived B(A! —
Z(1530)°K*) is consistent with the previous BESIII result
[111] within 1o

* Singly CS decays

Singly CS (SCS) decays occur predominantly via the
tree-level ¢ — d transition. Consequently, their BFs are at
least one order of magnitude lower than those of CF de-

cays. Although the penguin diagram contributes only
with a minor amplitude to SCS decays, its interference
with the tree amplitude can generate CP-violating effects
within SM. Therefore, studies of SCS decays provide an
important portal for probing strong interaction dynamics
and searching for CP violation.

For the two-dody SCS decay with proton final state
accompanied by a neutral pseudoscalar meson, there have
been significant progress experimentally, such as the BF
measurements of A7 — pr°, pn, p’ and pw predomin-
antly conducted by BESIII and Belle. Experimental ef-
forts for A} — pr° have evolved from upper limits at BE-
SIII [122] and Belle [114] to the first evidence [123] at
BESIII. Hence, there is no observation reported before
2024. As the SCS decay rate of AY — pn° is relatively
low, the ST method is useful to sustain high efficiency.
However, this induces a high background level, which is
a significant challenge for the signal search. To address
the trade-off between signal efficiency and background
level, a deep neural network (DNN) is resorted to, which
has exhibited remarkable capabilities for uncovering new
relations and hidden patterns. Compared to selection-
based methods, the topological characteristic of e*e™ an-
nihilation events can be efficiently recognized and inter-
preted by a trained DNN model. This approach culmin-
ated in the first observation of A} — pr° with a statistical
significance of 5.4¢ [124]. The determined BF is
BAY — pr®) = (1.79+0.39£0.11 £0.08) x 10*. This res-
ult agrees with the previous BESIII measurement [122,
123] and exceeds the Belle upper limit [114] by 2.40.
Figure 4(a) compares the average BESIII B(A! — pr)
result with previous theoretical predictions and Belle
measurement.

BESIII conducted the first measurement of the abso-
lute BF as B(A} — pn) =(1.24+0.28 £0.10)x 10~ with a
significance of 4.2¢ [122]. Subsequently, Belle con-
firmed the BF with B(A! — pn)=(1.42+0.05£0.11)x
1073 [114]. With increased data statistics at BESIII, the
BF is updated to be B(A! — pn) = (1.57+0.11 +0.04)x
10 [125] and B(AF — py) = (1.63+£0.31+0.11)x 1073
[123] based on ST and DT methods, respectively.
Through a rare decay channel n — u*u~, LHCb obtained
the BF as B(A! — py) = (1.67+0.69+0.23 +0.34)x 103
[126]. A} — pry’ is observed for the first time at Belle
with B(A} — pn’) = (4.73+0.82+0.46+£0.24)x 107* [127].
Later, BESIII reported the absolute BF for A} — pn’ to
be (5.6273:46 +£0.26) x 10~* [128], which is consistent with
the Belle result within uncertaintie.

In the anslysis of A} — pu*u~ using RUNI data at
LHCDb, a significant A} — pw signal was observed in the
dimuon mass spectrum with B(A! - pw)=(9.4+£3.2+
1.0+£2.0)x 107*[129], where the third uncertainty is from
the limited knowledge of the BF of the reference mode
A — pp,¢ — p*u~. This result was later updated to be
BA! - pw)=(9.82+1.23+£0.73+2.79)x10* in the
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[114] and previous theoretical calculations piror to the BESIII result of 8(A} — pn°) [44]. The theoretical calculations contain constitu-
ent quark model (CQM) [78] with two predictions (A) and (B), heavey quark effective theory (HQET) [115], dynamical calculation
based on the pole model and current algebra (PMCA) [116], topological-diagram approach (TDA) with the results of TDA I [108] and
TDA 1II [117] with solutions S1 and S2, and a few SU(3) flavor symmetry approaches, including SU(3) I [81], SU(3) II [73], SU(3) 11
[118], SU(3) IV O(15) [119], SU(3) V [107], SU(3) VI [120] and SU(3) VII [121] under SU(3) broken and symmetric approaches.

same process based on RUN2 dataset at LHCb [126]. Af-
terward, Belle improved the precision of the BF as
B(AY > pw) = (8.27+0.75+0.62 +0.42) x 10~* [130].
Most recently, BESIII reported the most precise measure-
ment as B(AY - pw) = (1.11£0.20+0.07)x 10 [125]
based on the ST method. In addition, the BF of A} — pp
is reported to be B(A} — pp)=(1.52+0.34+0.14+
0.24)x107* [126] in the process A} — pu*u~ at LHCb.
This result can be cross-checked through the analysis of
intermediate p contributions in A} — pa*n~ in the future.

The SCS decay involving a neutron in the final states,
Al — nn*, is observed for the first time with a statistical
significance of 7.3¢ at BESIII [131] and the BF is meas-
ured to be BA} —»nrt)=(6.6+1.2+0.4)x10™*. When
quoting the result of B(A} — pn°), the ratio B(A} —
nnt)/B(AF — pr°) is calculated as 3.7+ 1.1. As the com-
parison shown in Fig. 4(a), the BFs for B(A} — na* and
B(AF — pr®) provide crucial tests on a avarity of theor-
ectical calculations in charmed baryon decays. The ratio
B(A} - pr®)/B(A} — pn) is derived as (12.0+2.6 £0.7)%
[124], much less that one, because AF — pn(A; — pn®)
has a large constructive(destructive) interference between
the factorizable and nonfactorizable amplitudes for both S
and P waves [116]. This experimetnal ratio is compared
to different theorectical calculaitons, as shown in Fig.
4(b). The results resolve the longstanding discrepancy
between earlier experimental searches, providing both a
decisive conclusion and valuable input for QCD-inspired
theoretical models.

The three-body SCS decay A} — pn*n~ and A} —
pK*K~ have been measured with high precision in the
BESIII and LHCb experiments. BESIII reported B(A} —
prtr ) =(3.91+028+0.15+£024)x 10 and BA! —

P(KY K oon—p) = (5.47£1.30£0.41 £0.33) x 10 together
with the ¢ contribution of B(A! — p¢)=(1.06+0.19+
0.08+£0.06)x 1073 [132]. LHCb has also measured the
BFs for A} - pK*K~ and A} — pr*n~, with results of
B(A! - prtn) =(4.72+0.05+0.11+£0.25)x 103 and
B(AY — pK*K~) = (1.08+0.02+0.02+0.06)x 103 [91],
where the latter includes the both ¢ contributio and the
non-¢ contributions taking the input BF for the reference
mode B(A - pK n*)=(6.35+0.33)% from the 2016
version of PDG [133]. These results for the SCS decay
modes are consistent within the uncertainties. In addition,
BESIII reported the first evidence for the SCS decay
A} > nK{K* [96] and observation of the SCS decay
A} — nr*n® [134], where the neutron signls are obtained
by the missing-mass technique based on the DT method.
The BF asymmetry between the two charge-conjug-
Ao BAI = [)=BAL = f)
ate modes Acp(f) = B S B 5 )
to test direct CP violation, where f denotes decay final
states. The first attempt of searching for CP violation in
A} decays is constituted with in the SCS decays A} —
pK*K~ and A} — pr*n~ by LHCb. To cancel the produc-
tion and detection asymmetries, the difference of the CP
asymmetries is measured to be AAG =A% (PK*K™)—
Agp(pr* ) = (0.31£0.91+0.61)%, which is consistent
with zero asymmetry. Belle II recently measured separ-
ate CP asymmetries Ac(PK*K) =(3.9%1.7£0.7)% and
A& (pr*n7) = (03+1.0+0.2)% [135], which agree with
CP conservation. The CP asymmetry in A} — pu*yu~ de-
cays around the ¢ resonance, which is dominated by the
long-distance ¢ contributions, are investigated at LHCb
[136], which gives Acp(P(u*p)s) = (—1.1£4.0£0.5)%. In

can be used
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the dimoun mass region around the ¢ resonance, the CP
average (XArp) and CP asymmetry (AAgg) of the for-
ward-backward asymmetry in the muon system of A} —
putu decays is reported as XAz = (3.9+4.0+0.6)% and
AApp =(3.1+4.0+0.4)% [136]. These results are consist-
ent with the conservation of CP symmetry and the SM
expectations. Further more data statistics is required to
match the sensitivity of CP asymmetry measurements in
charmed mesons.

For the A} CS decays involving hyperon states, only
A or X can be produced. as the sum of the ZKK particles
exceeds the A} mass. In these aspects, there have been
good experimental progress from BESIII and Belle. The
BF for A} - AK* was measured to be B(A! - AK*) =
(6.21+0.44+0.26 +0.34)x 10™* by BESIII using the ST
method [137], which is consistent with the Belle result
(6.57+0.17+0.11+0.35)x 10™* [138]. These results dis-
agree with some theorectical calculations, such as con-
stituent quark model [78] and current algebra [116]. The
decays A} - X°K* and A} - K| were studied by BE-
SIII using the ST method [139], where B(A] — £*K?) de-
cay was measured for the first time. Later Belle im-
proved the result of B(A} — X°K*) with better precision

. BAr-XKY) . . .
[138]. The ratio ;;?;I;g; is found to be consistent with

the predictions in Refs. [106, 107] under SU(3) flavor
symmetry, while the experimental result of B(A] —
T*KY) is generally compatible with the predictions in
Refs. [78, 106—108] within 1 ~20. For decays A} —
AK* and A} — X°K*, the first searches for direct CP
asymmetry in two-body SCS decays of charmed baryons
are implemented by Belle [138], which gives Ach(AK”) =
0.021+0.026+0.001 and Acp(E°K*) =0.025+0.054+
0.004. These are consistent with CP symmetry in
charmed baryon decays. For multi-body decays, BESIII
observed a few three-body decays, such as A} — AKOn*
[140], A} - AK*n° [141] and A} - X K*x* [142], and
found evidence of the four-body decay A} — AK*n*n~
[141].

* Doubly CS decays

While several DCS decays of charmed mesons have
been observed, DCS decays of charmed baryons had not
yet been observed before 2015, due to the smaller pro-
duction cross sections for charmed baryons in experi-
ment. In 2015, Belle reported the first observation of the
decay A} — pK*n~ using a 980 fb™' data sample. This is
the first and the only DCS decay observed in experiment
inside the charmed baryon sector. The relative BF is
measured to be B(A} - pK*n7)/B(A —» pK n*) = (2.35+
0.27+0.21) x 107, which correspond to B(A} — pK*n™) =
(1.61+£0.23*507yx 107* [143]. Later on, LHCb improved
the BF ratio as B(A} — pK*n7)/B(A} — pK~n*) = (1.65+
0.15+0.05)x 1073 [144], which is lower than the Belle
value by 2.0o. The obtained BF at LHCD is given as

B(AF - pKn) = (1.04£0.09+0.03+£0.05)x 10™*  [144].
The ratio B(A! — pK*n™)/B(A; - pK~n*) is a useful
variable with which to indirectly study the role of W-ex-
change process in charmed baryon hadronic decays. In
the absence of SU(3) flavour symmetry breaking, the ra-
tio can naively be expected to be equal to tan*6,, where
0. is the Cabibbo mixing angle. As there are a fuitful res-
onant contributions in the reference decay mode of
A} — pK~n*, detailed amplitue analysis on the DCS de-
cay A} - pK*n~ would be important to disentangle the
intermediate resonance contributions, which can provide
more direct information on the W-exchange process and
SU(3) symmetry in charmed baryon decays.

* Inclusive decays

The BF for the inclusive hadrnoic decays provide
overall constrains on different types of exculsive decay
rates. The inclusive BF of both A} — pX and A} — nX
were estimated to be (50 +16)%, inferred from the known
exclusive B-meson decays and the fact that all A}
particles must decay into either proton or neutron [145].
The experimental determination on the inclusive BF
provides direct test on whether there exists a significant
difference between the decays of A} with a proton and a
neutron in the final states. Based on the DT method, BE-
SII meausred the absolute BF of the inclusive decay

A; > X as B(A; - iX)=(324+0.7+1.5)%, where X
refers to any possible particle system [146]. Presently, the
sum of experimentally measured exclusive decay rates
with a neutron(antineutron) in the final states is (26.54+
0.72)% [12]. Assuming CP symmetry, the BESIII result
indicates that about 5.86% of A*(A;) decay modes with a
neutron(antineutron) involved have not been observed.

The A} inclusive decays into A are mostly governed
by the ¢ — s transition, which is a prominent process in the
charmed baryon decays. Hence, the BF of A} — AX
provides essential input in the calculation of the lifetimes
of charmed baryons, as current theoretical treatement suf-
fer from large uncertainties. Furthermore, decay dynam-
ics in the A7 — AX would benefit the research on heav-
ier charmed baryons. With the DT technique, The abso-
lute BF of A} —» AX is measured to be B(A! - AX) =
(38.2'23£0.9)% by BESIII [147]. The sum of experi-
mentally known exclusive decay rates involved with a A
is (31.98 +£1.20)% [12]. Therefore, there are still space to
explore more decay modes consisting of a A. In addition,
the direct CP violation in the charge asymmetry of this
inclusive decay is obtained as Acp(AX) = (21779 £ 1.6)%,
in which no CP violation is observed.

In addition, BESIII determined the absolute BF of the
inclusive K? decays A — K'X to be B(A} — KIX)=
(10.9+£0.2+0.1)% [148, 149]. Summing over the known
BFs for the final states containing K? gives a rate of
(8.77+0.78)% [12]. So there remains about 2% rate of
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unknown decays involving K.

2.  Decay asymmetry measurement

Polarization parameters are a set of physical observ-
ables that characterize the parity violation in weak decay.
They were introduced in 1957 by T. D. Lee and C. N.
Yang [158], and are therefore also referred to as the Lee-
Yang parameters. For instance, in a weak decay A} — BP
(B denotes a J” =1/2" baryon and P denotes a J* =0~
pseudoscalar meson), polarization parameters can be
defined as azp =Re(S*P)/(SP+IP»), Bsr=Im(S*P)/
(ISP +IPP), and ysp = (ISP ~1P)/(SP +PF), where S
and P stand for the parity-violated and parity-conserving
waves, and they satisfy a3, +B%p+7y3p = 1. The effects of
parity violation are mainly determined by studying the
angular distributions of the produced daughter baryon B
in the rest frame of the charmed baryon. Experimentally,
the information of the polarization of the final-state bary-
on would enhance the sensitity of accessing the parity vi-
olation parameters, such as the angular analysis of the
daughter baron weak decays.

The BESIII, Belle(Il), and LHCb experiments pos-
sess distinct characteristics and technical advantages in
measuring the polarization parameters. For BESIII, the
charmed baryon A} is produced in pairs with the anti-
particle A via virtual photon exchange in e*e~ annihila-
tions, which induces a unique feature of quantum interfer-
ence between the A and A_ production amplitudes. This
interference leads to a non-zero production transverse po-
larization, which is a direct consequence of the interfer-
ence between the two production amplitudes [159, 160],
whose sizes are energy-dependent. While the production
cross section reflects the magnitude of the electromagnet-
ic form factors, the transverse polarization offers sensitiv-
ity to their relative phase, thereby providing complement-
ary information on the dynamics of AfA; pair produc-
tion via virtual photon exchange. The Belle and Belle 11
experiments primarily study the charmed baryons through
the continuum production process. Owing to their large-
statsitcs data samples, one-dimensional angular fits
already present very good sensitivity to the polarization
parameters. For instance, in the decay A+ — An*, the
product of the polarization parameters CVA,,+C¥,,,,— can be
determined by fitting to the distribution of the helicity
angle between the proton direction and the opposite of the
A} momentum in the A rest frame. In the context, the su-
perscripts in the polarization parameters denote the par-
ent baryon. Given an external 1nput of the previously
measured value of a/p,,,, the value of a,w can then be cal-
culated. The LHCb experiment, primarily known as a b-
quark factory, measures the A} polarization parameters
by studying the A produced from the A) weak decays,
such as A) - Afn~ and A) - Ay X, in which the pro-
duced A} baryons have sizable longitudinal polarizations

through the P-violating decays of the parent AY [161].
This enables LHCb to perform high-precision measure-
ments of polarization observables. Nonetheless, relat-
ively poor photon detection at LHCDb restricts its sensitiv-
ity in the decay modes involving photons. Such pro-
cesses are therefore best studied at BESIII or Belle (II),
where photon showers in the electromagnetic calorimeter
are less contaminated due to the accompanying hadron
showers. Table 4 summarizes the polarization parameters
of the A} decays measured in the BESIII, Belle and
LHCDb experiments.

Based on about 100,000 A*A; pairs produced near
threshold at 4.6 GeV at BESIII [29], a joint angular ana-
lysis has been implemented simultanously for the four de-
cay modes A} — pK?, Ax*, 2" and £*z° [159] and the
polarlzatlon parameters a, /)’ and y were measured, except
those of 0; KO and J/pKo, as no information on the polariza-
tion of the proton is avallable Especially, the parameters
a;:Ko and azo,r+ are determined for the first time to be
0.18+0.43+0.14 and —0 73+0.17+£0.07, respectively.
The result shows that ay,ro differs from the positive pre-
dictions by at least 8¢, and rules out those model calcula-
tions [77, 83, 104, 163—165]. In addition, the study shows
that no model gives predictions fully consistent with all
the results of the four polarlzatlon parameters Later on,
Belle improved precisions on CYA,,+ azn,,+ and az+n0 with
one-dimensional angular analysis in the incluive A} pro-
duction [103, 138] based on a data sample of 980 pb™
collected at or near the Y(nS) (n=1, 2, 3, 4 and 5) reson-
ances Meanwhile the polarization parameters a;”()
a/AK+ and a20K+ are measured for the first time at Belle
[103, 138]. In this study, as only one-dimensional angu-
lar fit was performed, the parameters of £ and y are not
accessible, since many sub-level angular variables are in-
tegrated out. In 2023, LHCb performed a simultanous
multi-dimensional angular analysis of the cascade decays
A) > Ah™ (h = =, K) followed with A — Ah* with
A — pn~ or A} — pK? with high statistics samples based
on a data sample of proton-proton collisions of 9 fb™' at
center-of-mass energies of 7, 8, and 13 TeV [161]. Simil-
ar to the BESIII multi-dimensional fit, besides the polar-
ization parameter a, the parameters S and y for A} — An*
and AK* can be probed. In this LHCb analysis, the result
of CYA,,+ is —0.785 +0.006 + 0.003, which deviates from the
Belle result of —0.755+0.005+0.003 by about 4o . In
2025, BESIII updated the measurements of the polariza-
tion parameters for A7 — pK?, Ar*, 2" and =*7° with
a larger data sample of 6.4 fb™' collected at center-of-
mass energies between 4.60 and 4.95 GeV [160], which
suppresses the previous measurement in 2019 [159] with
much improved precisions, as listed in Table 4. The ob-
tained @p,+ is —0.790+0.032 +0.009, which is closer to
the LHCD result within 1o. In addition, non-zero trans-
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Table 4. The determined polarization parameters of various A} decay modes.

Mode o Experiment Mode o Experiment
Nucleon-involved Al - A(1600)7* 0.2+0.5 LHCb(2023)[91]
-0.75+0.10 LHCb(2024)[161] 0.82+0.08 LHCb(2023)[91]
Af - pK? A — A1670)+
-0.92+04 BESIII(2025)[160] 0.21+0.43 BESIII(2025)[154]
A} — pK;(700)° -0.1+0.7 LHCb(2023)[91] A} — A(1690)7* 0.958 +0.034 LHCb(2023)[91]
A} - pK;(892)° 0.87+0.03 LHCb(2023)[91] A} — A2000)r* —0.57+0.19 LHCb(2023)[91]
A} — pK;(1430)° 0.34+0.14 LHCb(2023)[91] Z-involved
AL — A(1232)* K~ 0.55+0.04 LHCb(2023)[91] At gt -0.48+0.03 Belle(2023)[103]
A} — A(1600)* K~ -0.50+0.18 LHCb(2023)[91] ¢ ~0.59+0.05 BESIII(2025)[160]
AL — A(1700)** K~ 0.22+0.08 LHCb(2023)[91] Af -ty -0.99 £0.06 Belle(2023)[103]
A-involved AY >zt —0.46+0.07 Belle(2023)[103]
-0.785+0.007 LHCb(2024)[161] —-0.46+0.02 Belle(2023)[138]
Af — 207+
A} — Art ~0.755+0.006 Belle(2023)[138] ~0.50+0.08 BESIII(2025)[160]
—0.790+0.033 BESII(2025)[160] | A} — =(1385)*x° —-0.917 +£0.089 BESII(2022)[98]
A+ 5 AK* -0.59£0.05 Belle(2023)[138] Af —2(1385)"n -0.6120.16 BESIII(2025)[154]
‘ -0.52+0.05 LHCb(2024)[161] A} — 2(1385)07* -0.79+0.11 BESIIN(2022)[98]
A} = Ap(770)* ~0.763+0.070 BESIII(2022)[98] A} — 30Kt —0.54+0.20 Belle(2023)[138]
A} — Aa(980)* -0.91*0% BESIII(2025)[154] | E-involved
A — A(1405)7* 0.58+0.28 LHCb(2023)[91] A} — 20K+ 0.01+0.16 BESII(2024)[162]
Al — A(1520)7* 0.93+0.09 LHCbH(2023)[91]
Mode s Experiment Mode y Experiment
A AR 0.378+0.015 LHCb(2024)[161] AF o ATt 0.491+0.012 LHCb(2024)[161]
0.37+517 BESIII(2025)[160] 0.6419:10 BESIII(2025)[160]
AF — 207t 0.70*51% BESIII(2025)[160] Af — 20t -0.50*939 BESIII(2025)[160]
Af -2l 0.76+595 BESIII(2025)[160] A =20 -0.26%043 BESIII(2025)[160]
A - 20K —0.64+0.70 BESI(2024)[162] | A} — Z0K* —0.77+0.59 BESIII(2024)[162]
A7 - AKY 0.33£0.08 LHCb(2024)[161] Af — AK* —0.799 +0.041 LHCb(2024)[161]

verse polarization of the A} produced in ete™ — AYA is
observed for the first time [160].

For multibody decays, PWA is a crucial method to
obtain polarization information of the involved two-body
resonant processes, such as the analyses of A} — An*r®
[98] and A} — An*n [154] carried out at BESIII. Polariz-
ation information of the involved intermediate processes
can be accessed according to the multi-dimensional angu-
lar distributions in the final states. Hence, polarization
parameters of the A} decays into ex01ted states are de-
termlned for the first time, such as a,\p(77o)+ axa(ggoy,

a;(13g5),, and az(l385)+7]. In a similar fashion, LHCb per-
formed PWA of A} — pK " in 2023 [91] and extract
polarization information for the intermediate processes,
such as A} - pK*, A*K~ and A*z*. The numerical val-
ues of the polarization parameters can be found in Table
4. The theoretical study of polarization parameters for fi-
nal states involving excited states is quite challenging.

Therefore, the experimental measurements provide cirit-
ical information for improving theoretical models.

In the last century, various theoretical predictions
showed the polarization parameter a=og- should be zero
[77, 83, 104, 105, 164] since the vanished s-wave amp-
litude. However, in recent years, many theoretical mod-
els give non-zero predictions and some even reach the
physical postive boundary [106, 107, 121]. Under such
circumstances, the measurement of 0!26 x+ proves to be es-
pecially crucial and indispensable. In 2024, a 7-dimen-
sional angular distribution analysis of the three-level
weak decay process A} — Z°K* was conducted with 378
events by BESIIIL, and led to the successful extraction of a
set of polarization parameters [162]. The helicity angle
definition and angular fitting results are shown in
Figure 5, which allowed for the extraction of polarization
parameters in this pure W-exchange process. The polariz-
ation parameters are determined to be 0/3\6 =001+
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0.16£0.03, Ao, = —0.64+0.69=0.13 and o, = —0.77+
0. 58+0 11. Considering the known BF and the determ-
ined ,3—0 x+» decay dynamic parameters, |A| and |B| are de-
rived into two sets of solutions: the first one is |A|, =
1.6712+0.4 and |B|, = 18.3+2.8+0.7, and the second one
is |Al,=4.3+0.7+0.2 and |B|, =6.7"%3 +1.6. Moreover,
the strong phase shift was extracted as §, -8, = —1.55+
0.25+0.05 rad or 1.59+0.25+0.05 rad [166], which ex-
erts a dominant influence on the polarization parameter
Ot—o k- After taklng into account the correlation between
Ot—o,(+ and ﬁ~o,(+ as discussed in Ref. [166], the data tend
to favor the solution with the negative strong phase shift,
ie., 0,—0,=-1.55+£0.25+0.05 rad. These new observ-
ables present a novel direction in testing theoretical cal-
culations [167—176]. In particlur, this study reveals that
the realtive phases between diffenent amplitudes is vital,
which was not sensitive in the BF test and hence, not pre-
viously fully validated in most theoretical models.

The A} CS decays has relatively low yields and
present a significant experimental challenge for polariza-
tion parameter measurements. As aforementioned studies
at Belle in Refs. [103 138] the polarization parameters of
the CS decays aAK+ =-0.585+0.049+0.018 and azom =
-0.54+0.18+0.09 [138] for A} > AK* and A} — Z°K*
are determined, for the first time. While in the mutli-di-
mensional angular analysis at LHCD in Ref. [161], the de-
termined aAK+ =-0.516£0.041£0.021 is in agreement
with that previously obtained by Belle. In addition, LH-
Cb also s1multanouslkl measured the polarization para-
meters of Bk and Yxk- for the first time. As can be seen

in Table 4, polarization measurements for the CS decays
remain limited. Nevertheless, such CS decays are of par-
ticular interest in searching for CP violation, as in the SM
the interference bewteen the tree and loop diagrams auto-
matically leads to an effect of CP asymmetry. Experi-
mental test on the inequalities of @zp # —apr and Bzp #
—Bpp would indicate CP asymmetry, where the overline
denotes the anti-particle. The asymmetry observables
Ap(BP) = (app +@pp)/ (g —dgp)  and  ACp(BP) = (Bgpt
Bsp)/(app—a@pp) can be defined, which provide a novel
way in testing CP symmetry besides the observable of de-
cay rate asymmetry. Such CP asymmetries in CS decay
modes were firstly tested via A} - AK* and A} — Z°K*
at Belle [138], which gives A& (AK*) =-0.023 +0.086+
0.071 and AZ,(Z°K*) =0.08 £0.35+0.14. LHCb searched
for the CP asymmetry in A} —» AK* [161] and found
A%(AK™) =0.102+0.080£0.023 and AZ,(AK*) = —0.04+
0.15+0.02. With the current experimental precisions, no
evidence for polarization-induced CP asymmetry in
charmed baryon decays are seen. Future measurements
with substantially larger data samples and improved de-
tector performance will be essential to improve the CP
test sensitivities.

B. Z=!and E! decays
In recent charmed baryon studies, there were several
major breakthroughs in Z%* decays. Before 2019, no ab-
solute BFs for their decays have been measured [177].
Only the BF ratios realtive to B(E? — Z x") and B(E' —
E-n*nt) are determined directly in experiments. In 2019,
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Belle carried out the first BFs for the Z2* decays. Based
on the data sample with (772+11)x 10° BB pairs collec-
ted at T(4S) resonance, Belle reported the first measure-
ment of the absolute BF B(E! - E7*) = (1.80£0.50+
0.14)% [178], where the Z? inclusive decays are tagged
via the process e*e” — B*B~, B~ — A E’. In the same
studies, the absolute BFs for the other two CF decays are
also obtained to be BE! - pK K n*)=(0.58+0.23+
0.05)% and B(E? - AK 7%)=(1.17+0.37+£0.09)% at
Belle [178]. In a similar fashion, Belle implmented the
measurement of the absolute BFs for =/ decays for the
first time, which gives B(E! —» E n'7n") =(2.86 £ 1.21%
0.38)% and B(E! — pK-*) = (0.45+0.21+0.07)% [179],
by tagging the EZ! inclusive decays via the process
e*e” — B°B, B® —» A_E!. Therefore, the BFs for other =,
decays can be derived from their determined BF ratios re-
lative to B(E? —» E-7%) or B(E —» E-n*x*). So far, the
precisions of the absolute BFs of E. decays are still low,
compared to the BF of the decay A} — pK—n* [86].
Later, LHCb measured the BF for Z! — pK n* as
BE! - pK 7)) =(1.135+£0.002+£0.387)% [180], which is
dominated by systematic uncertainties of production frac-
tions of fwo/fer and fzo/fis. Overall, B(E} — pK~n*)
measured by LHCb is moderately higher, but in agree-
ment with the value reported in the Belle measurement.
Future measurements with improved precisions are
needed to clarify the potential discrepancy.

Besides the absolute measurement of the BFs of the
E. decays, Belle (II) has carried out several relative
measurements on the BFs of their CF and CS decays,
where the BFs for the normalization modes are taken as
input values. The relavent results are summarized in Ta-
ble 5. The BFs for the decays Z2 — AK*® and AK] are
measured by taking the decay =’ — Z n* as reference
channel, which give B(E? —» AK™®) = (3.3+0.3+£0.2+ 1.0)x
103 and BE" — AK?) = (3.27+0.11£0.17£0.73)x 10~
[181, 182]. Belle also observed the decay modes with one
2% or X* in the final states, including =% — X°K*0, T*K*~
[182], X°K? and =*K~ [181]. The BFs are calculated as
BEY - 2K =(12.4+0.05+£0.05+0.36) x 107, B(E? —
STK)=(6.1+1.0+£04+1.8)x1073, B(E? - 2°K?) =
(0.54+0.09+£0.06)x107% and BE?—-Z*K")=(1.76+
0.10+£0.14 £0.39) x 1073. We can see that the BF for E2 —
30K* is much larger than that for =2 — AK*°, which con-
flicts with the SU(3) flavor symmetry and dynamical
model predictions [77, 104, 191, 192].

The relative BFs for the W-exchange-only decay
22 - E°K*K~ with the resonant polarized ¢ and the non-
resonant decays were observed by Belle [188], with a
total BF of about 0.11%. Based on an analysis with azi-
muthally symmetric amplitude model, it was found that
(48.1+£4.2)% decay resonantly through ¢ — K*K~, while
(51.9£4.2)% decay directly to Z°K*K-. These decay
modes proceed with ss-popping process and provide es-

sential information to the weak decays of the charmed ba-
ryons.

Studies on the decays =% — =°2°, =% and =’ were
reported by Belle and Belle II [185], giving B(E’ —
B9 =(6.9+03+05+1.3)x1073, B(E? - =) = (1.6
02+0.2+03)x107% and BE" - ='%) = (1.2+£0.3+0.1+
0.2)x 1073, Theoretical predictions based on the SU(3)
breaking model [121] are consistent with the determined
BFs for these =0 decays.

Belle also measured the BFs of the decays EF — K7
and =" taking the decay Ef — E-n*n* as the reference
channel [183], which gives BE! — Z*K?) =(0.194+
0.021+0.009+0.087)% and BE — =07 = (0.719+
0.014 £0.024 £ 0.322)%, respectively. It is found that the
result of B(EF — X*KY?) is overall lower than most of the
theoretical predictions.

On the aspects of CS E decays, the first observa-
tions of such suppressed decays are 2 - Z K", AK*K~
and A¢ by Belle [187], which gave the BFs at the order
of 10™*. See detailed values in Table 5. The observed de-
cay modes proceed through external and internal W-emis-
sion diagrams along with admixture of the W-exchange
diagram. These measurements can be used to study the
corresponding decay dynamics and to investigate quantit-
atively the interplay between strong and weak interac-
tions in charmed baryon weak decays.

For the charged =/ baryon, the first CS decay ob-
served is Ef — pK~n* in the SELEX experiment [193],
wich is taken as golden channel for tagging the =} in ex-
periments. Later, additional CS decays of Ef - Z*ntn,
> n*xt and 2*K*K~ were observed by SELEX and FO-
CUS [12]. Recenlty, Belle and Belle II observed new CS
decays of Ef — pK?, An*, 27+ and E°K*. Their BFs are
measured to be B(EF — pK?) = (7.16 £0.46 +0.20 £ 3.21)x
1074, BEN - An) =(4.52+0.41£0.26 £2.03) x 107#,
BE > 27%) = (1.20 £0.08 £0.07 £ 0.54) x 103 and
BES - E'K*) = (0.49+0.07+0.02+0.22)x 103 [150,
183], where the dominate uncertainties come from the un-
certainty of the reference channel E2 — Zzn*zn*. Belle II
also searched for CP violation in the CS decays of
E! > T'K'K~ and X*r*n, which gives Acp(ZKTKT) =
(37+6.6+0.6)% and AGpE ' n)=(9.5+6.8+0.5)%
[135], respectively. Hence, no evidence of CP violation is
found in these decays. In addition, LHCb observed the
first doubly CS decay of the =. baryon, E — p¢ via
¢ —» K*K~, with a statistical significance of more than
150 [186]. The BF is largely suppressed as B(E! —
o) = (12+0.6)x 1074,

In the golden channel of E — pK~n*, LHCb per-
formed the first amplitude analysis based on about
133,000 signal events [190] originated form the
semileptonic beauty-hadron decays. The PWA fit meth-
odology basically follows the similar analysis of A} —
pK~n* [91]. It is found that the most important intermedi-

022002-15



Pei-Rong Li, Xiao-Rui Lyu, Yangheng Zheng

Chin. Phys. C 50, 022002 (2026)

Table 5. The recently measured BFs for the = and 20 decays (in units of %). Values marked with 1 are mutliplied with the refer-
ence mode in PDG [12].

29 mode BF Experiment Ef mode BF Experiment
AKY 0.33+0.08 Belle(2022)[181] 2 atat 286127 Belle(2019)[179]
AK*0 0.33+0.11 Belle(2021)[182] KD 0.19+£0.09 Belle(I1)(2025)[183]
TtK- 0.18+0.04 Belle(2022)[181] =0+ 0.72+0.32 Belle(11)(2025)[183]

SHK* 0.61+0.21 Belle(2021)[182] pKY 0.07+0.03 Belle(I1)(2025)[184]
50 g+0 1.24+0.37 Belle(2021)[182] Ar* 0.05+0.02 Belle(IT)(2025)[184]
2Ky 0.05+0.02 Belle(2022)[181] TOrt 0.12+0.06 Belle(I1)(2025)[184]
=070 0.69+0.14 Belle(I1)(2024)[185] 20K+ 0.05+0.02 Belle(I1)(2025)[183]
2% 0.16+0.04 Belle(11)(2024)[185] . 0.45+0.22 Belle(2019)[179]
g% 0.12+0.04 Belle(I1)(2024)[185] i 1.14+0.39 LHCb(2020)[180]
=t 1.80+0.52 Belle(2019)[178] ré 0.012 +£0.006 LHCb(2019)[186]
pK K- mt 0.58+0.24 Belle(2019)[178]
AK 7t 1.17+0.38 Belle(2019)[178]
EK* 0.04+0.01f Belle(2013)[187]
A¢ (CS) 0.05+0.017 Belle(2013)[187]
AK* K non-¢ 0.04+0.017 Belle(2013)[187]
=04 0.05+0.01% Belle(2021)[188]
E%K* K non—¢ 0.06+0.017 Belle(2021)[188]
0.55+0.18 LHCb(2020)[180]
Afn~
0.54+0.14 Belle(2023)[189]
Intermediate resonances obtained in PWA of &} — pK~n* at LHCb [190]
Resonance Fit Fraction (%) BF (x107%) Resonance Fit Fraction (%) BF' (x107%)

A(1405) 3315 2.05+0.94 A(1520) 2.64+0.14 1.637+0.087

A(1600) 2.0+1.7 12+1.1 A(1670) 3.03£0.21 1.88+0.14

A(1690) 1.55+0.59 0.96 +0.37 A(1710) 23+1.9 14+12

A(1800) 1.48+0.61 0.92+0.38 A(1810) 1.3£1.0 0.83+0.63

A(1820) 0.82+0.18 0.51+0.11 A(1830) 0.20+0.12 0.124+0.075

A(1890) 0.19+£0.18 0.12+0.11 A(2000) 7.4+1.4 4.59+0.87

K;5(700)° 7.4+4.9 46+3.0 K*(892)° 28.6+1.2 17.74+0.73

K;5(1430)° 15.6+7.4 9.7+4.6 K35(1430)° 3.3£2.8 21+17
A(1232)** 17.2+1.4 10.66+0.87 A(1600)** 4.3+1.3 2.67+0.82
A(1620)+F 3.3+1.0 2.04+£0.65 A(1700)** 2.01+0.49 1.25+0.31

ate resonances are the K*(892)°, A(1232)** and K;(1430)°
states. Among the A* resonances, the largest contribution
is from the A(2000) state. The fit fractions and the de-
rived BFs for the intermediate resonances are determined,
as listed in Table 5.

Predominantly the Z° baryon decays into charmless
final states via the ¢ — sud transition. It can, however,
also disintegrate into a 7~ meson and a A} baryon via s
quark decay or via cs — dc weak scattering. In 2020, LH-
Cb firstly observed this CS decay and determined the BF
of 2% - A¥zn™ to be (0.55+0.02+0.18)% [180]. In 2023,

Belle confirmed the discovery of E!— Alx~ with
BEY - Arn) =(0.54+0.05+£0.05+0.12) [189], which is
consistent with the LHCb measurement. The averaged
B(EY — Arn7) is basically larger than different theoretic-
al predictions, which are all below 0.4% [194—198]. This
discrepancy would improves our understanding of the
charmed baryon decays and the underlying dynamics of
the weak decays. For example, a modified treatement in
the bag model from the past version [198] is implemen-
ted in order to match the experimental result [199].
Recent measurements of the polarization parameters
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in the decays of E, are summarized in Table 6. The polar-
ization parameters of the neutral Z° baryon are firstly de-
termined in several decay modes, including =0 — =+,
2079, AK*(892)° and Z*K*(892). In 2001, the ﬁrst meas-
urement of the =2 polarization parameter in the decay

20 — =7+ was firstly reported as @z, = —0.56 £0.39*040
bY_o CLEO [200], and BELLE updated the result as
azty =-0.63+£0.03+£0.01 with precision improved by
more than one order of magnitude [46]. In the same year,
Belle reported the polarlzatlon parameters, @\g. g0 =
0.15+£0.22+0.04 andaz+K -go2 = —0.52+0.30+0.02[182],
where the K*(892)° and K*(892)" are reconstructed in the
K n* and K{n~ final states, respectively. Based on the
Belle and Belle II data, the first determination of the =°
polarization parameter | in 2% — E%° was implemented in
2024, which gave a—o,,o = 090+0 15+0.23 [185]. As
theoretical predictions on mo,,o span a wide range from
—1.0 to 0.94 [77, 83, 104-108, 117, 118, 120, 121, 163,
164, 176, 201, 202], the Belle (II) result provide valuable
input for refining different effective models in charmed
baryon decays. Only in 2025, the first measurement of the
polarization parameters in the E} decays is implemented

by LHCb via the PWA of Ef — pK_n*, which gives the
overall polarization parameter %K -+ = 0.691+0.005+
0.030 [190]. In the study, many non- zgro polarization
parameters are identified, such as @0 = 0.613+
0.065, +a/;K 1azop = —0.76£0.10, X530, = —0.77%0.13
and x50+ x- = —0.774£0.071, indicating parity viola-
tion in these resonant decay contributions. Currently the
E. polarization parameters are much less studied com-
pared to those of the A, which underscores the need for
systeamtic experimental efforts in order to constrain the
underlying strong and weak dynamics governing the de-
cays of the chamred bayrons.

C. Q0 decays

Currently, the absolute BFs of the Q) decay have not
been determined in experiment. The relative BFs of the
Q? decays were measured taking the decay Q° — Q n* as
the reference channel, as listed in Table 7. In 2018, Belle
reported the measurements of the relative BFs of the de-
cays Q0 — Q n*n®, Q ntnnt, 2" K atnt and E°K 77,
and the first measurements of the BFs of the decays
Q0 - =2 K%, Z°K° and AK°K® based on the full Belle

Table 6. The determined polarization parameters in Z0 decays.

Mode polarization o Experiment Mode polarization o Experiment
20 = at ~0.63+0.03 Belle(2021)[46] 20— AK*(892)° 0.15+0.22 Belle(2021)[182]
20 — 2070 -0.90+0.27 Belle(I1)(2024)[185] =0 — ¥*K*(892)” —-0.52+0.30 Belle(2021)[182]
Polarization parameter « in E/ decays from PWA of £} — pK~n* at LHCb [190]
Decay polarization a Decay polarization a Decay polarization a
pK*(892)° 0.613+0.065 pl_(;(1430)0 0.36+0.17 pl_((’;(700)0 0.60+0.12
pI_(S(1430)0 -0.76 £0.10 A(1405)n* -0.75+0.30 A(1520)7* -0.77+0.13
A(1600)7* -0.06+0.41 A(1670) -0.66+0.19 A(1690)7* -0.58+0.16
A(710)7* -0.86+£0.36 A(1800)7* -05+1.2 A(1810)7* 0.96 £0.43
A(1820)7* 0.64 +£0.33 A(1830)* 0.30+1.02 A(1890)7* -0.19+£0.58
AQ2000)7* 0.53+0.15 A(1232)**K~ -0.774+£0.071 A(1600)** K~ 0.35+0.28
A(1620)* K~ 0.26:£0.39 A(1700)"" K~ 0.15+0.30
Table 7. The measured relative BFs for the QY decays with respect to the mode Q2 — Q~x*. Upper limits are set at 90% confidence
level.
Mode reltive BF Experiment Mode reltive BF Experiment
0 — =0k 1.64+0.29 Belle(2018)[203] Q0 - THK K at <0.32 Belle(2018)[203]
Q0 o Tyt 0.25+0.06 Belle(2023)[205] Q% - AKOKO 1.72+0.35 Belle(2018)[203]
0.16+0.01 LHCb(2024)[206] Q) - =0Kk—n* 1.20£0.18 Belle(2018)[203]
Q0 — =K+ <0.07 Belle(2023)[205] Q0 - = KO+ 2.12+0.28 Belle(2018)[203]
. <0.29 Belle(2023)[205] QY — = K ntat 0.68+0.08 Belle(2018)[203]
Gk 0.06+0.01 LHCb(2024)[206] Q- Q atal 2.00+£0.20 Belle(2018)[203]
Q- Qataat 0.32+£0.05 Belle(2018)[203]
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data [203]. The Belle measurements of these decay rates
have provided substantial improvement in precisions. In
addition, resonant states of the =°(1530) and K(892)*
were found to be prominent with fractions of about 33%
and 55%, respectively, in the decay of Q° — = K n*n",
the p(770)* state takes fraction of larger than 71% in the
decay Q¥ — Q 2%, and the K*(892)° resonance contrib-
utes about 57% in the decay Q° — Z°K n*. Furthermore,
evidence for the ©Q(2012)" in the decays Q° — = K’z*
and Z°K 7", where Q(2012)" — E°K~ and Z-K° [204].

For the suppressed decays, the first mode observed is
Q% - pK~K-n* at LHCb, which is taken as tag mode for
studies on the Q? [13, 15, 207]. Although this channel has
a small BF, it has advantage of a larger acceptance in the
LHCb detector compared to decay modes with hyperons
in the final states. However, no BF measurement is avail-
able yet for this decay. Belle for the first time studied the
SCS decays Q0 - = n* and Q) - Q K", as well as the
DCS decay Q% — =~ K* [205]. An evidence of Q¥ — =~ n*
is seen with a BF of about one fourth of that for
Q% — Q x*, and no significant signals were found for the
decays Q) —» Q"K* and E-K*. Based on proton-proton
collision data at 13 TeV taken between 2016 and 2018,
corresponding to a luminosity of 5.4 fb™', LHCb firstly
observed the SCS decays Q% — Q K* and Ex* [206],
where their relative BFs are measured to be at least one
order of magnitude less than that for the reference mode
Q% - Q n*. Figure 6 shows the invariant mass distribu-
tions of the signal modes of Q% —» Q"K* and Q° — =n*,
and the reference mode Q2 — Q™ x*. At the same time, the
most precise measurement of for the Q0 mass was car-
ried out based on fit to the invariant mass distributions in
Fig. 6.

The above BF measurements of the Q° decay rates
supply important information for the understanding of the
weak decays of the charmed baryons. Although there are
no experimental measurements of the polarizaiton para-
meters of the Q¥ decyas, it is foreseen that BESIII, LH-
Cb and Belle (II) have great opportunities to implement
those studies in the near future [208].

IV. RARE DECAYS

Weak radiative decays, such as A} — Zty, 22 — =0,

A - py, B > 2% and E? — Ay, can occur through
bremsstrahlung processes in W-exchange process. The
former two modes proceeds via the Cabibbo-favored
transition cd — usy, whereas the latter processes involve
the Cabibbo-suppressed transition c¢d — udy or c¢s — usy.
In SM, the BFs for the Cabbibo-favored modes are estim-
ated to be on the order of 10™* ~ 1075 [209-212], while
those for the Cabbibo-suppressed modes are at least one
order of magnitude lower [213]. In experiment, A} — X*y
are searched for at BELLE [214] and BESIII [215], and
the upper limit of the BF at 90% confidence level is ob-
tained to be 2.6 x 10~*. BELLE also reported the UL of
B(EY — =%) as 1.8x107* at 90% confidence level [214].
The two ULs are at the order of some theoretical estima-
tions.

Flavor Changing Neutral Current (FCNC) decays of
¢ — ut*¢", are prohibited at the tree level and occur only
through loop diagrams. In charm sector, this short dis-
tance contribution is expected to be extremely small With
BF below O(1078), due to the severe suppression by the
Glashow-Iliopoulos-Maiani mechanism in SM. However,
the BF can be enhanced by long-distance dynamics in SM
to the order of 107%. The FCNC decays of the charmed
meson D°— rtnuty, D°— K*K uptp~, and D°—
K~n*u*u~ have been observed at LHCb with BFs at the
1077 level [12], which suggest non-trivial contributions
from complicated long-distance effects. To date, in the
charmed baryon sector, only the decay A} — p{*¢~ has
been searched for and the best UL is obtained by LHCb
with B(A} — putu) <2.9x 107 at 90% confidence level
[126], which suppressed the previous limits set by E653,
Babar and LHCb [129, 216, 217]. In addition, the ULs of
the BFs for 2 — Z%*e” E, — Eutu~ are given at BELLE
[218] as 9.9x 1075 and 6.5 x 107, respectively.

Although the SM-allowed FCNC decay rates are
small, the new physics effects, such as minimal super-
symmetric SM with R-parity violation and the two-
Higgs-doublet model, can enhance the BFs by more than
two orders of magnitude. Hence, experimental stuides of

M(2K") [MeV]
Fig. 6.
(middle) Q9 — =-x*, and (right) Q2 — Q~x* decays [206].
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(color online) In the LHCb experiment, invariant mass distributions of the reconstructed Q° candidates via (left) Q2 — Q™ n*,
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more FCNC decays of the charmed baryons serve as
sensitive probes to test SM and search for new physics
[219]. For instance, BESIII performed search for exotic
massless dark photon y’ in new physics model via the
rare FCNC decay A] — py’, which gives B(A} —
py') <8x107° at 90% conference level [220].

V. FUTURE ASPECTS

Similar to the experimental situation of the lightest
charmed baryon, A}, prior to 2014, current data on the Z,.
and Q° remain very limited. Only a few decay modes
have been observed, and the measured BFs carry large
uncertainties. To date, there are no absolute BF measure-
ments for the Q° baryon. The absolute BFs for the Z° are
known with poor precision, uncertainties exceeding 20%,
and those for the E! are even less precise, with uncertain-
ties greater than 40%. So far, only one doubly CS decay
of the charmed baryon, A} — pK*n~, has been observed
[143, 144]. More precise studies of additional CS decays
of charmed baryons are highly desirable in the future. In
addition, so far only a few measurements of decay asym-
metries in Z° decays were implemented, and no decay
asymmetries of =+ and Q¢ are reported. Further efforts of
such studies are crucial not only for improving our know-
ledge on strong dynamics in charm region, but also for
the searches for CP violation in charmed baryons, which
has not yet been observed.

The experimental observables of the decay BF and
polarization parameter are only resembles of the in-
vovled weak transition diagrams and complicated non-
perturbagtive strong dynamics in the process. The long-
distance contributions [109, 170, 221], such as the final
state interactions, play important roles in the hadronic de-
cays of charmed baryons. That means a systematic meas-
urement is needed to calibrate the contributions of differ-
ent ingredients. This has been demonstrated in the stud-
ies of charmed mesons, in which systematic precision
measurements of different types of the hadronic BFs for
the charmed mesons at CLEO and BESIII, including the
CF, CS, and DCS decays, greatly improved the predic-
tion power in the CP violation of charmed mesons in the-
ory [222]. Following the similar strategy, the future com-
prehensive measurements of the hadronic BFs, as well as
the polarization asymmetries, of the charmed baryons
will provide important constraints to the theoretical mod-
els, and then significantly improve the model uncertain-
ties on the CP violation of charmed baryons [109].

With advancement of experimental studies on the A}
decays, we see that SU(3) flavor symmetry breaking be-
came more and more evident in the A decays [221, 223].
The sizes of the SU(3) sysmmetry breaking provide cru-
cial information to understand the involved dynamics re-
lated to the SU(3) flavor symmetry breaking in the
charmed baryons. In the coming years, thorough experi-

mental tests on the SU(3) breaking effect in the E. and
Q? decays will be an important task, in order to map out a
whole picture of the SU(3) flavor symmetry breaking in
the charmed baryons.

These efforts will provide important constraints on
the theoretical predictions on the CP violation in charmed
baryons. In SM, the amplitude of the CP violation in
charmed baryons are predicted at the order of 0.1% [224].
However, the experimental searches for CP violation
have not yet yielded conclusive results. For three-body
decays, the LHCb measured the difference in the CP
asymmetries of A} —» pK*K~ and A} — prtn~, AAcp, as
(0.30+£0.91£0.61)% [225], as well as the CP asymmetry
in EF — pK-n* [226]. These results are consistent with
SM preditions with limitation of the statistical uncertain-
ties. An increase in statistics by at least a factor of 100 is
required to probe the size of the CP asymmetry in SM.
The four-body final states in hadronic decays, such as
A} - prtna®, A} > AK*ntn, and A} — pKsntnm and
E? - pK n*n, offer opportunities to explore CP viola-
tions through T-odd observables. Driven by the increas-
ing samples of the charmed baryons, especially for the
A}, collected in the BESIII, LHCb, and Belle II experi-
ments, more searches for CP violations in charmed bary-
ons are expected.

LQCD is a powerful tool for studying non-perturbat-
ive QCD effects in hadrons. In the charm sector, LQCD
has made significant progress in calculating the proper-
ties of charmed mesons, such as decay constants and
form factors, with high precision [227]. However, there
meets still challenges in extending these calculations to
charmed baryons due to their more complex structure.
The SL decays of charmed baryons provides a clean en-
vironment to disentangle strong and weak interactions,
enabling the extraction of form factors for comparison
with LQCD calculations. Recent LQCD calculations on
BEY - E7etv,) [51, 54] show disagreements between
each other, and both predictions are significantly higher
than the Belle measurement [46]. In experiment, except
for the A} — Af*v, decay [159], form factor measure-
ments in SL decays have not yet been experimentally
studied. In addition, CS SL decays of the . and Q° bary-
ons remain unexplored. To address these challenges,
threshold production of charmed baryons at experiments
such as BESIII and the proposed Super z-Charm Factory
(STCF) [228] offers a unique and essential opportunity.
This would allow systemactic studies of the properties of
all the singly charmed baryons, which are still lacking, in
order to supply thorough comparisons and calibrations
with the LQCD caculations.

With the quantum correlation of the spin-half
charmed baryons in threshold pair production, BESIII
will offer a significant enhancement in the sensitivity of
decay asymmetries and searches for CP violation by com-
bining "single tag" A} data [159] with "double tag" AFA;
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data, where the pairs of A*A; are quantum-correlated
with respect to their spins aligned to the initial transverse
polarization of the virtual photon. In addition, using lon-
gitudinal polarized beam, the STCF can achieve en-
hanced sensitivities to decay asymmetries and CP viola-
tions, given the known direction of the spin orientation of
the produced A} [229].

In the energy region just above the charmed baryon
threshold, BESIII has unique advantage in extensive stud-
ies of the production and decay properties of (excited)
charmed baryons. The BEPCII team has implemented a
new accelerator upgrade plan, BEPCII-U, aiming to in-
crease the maximum energy to 5.6 GeV, covering the
production thresholds of all ground-state charmed bary-
ons, as depicted in Fig. 7. Simultaneously, the peak in-
stantaneous luminosity at 4.7 GeV will be tripled, main-
taining the highest instantaneous luminosity in the en-
ergy region from 4.6 GeV to 4.7 GeV energy range at
1.1 x 10 ¢cm™*s™' This upgrade significantly enhances the
data-taking efficiency of BESIII in the charmed baryon
energy region, ensuring to accumulate at least 18 fb™' of
data in the energy range of 4.6—4.95 GeV proposed in the
BESIII physics white paper [24], which corresponds to
approximately 2.5 million A} pairs. Absolute measure-
ments of the SL and non-leptonic decays of the A¥, =5,
and Q0 baryons will be significantly improved, including
the decay asymmetries (such as a) in various charmed ba-
ryon decays. The absolute BFs of =, and Q? decays will
also be measured. Moreover, searches for rare and forbid-

den decays of charmed hadrons could yield sensitivity
improvements of up to two orders of magnitude, further
advancing our quest for new physics.

LHCD has published a series of results on the proper-
ties of charmed baryons based on RUN1 and RUN2 data.
As shown in Fig. 7, the third operational period (RUN3),
which began in 2023, has already gathered approxim-
ately 8.4 fb™! of data at 13 TeV and is expected to collect
an additional 17 fb™' during 2025-2026. The upgraded
LHCDb detector with enhanced components and improved
trigger efficiencies [230] are expected to increase the stat-
istical sample size by a factor of ten compared to previ-
ous RUN1 and RUN2 data. This advancement will signi-
ficantly refine the precision of charmed baryon studies.

So far the Belle II experiment has accumulated 575
fb! of data at the Y(4S) resonance and in total about 5
ab™' of data will be accumulated by 2030. The new
BELLE II detector is equipped with better resolution and
particle identification, which enhances capability to cope
with higher backgrounds. Therefore, the BELLE II exper-
iment is expected to provide a wealth of data on the prop-
erties of charmed baryons.

Therefore, it is foreseen that great progresses in ex-
perimental studies of charmed baryons will continue to be
available in the coming years. Especially, with the realiz-
ation of BEPCII-U, an comprehensive exploration on the
E. and Q° properties will become feasible, similar to the
previous efforts that enriched the experimental data on
the A}.
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